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Preface 

The idea for this book was suggested to the authors after the 1989 Institute 
of Physics Sensors Conference, at which one of us had presented a paper 
on future developments in automotive sensors and their systems. The 
interest in the subject seemed high and it was certainly a critical matter for 
the automotive industry that low-cost, accurate sensors be developed, 
sensors which could be used in the mass-produced vehicles of the future 
with their sophisticated electronic controls on engine, transmission, 
suspension, braking, instrumentation and driver information systems. 

Writing a book involves a significant commitment of time and effort on 
the part of the authors and it seemed to us important that the result should 
be easily accessible to a wide range of readers, both those with a general 
interest in the vitally important area of sensors for use in the motor vehicle 
as well as those involved as users, developers and researchers of 
automotive control systems and the sensors which make such systems 
practical. 

We have attempted to describe in reasonable detail the whole range of 
sensors currently used in automotive control systems with details of their 
construction, operation, characteristics and method of use. We have also 
included a short history of vehicle sensor development since the early days 
of motoring, which highlights the rapidity of recent developments. 

Future sensor technology is of special interest and we have made some 
predictions on this and how developments in conjunction with computer 
systems of increasing sophistication but reduced cost and size could lead 
paradoxically to simplified sensor and control systems with added 
protection against system failure and improved diagnostics. 

Vehicle electronic controls would not be possible without effective, 
accurate, low-cost sensors, and it is with the hope of widening the 
understanding of these critical devices that this book has been written. 

Finally, we should like to record our thanks to Daniela Hoffmann, 
without whose efforts the manuscript would never have reached 
completion. 

Mike Westbrook 
John Turner 

November 1993 
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Introduction 

Instrumentation is a subject of fundamental importance to engineering, 
and it is an increasingly vital tool for automotive engineers and designers. 
Over the last few decades the number of automated features built into a 
motor vehicle has increased steadily. Sensors are essential in any 
automatic control system. In general , control of any automated process 
(such as management of the ignition timing or fuel injection in a car 
engine) is achieved in three stages. Sensors are used to acquire 
information about the process to be controlled, a microprocessor is used to 
decide what action should be taken, and finally actuators are required to 
bring about the changes required by the microprocessor. A familiar 
automotive example of this process is electronic engine management, in 
which the piston position is sensed, engine speed and load are measured, 
and the required ignition timing and fuel injection are determined by a 
microprocessor. The optimised ignition timing and fuel injection data can 
then be stored in a semiconductor memory as a look-up table. 

The costs associated with these three stages have changed in a markedly 
different manner over the past 20 years. For actuators, such as the electric 
motors used in growing numbers by automotive designers, the 
price-performance ratio has improved by a factor of approximately ten. 
This has made possible the introduction of features such as motorised seat 
and mirror adjustment. For microprocessors and computing power in 
general the improvement is much more marked, and is estimated to be of 
the order of 1000. For the average sensor, however, the price-performance 
ratio has only improved by about a factor of three. Moreover, each kind of 
sensor requires its own specialised signal conditioning system, which 
makes the application of electronic instrumentation expensive. This lag in 
the progress of sensor technology hampers the process of automation and 
its application to motor vehicles, and it is this deficiency which is likely to 
be addressed within the next few years by the introduction of integrated 
silicon or hybrid sensors containing built-in intelligence ... The implications 
for the automotive designer are considerable, and will probably lead to 
major changes in the way in which control systems are designed into a 
motor vehicle. 

Electronic sensors have been used in road vehicles almost from their 
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inception. Tbe earliest sensors were e entially switches, used to measure 
the crankshaft position for ignition timing purposes. An early example was 
Lenoir's gas enginc of 1865 which used a rotary switch connecting 
batteries to a coiJ to generate the spark. Laler internal combustion engines 
used a rigidly coupled magneto to sense the engine cycle position. In the 
1920s the familiar distributor, contact-breaker and coil arrangement 
evolved which has persisted to the present. The cam and contact-breaker 
system combines the two functions of position en sing and current 
switching. There are always problems of wear and contact surface 
deterioration with such a system, and most vehicles now rely upon an 
electronic arrangement in which the functions of position sensing and 
current control have been separated, with non-contact sensing techniques 
being adopted. 

The next form of sensor to be adopted was used for measurement of 
fuel level. In early vehicles the fuel tank was often placed behind the 
dashboard, allowing the engine to be gravity-fed. As long as the tank 
remained in this position mechanical sensing devices such as manometers 
could be used. However, the fuel tank was soon moved to its current 
position at the rear of the vehicle, and a pumped fuel supply adopted. This 
led to the introduction of electrical methods for measuring and displaying 
the fuel level. 

Other automotive potentiometer applications followed later. In the late 
1950s Bendix developed and patented their electro-injector' fuel injection 
system in which the throttle position was ensed by a potentiometer. This 
wa subsequently refi"ned by Bosch to form the basis of the well known 
'D-Jetronic' system used extensively by Volkswagen and others in the 
1960s. 

Potentiometer sensors are now frequently used for sensing throttle and 
brake pedal position, steering wheel motion and suspension displacement, 
for automatic gearbox control, and for many other applications. 
Potentiometers are cheap and reasonably reliable for many applications, 
but suffer from the major disadvantage common to all devices which rely 
on a sliding contact, namely wear. While they may be adequate for, say, 
throttle position transduction, they may give rise to problems if used for 
applications such as shock ab orber motion sensing. This is because a car 
body tends to Temain clo e to one position relative to the wheel 
throughout a journey, while it undergoes large numbers of small 
excursions around th.e mean ' posilion. Th.is phenomenon is known as 
dither, and unless special precautions are taken it can cause parts of the 
potentiometer track to become badJy worn or even destroyed locally. For 
this reason many manufacturers are beginning to consider alternative 
non-contact forms of displacement s nsar, uch as inductive, magnetic, 
capacitive or optical types. 

The need to know the speed of the vehicle arose at an early stage, and 
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could be used. However, the fuel tank was soon moved to its current

position at the rear of the vehicle, and a pumpedfuel supply adopted. This
led to the introduction of electrical methods for measuring and displaying
the fuel level.

Other automotive potentiometer applications followed later. In the late
1950s Bendix developed and patentedtheir ‘electro-injector’ fuel injection
system, in whichthe throttle position was sensed by a potentiometer. This
was subsequently refined by Bosch to form the basis of the well known
‘D-Jetronic’ system, used extensively by Volkswagen and others in the
1960s.

Potentiometer sensors are nowfrequently used for sensing throttle and
brake pedal position, steering wheel motion and suspension displacement,
for automatic gearbox control, and for many other applications,
Potentiometers are cheap and reasonablyreliable for many applications,
but suffer from the major disadvantage commontoall devices which rely
on a sliding contact, namely wear. While they may be adequate for, say,
throttle position transduction, they maygive rise to problemsif used for
applications such as shock absorber motion sensing. This is because a car
body tends to remain close to one position relative to the wheels
throughout a journey, while it undergoes large numbers of small
excursions around the ‘mean’ position. This phenomenon is known as
dither, and unless special precautions are taken it can cause parts of the
potentiometer track to become badly worn or even destroyed locally. For
this reason many manufacturers are beginning to consider alternative,
non-contact forms of displacement sensor, such as inductive, magnetic,
capacitive or optical types.

The need to knowthe speedofthe vehicle arose at an early stage, and

 



.., 

xv 

speedometers became mandatory with the introduction of speed limits in 
the 1920s. The method chosen was to sense the speed of a rotating magnet 
driven from the gearbox, by means of the drag effect of eddy currents 
induced in an aluminium or copper 'cup' enclosing the magnet and 
working against a spring. This arrangement has survived almost 
unchanged for 70 years, and it is only recently that electronic systems have 
begun to appear in which a variable reluctance or Hall sensor is used to 
measure rotation rate by means of a toothed wheel. 

Until the 1980s oil pressure was measured mechanically by a pressure 
pipe connection passed from the oil pump to the back of the dashboard. 
This arrangement has an unfortunate propensity to leak, which not only 
endangers the engine but is also injurious to the driver's trousers, as both 
authors can testify! This measurement is now often made by micro
machined silicon or thick-film pressure transducers. Oil pressure is not 
usually displayed nowadays since modern bearings are very reliable . 
Lubricant pressure measurements in modern vehicles are normally used 
simply to illuminate a dashboard warning in the event of catastrophic oil 
loss. 

A complex electromechanical system such as a motor vehicle has to be 
controlled by the operator in an environment which is constantly 
changing, and which can generate an almost unlimited amount of input 
data. To successfully control a vehicle in traffic as many as possible of the 
mechanical functions of the vehicle need to be automated, leaving the 
driver free to determine the vehicle's speed and direction. The need for 
reliable, low-cost instrumentation in a vehicle is consequently very great. 
The critical quantities which have to be measured for powertrain control 
are ignition timing, airflow into the engine, throttle position and 
transmission speed, although useful supplementary information can also 
be gained from measurement of other quantities such as torque. 

As noted above, early ignition control systems used mechanical sensing 
devices to control spark plug firing. Inlet manifold vacuum pressure is also 
measured in a mechanical system and used to infer engine load. The 
manifold pressure changes are used to mechanically alter the time at 
which a switch is closed to create the spark. 

Modern timing sensors use electromagnetic, Hall effect or optical 
approaches to detect the motion of a projection attached to a shaft geared 
to the crankshaft. A certain amount of error is inevitable in these systems 
due to vibration and torsion (wind-up) in the geared drive. It is likely that 
in the future this will be eliminated by making timing measurements 
directly on the crankshaft. Engine load is then derived from a pressure 
sensor measuring inlet manifold vacuum. 

Once engine load and speed have been measured the required ignition 
timing can be determined from a three-dimensional table relating load and 
speed to ignition advance. This function is implemented in a rather crude 
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manner by the mechanical techniques de cribed above, but in modern 
vehicles the optimised data is stored in a microprocessor memory in the 
form of a look-up table. 

The use of a three-dimensional look-up table as a means of optimising 
engine operation bas been extended by the introduction of electronically 
controlled fuel injection systems. Solenoid-actuated fuel injectors are 
again controlled by a microprocessor with variations in the injector 
opening time being used to control the amount of fuel delivered to the 
engine. With this system both the quantity of fuel injected and the air rna s 
flowrate into the engine are critical. Information on airflow can be derived 
by measuring inlet manifold vacuum with a pressure sen or, measuring air 
temperature and calculating the engine swept volume per unit time. This 
method is known as speed density' measurement and has been used for 
some years in US and Japanese cars. A direct measurement of the airflow 
into the engine is howev r, now preferred, and was first accomplished by 
the Bosch air vanemeter. This transducer was the first into service and is 
still widely used. It consists of a spring-loaded flap which is placed in the 
airstream. The flap angle is related to mass-flow rate and is transduced by 
a potentiometer. 

An alternative form of airflow sensor which is becoming widely used is 
the hot-wire anemometer. Automotive versions of these were also first 
developed by Bosch. They have the advantage of containing no moving 
parts, giving increased reliability but require cOlTection for changes in air 
temperatme and can be susceptible to contamination of the hot-wire 
surface. Further development by Hitachi discussed in chapter 4, has 
produced improved, robust devices which are now in full production u e. 

Increasingly stringent restrictions are being placed on the amounts of 
polluting gas which a car exhaust can emit. To reduce these so-called 
exhaust emissions two approaches are adopted: first the air- fuel ratio 
entering the engine is controlled to ensure complete combustion. The 
air-fuel ratio is inferred from measurements of the amount of oxygen in 
the exhaust. Secondly, a three-way catalytic converter is placed in the 
exhaust to remove the critical pollutants of carbon monoxide (CO), 
unburnt hydrocarbons (He) , and nitrogen oxides (NO.r)' 

Exhaust gas oxygen (EGO) sensors make u e of the fact that the 
migration of oxygen ions across a membrane separating two gases is a 
function of the partial pressure of oxygen in the two gases. At the 
stoichjometric air- fuel ratio (when sufficient oxygen is present to bum aJJ 
the fuel) the partial pressure of oxygen in the exhaust gases equals that of 
the atmosphere. If suitable electrodes are placed on either side of tbe 
barrier a voltage output appears only when the air- fuel ratio departs from 
stoichiometry . 

In the future, research will undoubtedly be directed towards improving 
the sensors and measurement systems described in this book. The move 

16

 

 

 
XVI

manner by the mechanical techniques described above, but in modern
vehicles the optimised data is stored in a microprocessor memoryin the
form of a look-uptable.
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airstream. The flap angle is related to mass-flow rate andis transduced by
a potentiometer.

An alternative form of airflow sensor which is becoming widely used is
the hot-wire anemometer. Automotive versions of these were also first

developed by Bosch. They have the advantage of containing no moving
parts, giving increasedreliability, but require correction for changesin air
temperature and can be susceptible to contamination of the hot-wire
surface. Further development by Hitachi, discussed in chapter 4, has
producedimproved, robust devices which are nowinfull production use.

Increasingly stringent restrictions are being placed on the amounts of
polluting gas which a car exhaust can emit. To reduce these so-called
exhaust emissions two approaches are adopted: first, the air—fuel ratio
entering the engine is controlled to ensure complete combustion. The
air-fuel ratio is inferred from measurements of the amount of oxygen in
the exhaust. Secondly, a three-way catalytic converter is placed in the
exhaust to remove the critical pollutants of carbon monoxide (CO),
unburnt hydrocarbons (HC), andnitrogen oxides (NO,).

Exhaust gas oxygen (EGO) sensors make use of the fact that the
migration of oxygen ions across a membrane separating two gases is a
function of the partial pressure of oxygen in the two gases. At the
stoichiometric air—fuel ratio (when sufficient oxygen is present to burnall
the fuel) the partial pressure of oxygen in the exhaust gases equals that of
the atmosphere. If suitable electrodes are placed on either side of the
barrier a voltage output appears only when the air—fuel ratio departs from
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towards silicon will also continue, with micromachining and thick-film 
hybrid techniques being used to create transducer architectures on a very 
sma]] caJe. 

The development of 'smart' sensors (in which much of the signaJ 
conditioning is carried out within the transducer housing) will provide 
standardised digital outputs whlch are likely to be transmitted via a 
communi,cations bus to the central control system. 'Smart' sensorS will 
probably linearise their own outputs, compensate for environmental 
changes and include self-calibration and diagnostic functions both for 
them elves and for the sy terns to which they are applied. 

Unfortunately, without special and expensive packaging silicon devices 
cannot cope with the highest temperatures found on a vehicle especially 
around the engine, so the use of aJtemative semiconductor materials 
seems likely. One suitable candidate may be gallium arsenide, which is 
currently the subject of much research. 

In general an instrumentation 'ystem may be considered as falling into 
one of two categories. First, there are lhe laboratory or experimentaJ 
mea urement techniques used for research and development. Tills 
classification includes the instruments used to study the performance fan 
engineering prototype, and the laboratory devices used where high 
preci ion is required. The most important consideration faced by the 
designer of a measurement system intended for experimental work i its 
performance. In acquiring research data a high degree of repeatability 
accuracy linearity and reliability are required. The cost of this kind of 
system is usually of econdary importance. 

The second sort of mea urement system is that which forms part of a 
well understood device, usually a commercial product. Example of this 
kind of instrument can be seen in any motor vehicle. The driver is 
provided with a speedometer to help control the vehicle speed, a petrol 
gauge to indicate when fuel is required and a milo meter or other indicator 
to show when maintenance is needed. 

For a well understood system such a a molor vehicle a lower d gree of 
instrument performance than that required for research is usually 
sufficient. For example, the accuracy of the average automotive 
speedometer is within a tandard of -0% to +10%. However, this lack of 
resolution is entirely adequate to control the vehlcle speed. In generaJ. the 
instrumentation supplied as part of a mass-produced device is of poorer 
quality than that used for experimental work. The principaJ reason for this 
is so that the complete sy tern can be produced at an economic cost. 

The aim of this book is to review the current tate of automotive 
ins1:rumentation and to try and indicate where possible the likely course of 
future progress. The coverage is nol restricted olely to sensors for volume 
application, although the e predominate, but also includes a number of 
devices (such as torque transducers) which are at present restricted to use 
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towards silicon will also continue, with micromachining and thick-film
hybrid techniques being used to create transducer architectures on a very
small scale.

The development of ‘smart’ sensors (in which much of the signal
conditioning is carried out within the transducer housing) will provide
standardised digital outputs, which are likely to be transmitted via a
communications bus to the central control system. ‘Smart’ sensors will
probably linearise their own outputs, compensate for environmental
changes andinclude self-calibration and diagnostic functions both for
themselves and for the systems to which they are applied.

Unfortunately, without special and expensive packagingsilicon devices
cannot cope with the highest temperatures found on a vehicle, especially
around the engine, so the use of alternative semiconductor materials
seems likely. One suitable candidate may be gallium arsenide, whichis
currently the subject of much research.

In general, an instrumentation system may be consideredasfalling into
one oftwocategories. First, there are the laboratory or experimental
measurement techniques used for research and development. This
classification includes the instruments usedto study the performance ofan
engineering prototype, and the laboratory devices used where high
precision is required. The most important consideration faced by the
designer of a measurement system intended for experimental workisits
performance, In acquiring research data a high degree of repeatability,
accuracy, linearity and reliability are required, The cost of this kind of
systemis usually of secondary importance.

The second sort of measurement system is that which forms part of a
well understood device, usually a commercial product. Examples of this
kind of instrument can be seen in any motor vehicle. The driver is
provided with a speedometer to help control the vehicle speed, a petrol
gauge to indicate when fuel is required and a milometer or other indicator
to show when maintenance is needed.

Fora well understood system such as a motorvehicle, a lower degree of
instrument performance than that required for research is usually
sufficient. For example, the accuracy of the average automotive
speedometeris within a standard of —0%to +10%. However, this lack of
resolution is entirely adequate to control the vehicle speed. In general the
instrumentation supplied as part of a mass-produced device is of poorer
quality than that used for experimental work. The principal reason for this
is so that the complete systemcan be produced at an economiccost.

The aim of this book is to review the current state of automotive

instrumentation, and to try and indicate where possible the likely course of
future progress. The coverageis not restricted solely to sensors for volume
application, although these predominate, but also includes a numberof
devices (such as torque transducers) which are at present restricted to use
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in development laboratories because '[ therr cost. The reasons for thus 
extending the scope of thi book are twofold: first, it is primarily intended 
for use by those engaged in r having an interest in automotive 
development, and secondly because historically the trend is Ear today' 
laboratory tool to become tomorrow s conSUl11.er electronics-
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The Evolution of Automotive Sensors 

1.1 SENSORS IN VEHICLES BEFORE THE AGE OF ELECTRONICS 

Sensors have been used in vehicles since the earliest days, certainly since 
the time when the electric spark came to be used as the preferred method 
for igniting the fuel-air mixture in the cylinder of the early Otto-cycle 
piston engines in the late nineteenth century. 

The sensing in that case was of the position of the engine cycle via the 
magneto drive shaft, and developed through the distributor/contact
breaker/coil of later Otto-cycle piston engines to the familiar cam and 
contact-breaker which has dominated ignition timing control for 60 years 
from the 1920s to the 1980s. 
, The cam and contact-breaker combined both sensing of engine cycle 

position and control of the charge current into the coil; in spite of 
problems with wear and contact surface deterioration, it was only 
superseded in the 1980s by electronic sensing methods and the separation 
from that sensing of the current control function. 

Another sensor which appeared fairly early in the evolution of the car 
was the fuel level sensor. The use of a rod to check the amount of fuel 
remaining was fairly rapidly replaced by manometer tube devices which 
remained usable for as long as the fuel tank was under the bonnet just in 
front of the windscreen, but as soon as pumped fuel feed replaced gravity 
feed to the engine, the tank was moved to its present position at the rear 
and it became necessary to use electrical means for measuring fuel level 
and indicating it to the driver. This led to the birth of the float and 
potentiometer senso~ with either a current sensing display device using a 
bimetallic device to move the needle or a balanced electromagnetic 
instrument display. The float and potentiometer sensor is still with us, 
although its accuracy leaves much to be desired in the present situation of 
shallow tanks of complex shape. Development has concentrated mainly on 
producing potentiometer tracks of variable resistance with deflection 
which is matched in the fuel tank characteristic. However, new methods 
are now becoming available and will be discussed in detail in chapter 11; 
but because the float and potentiometer is such a low-cost device it is 
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11 SENSORS IN VEHICLES BEFORE THE AGEOF ELECTRONICS
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remained usable for as long as the fuel tank was under the bonnet just in
front of the windscreen, but as soon as pumped fuel feed replaced gravity
feed to the engine, the tank was movedLoits present position at the rear
andit became necessary to use electrical means for measuring fuel level
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bimetallic device to move the needle or a balanced electromagnetic
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which is matched in the fuel tank characteristic. However, new methods

are now becoming available and will be discussed in detail in chapter 11;
but because the float and potentiometer is such a low-cost device it is

 



2 AUTOMOTIVE SENSORS 

difficult to find a more accurate sensor for a similar price. 
The need to know the speed of the vehicle existed as soon as the person 

with the red flag was sent packing, and eventually became legally required 
when speed limits were introduced in the 1920s. The method chosen was 
to sense the speed of a rotating magnet driven through a Bowden cable 
from the rear of the gearbox, by means of the drag effect of the eddy 
currents induced in a non-ferrous 'cup' enclosing the rotating magnet and 
connected to a sprung pointer calibrated in miles per hour. This device has 
survived for 70 years, and it was onJy during the 1980s that the Bowden 
cable was increasingly removed and replaced by an electromagnetic sensor 
on the gearbox producing electrical pulses at a rate directly related to 
speed, tbis output then being used as the input to an integrating 
electromagnetic speedometer display instrument. 

Oil pressure level , partioularly important in the days of somewhat less 
reliable bearings than today, was also sensed and displayed normally by a 
direct pressure pipe connection from the oil pump upply line to a 
Bourdon tube gauge giving a direct pointer indication as the tube 
deflected. In some cases even simpler deviCes were used, such as a sprung 
cylinder sealed into the end of the pressure pipe which protruded further 
from the dashboard as the oil pressure rose. It had an unfortunate 
propensity for leaking and dripping oil on the knee of tbe driver, as the 
authors can verify from personal experience I 

Engine temperature measurement was al 0 included, although only on 
the more expensive cars. The method used for this was a bulb 
thermocouple screwed into the engine block giving a voltage signal to a 
sensitive electromagnetic pointer instrument; the ubiquitous and robust 
thermistor has long displaced this rather delicate device. 

The devices described here were the only sensors used on cars from the 
1920s through to the 1960s, and it was not until the advent of electronic 
controls that this situation changed. 

1.2 THE ADVENT OF ELECTRONIC CONTROLS 

The performance of high-speed car engines bad always been limited by the 
loss of spark energy in tbe ignition system at high engine speeds owing to 
the limited time available to cbarge the coil in the hart contact period 
available with the cam/contact-breaker ignition system. Tbe system also 
suffered from a relatively short life and a continuing deterioration in 
timing accuracy owing to wear between the cam and cam follower on the 
one hand, and tbe build up of the deposits of arcing on the contact 
surfaces on the other. In fact, if these two effects had not been in opposite 
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THE EVOLUTION OF AUTOMOTIVE SENSORS 3 

directions and partially cancelled each other out the deterioration in 
performance with time in use would have been much more rapid than in 
fact it was. 

It was realised during the late 1950s that if the coil could be controllably 
charged using a power transistor (and suitable power tninsistors were then 
becoming available), and triggered by a non-contact inductive or 
photoelectric sensor which had purely a timing function rather than the 
timing and current switching function of the contact-breaker, then the 
system would operate without these major disadvantages. So 'breakerless' 
electronic ignition was born and first used successfully in some of the 
racing and rally cars of the 1960s. This new ignition system was not, 
however, adopted for many years for mass-produced cars for a reason that 
is critical when any application of new technology is considered for the 
motor vehicle; it cost significantly more than the contact-breaker system it 
replaced. 

So, electronic breakerless ignition was in existence as an available 
improvement but was not adopted outside the specialist car market until 
the increasing environmental pressures in the USA and, in particular, in 
California, on the 'smog' issue forced an agonising appraisal of what could 
be done to reduce the levels of carbon monoxide (CO) and the 
hydrocarbons (He) emitted from the exhaust of US vehicles, ready for the 
first introduction of emission control regulations in California in 1966. 

One of the actions quickly established was that better control of ignition 
timing had an important part to play in making an improvement, and that 
that improvement could be maintained throughout the life of the car, and 
certainly over the required 40000 mile test distance, if breakerless ignition 
was used. It was also shown that the accurate control of the timing 
advance characteristic of the ignition system, which relates engine speed 
and load (represented by the manifold vacuum pressure level) to ignition 
advanq: angle, was critical in obtaining the lowest emission levels. 

This initial introduction of electronics to ignition control triggered much 
more detailed studies of how engine performance, particularly in respect 
of exhaust emissions, could be improved by the use of electronics, and 
resulted in the development of electronic fuel injection in the USA, 
Germany and the UK. By 1967 Bosch and Lucas were in production with 
fuel control systems for Europe designed primarily to improve 
performance rather than reduce emissions. In-the USA, however, in spite 
of the early work by Bendix, electronic fuel control was not introduced in 
production cars until 1975, when the increasing severity of the exhaust 
emission regulations made the use of catalysts in the exhaust system 
necessary and with this the need for precise electronic methods of 
controlling fuelling unavoidable. So, electronic ignition and electronic fuel 
injection became established very widely in the USA in the late 1970s as 
the only effective method, in combination with exhaust emission 
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directions and partially cancelled each other out the deterioration in
performance with time in use would have been much morerapid than in
fact it was.

It was realised during the late 1950s that if the coil could be controllably
chargedusing a powertransistor (and suitable powertransistors were then
becoming available), and triggered by a non-contact inductive or
photoelectric sensor which had purely a timing function rather than the
timing and current switching function of the contact-breaker, then the
system would operate without these majordisadvantages. So ‘breakerless’
electronic ignition was born andfirst used successfully in some of the
racing and rally cars of the 1960s. This newignition system was not,
however, adopted for manyyears for mass-produced cars for a reason that
is critical when any application of new technologyis considered for the
motor vehicle; it cost significantly more than the contact-breakersystemit
replaced.

So, electronic breakerless ignition was in existence as an available
improvement but was not adopted outside the specialist car market until
the increasing environmental pressures in the USA and, in particular, in
California, on the ‘smog’ issue forced an agonising appraisal of what could
be done to reduce the levels of carbon monoxide (CO) and the

hydrocarbons (Hc) emitted from the exhaust of US vehicles, ready for the
first introduction of emission control regulations in California in 1966,

One ofthe actions quickly established was that better control of ignition
timing had an important part to play in making an improvement, and that
that improvement could be maintained throughout the life of the car, and
certainly over the required 40000mile test distance, if breakerless ignition
was used. It was also shown that the accurate control of the timing
advance characteristic of the ignition system, which relates engine speed
and load (represented by the manifold vacuumpressure level) to ignition
advanceangle, wascritical in obtaining the lowest emission levels.

This initial introduction of electronics to ignition control triggered much
more detailed studies of how engine performance, particularly in respect
of exhaust emissions, could be improved by the use of electronics, and
resulted in the development of electronic fuel injection in the USA,
Germanyand the UK. By 1967 Bosch and Lucas were in production with
fuel control systems for Europe designed primarily to improve
performance rather than reduce emissions, In the USA, however,in spite
of the early work by Bendix, electronic fuel control was not introducedin
production cars until 1975, when the increasing severity of the exhaust
emission regulations made the use of catalysts in the exhaust system
necessary and with this the need for precise electronic methods of
controlling fuelling unavoidable. So, electronic ignition and electronic fuel
injection became established very widely in the USAin the late 1970s as
the only effective method, in combination with exhaust emission
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regulations (which by then had added the oxides of nitrogen (NOx) to the 
hydrocarbon (He) and carbon monoxide (CO) emissions previously 
controlled). 

1.3 STAND-ALONE AND INTEGRATED SYSTEMS 

Initially separate ignition and fuelling control systems were used, but it 
q.uickly became obvious that since the same control parameters of inlet 
manifold pressure and engine speed were required to determine the 
engine operating condition and the consequent ignition timing or. fuel 
quantity, that these stand-alone systems could be combined to use the 
arne sensors and to operate interactively. The subsequent addition of 

direct-inlet manifold mass air flow measurement instead of its derivation 
from the measurement of inlet manifold pressure and swept cylinder 
volume, did not change the move towards integrated engine control 
systems. 

More recently, stand-alone systems for anti-lock braking control have 
been developed to provide the complementary facility of anti-spin control, 
and this has usually involved the communication of signals to the engine 
control system to reduce engine power output when wheel spin occurs as 
well as braking the offending wheel. So the communication of sensor and 
control signals between systems which were originally stand-alone has 
progressed on a rather ad hoc ba is up to the present. 

However, the advent of in-vehicle data links or multiplex systems -
initially con idered becau e of their ability to simplify increasingly 
complex wiring Jo ms - offers the capability of providing sensor signals 
around the vehicle, and .in some cases where tbe control time delay is 
acceptable direct control signals. 

This brings the possibility of fully integrated control systems much 
nearer and increases the need for sensors with signal processing capability 
built in (smart sensors), and the ability to be connected directly to an in
vehicle data link. 

1.4 SMART SENSORS 

The decision on how much intelligence to add to a sensor is a difficult one; 
as also is the definition of a 'smart' sensor. Simple impedance conversion 
to enable, for example, the high-impedance signal from a piezoelectric 
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regulations (which by then had added the oxides of nitrogen (NO,) to the
hydrocarbon (HC) and carbon monoxide (CO) emissions previously
controlled).
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Initially separate ignition and fuelling control systems were used, butit
quickly became obvious that since the same contro] parameters of inlet
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direct-inlet manifold mass air flow measurement instead ofits derivation

from the measurement of inlet manifold pressure and swept cylinder
volume, did not change the move towards integrated engine control
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More recently, stand-alone systems for anti-lock braking control have
been developed to provide the complementaryfacility of anti-spin control,
and this has usually involved the communication of signals to the engine
control system to reduce engine power output when wheel spin occurs as
well as braking the offending wheel. So the communication of sensor and
control signals between systems which were originally stand-alone has
progressed on a rather ad hocbasis up tothe present.

However. the advent of in-vehicle data links or multiplex systems —
initially considered because of their ability to simplify increasingly
complex wiring looms — offers the capability of providing sensor signals
around the vehicle, and in some cases where the control time delay is
acceptable, direct control signals.

This brings the possibility of fully integrated control systems much
nearer and increases the need for sensors with signal processing capability
built in (smart sensors), and the ability to be connected directly to an in-
vehicle data link.

14 SMART SENSORS

The decision on how muchintelligence to add to a sensoris a difficult one;
as also is the definition of a ‘smart’ sensor. Simple impedance conversion
to enable, for example, the high-impedance signal from a piezoelectric
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sensor to be fed down a line to its associated electronic control unit, would 
certainly not qualify; but when sensors are produced with electronics 
which permit diagnostics, linearisation or even self-calibration, then this 
certainly falls within tbe definition. It is even more appropriate when the 
electronics added standardise the output convert it to a digital data-bus 
formal or adds u capability to process and respond to incoming 
interrogation signals on the data bus. 

The theme of the 1990s in automotive en r development seem 
certain to move increa ingly towards the world of integrated system , 
where instead of being a stand-alone device providing a speci.fied output 
to an electronic control unit, the ensor becomes an integral part of the 
electronic control system with the electronics associated specifically witb 
processing its output and diagnosing its correct operation being found 
increasingly as an integral part of the sensor itself (the 'smart sens r). 

This smart sensor can be reali ed either by i.ntegrating the i.ntelligence 
onto the same chip used for rhe sensing function or by using a thick- or 
lhin-film circuit to mount a eparate 'smart circuit within the housing of 
the sensor. This approach is compatible with tbe linking of electronic 
y terns in the vehicle by means of a data link or multiplex wiring ystem, 
ince the codi.ng and decoding functions required for such a system cao 

-potentially, also be included in the 'intelligent ' part of the ensol' so giving 
a compact device capable of providi.ng standardised coded information to 
any electronic control unit. The control unit i then simplified because it 
does not now have to carry all the electronic and entry ports required for 
the analogue/digital conver ion of a large number of sensor inputs. 

The second long-term development seems likely to be tbe advent of 
smart sensors witb the capability of self-calibration. Here we may expect 
to ee low-cost smarl sensors with relatively poor linearity but higb 
repeatability being initially cycled under carefully controlIed condition 
through their full operating cycle, ideally in situ in the vehicle. The 
increment in sensor output per unit change of the measurand then 
represents the calibration of the sensor. This information is then stored in 
the smart sensor's memory where it can be used as the calibration curve 
against which future operational measurements are made. Providing the 
sensor has good repeatability, then wide variations in linearity and range 
between nominally imilar ensors can be accepted, giving the opportunity 
for the increasing use of low-cost devices. 

The third longer-term development which is likely to further change 
automotive control systems and the way in which sensors are used is what 
we call 'embedded simulation' (tbis wi'll be discussed more fully in chapter 
14). 

The development of computer simulation of vehicle systems such as the 
engine, transmi sion, suspension etc, is currently proceeding apace, and 
further developments involve combining those simulations to make it 
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sensor to be fed downa line to its associated electronic control unit, would

certainly not qualify; but when sensors are produced with electronics
which permit diagnostics, linearisation or even self-calibration, then this
certainly falls within the definition. It is even more appropriate when the
electronics added standardises the output, converts it to a digital data-bus
format, or adds a capability to process and respond to incoming
interrogationsignals on the data bus.

The theme of the 1990s in automotive sensor development seems
cerlain to move increasingly towards the world of integrated systems,
where instead of being a ‘stand-alone’ device providing a specified output
to an electronic control unit, the sensor becomes an integral part of the
electronic control system, with the electronics associated specifically with
processing its output and diagnosing its correct operation being found
increasingly as an integral part of the sensoritself (the ‘smart’ sensor),

This smart sensor can be realised either by integrating the ‘intelligence’
onto the same chip used for the sensing function, or by using a thick- or
thin-film circuit to mount a separate ‘smart’ circuit within the housing of
the sensor. This approach is compatible with the linking of electronic
systems in the vehicle by meansofa data link or multiplex wiring system,
since the coding and decoding functions required for such a system can,
potentially, also be includedin the ‘intelligent’ part of the sensor, so giving
a compact device capable of providing standardised coded information to
any electronic control unit. The control unit is then simplified because it
does not now have to carry all the electronics and entry ports required for
the analogue/digital conversion of a large numberofsensorinputs.

The second long-term development seemslikely to be the advent of
smart sensors with the capability of self-calibration. Here we mayexpect
to see low-cost smart sensors with relatively poor linearity but high
repeatability being initially cycled under carefully controlled conditions
through their full operating cycle, ideally im situ in the vehicle. The
increment in sensor output per unit change of the measurand then
represents the calibration of the sensor. This information is then stored in
the smart sensor’s memory where it can be used as the calibration curve
against which future operational measurements are made. Providing the
sensor has good repeatability, then wide variations in linearity and range
between nominally similar sensors can be accepted, giving the opportunity
for the increasing use of low-cost devices.

The third longer-term development which is likely to further change
automotive control systems and the way in which sensors are used is what
wecall ‘embeddedsimulation’ (this will be discussed morefully in chapter
14),

The development of computer simulation of vehicle systems such as the
engine, transmission, suspension etc, is currently proceeding apace, and
further developments involve combining those simulations to make it
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possible to represent the complete vehicle. Currently this requires 
substantial computing power and memory, but it seems certain that by the 
turn of the century computing power of this order will be available in low
costfsmaJJ-package devices. At this point it eem probable that control 
systems for vehicles (and probably other self-contained real-time control 
systems in industry and around the home) wiU change in character, so that 
a full simulation of the system being controlled is embedded in the control 
system. 

With the availability of this simulation it will be possible to compare the 
actual performance of the vehicle, as measured by suitable sensors, with 
the ideal as specified by the embedded imulation. This not only provides 
the opportunity for comprehensive adaptive feedback cootrol of all 
controllable functions, but also provides a target against which the 
performance oC all the e functions can be compared hence making full 
active diagnostics possible. 

Another benefit of such a system is the ability to continue operating the 
vehicle satisfactorily even when failure of major part of the main control 
sy tem1in particular sensors occurs. In fact, one benefit might well be the 
ability to dispens with many of tbe existing sensors ince, given 
information on for example, only engine peed torque and temperature, 
the simulation - particularly if it is designed to be adaptive - may well 
be able to specify the full operating conditions of the engine. Then as 
major, slowly varying conditions such as wear, fuelling or altitude of 
operation change, the simulation is suitably modified to take this into 
account. 

These three areas, integrated smart sensors, smart self-calibrating 
sensors and embedded simulation, seem certain to cause major changes in 
control systems and their associated sensors and need to be borne in mind 
when looking at new or improved sensor technologies for future 
application. 

24

 
6 AUTOMOTIVE SENSORS

possible to represent the complete vehicle. Currently, this requires
substantial computing power and memory,but it seems certain that by the
turn of the century computing powerofthis order will be available in low-
cost/small-package devices. At this point it seems probable that control
systems for vehicles (and probably other self-contained real-time control
systemsin industry and around the home) will change in character, sothat
a full simulation of the system being controlled is embedded in the control
system.

With the availability of this simulationit will be possible to comparethe
actual performance of the vehicle, as measured by suitable sensors, with
the ideal as specified by the embedded simulation. This not only provides
the opportunity for comprehensive adaptive feedback control of all
controllable functions, but also provides a target against which the
performance ofall these functions can be compared, hence making full
active diagnostics possible.

Another benefit of such a system is the ability to continue operating the
vehicle satisfactorily even when failure of major parts of the main control
system,in particular sensors, occurs. In fact, one benefit might well be the
ability to dispense with many of the existing sensors, since, given
information on, for example, only engine speed, torque and temperature,
the simulation — particularly if it is designed to be adaptive — maywell
be able to specify the full operating conditions of the engine, Then, as
major, slowly varying conditions such as wear, fuelling or altitude of
operation change, the simulation is suitably modified to take this into
account.

These three areas, integrated smart sensors, smart self-calibrating
sensors and embeddedsimulation, seem certain to cause major changes in
control systems and their associated sensors and need to be borne in mind
when looking at new or improved sensor technologies for future
application. 
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Sensor Applications in the Vehicle 

The ability of an electronic control system to communicate effectively and 
accurately with the real-world system it is trying to control is proving to be 
the most important factor in detelmining the utility and reliability of that 
control system. We can see how important thi is by looking at our own 
bu~an performance as real -time control systems [1] and at how that 
performance is affected by any loss of operating accuracy or function of 
the body s sensors. 

In a complex electronic/electro/mechanical system such as the modern 
motor vehicle wbjcb bas to be operated in intimate varying interaction 
w.itb its driver and with an outside world of considerable complexity, the 
need for effective, accurate reliable and low-cost sen ors is very great. If 
we now look at the many ystems to whicb electronics can be applied 
within the vehicle, and which are shown in figure 2.1 we can see that the 
complexity can range from the interactive control of engine and 
transmi sion to optimise economy, emissions and performance to the 
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Figure 2.1 Systems to which electronics can be applied in the vehicle. 
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simple sensing of water temperature and level of petrol in the fuel tank -
although this latter measurement is not as simple as one might think
with the result that the requirements for sensors are equally wide in scope. 

Many of the sensor types mentioned in this chapter are discussed in 
more detail in the rest of this book. 

2.1 POWERTRAIN SENSORS 

In tabl.e 2.1 we have listed typical required specification for sensors for 
engine and transmission ("p wertrain' control. We would like to draw 
attention to the accuracy and temperature range over which these devices 
have to operate and point out that it must be remembered that they 
should be of minimal cost and high reliability. A fully comprehensive 
powertrain control system would have many of the devices listed in table 
2.1, although the really critical devices are currently those which measure 
engine timing, inlet manifold mass air flow, manifold vacuum pressure, 
exhaust gas oxygen level, transmission control valve position transmis ion 
input and output speed, and throttle and accelerator position. 

2.1.1 Ignition Control 

The timing sensors which are available at pre ent are generally acceptable 
and normally u e electromagnetic or Hall effect devices to detect the 
movement of a magnet or metallic projection attached to the haft whose 
speed is to be measured. Almost all the cars built in recent year have 
electronic breakerLess ignition ystems fitted with such sensors. The 
inaccuracies in ignition timing which exist in these ystems arise from 
mechanical vibration and torsion ('wind-up) in the geared drive to the 
distributor from the engine crankshaft and will be partially overcome in 
future models by taking the timing from the crankshaft directly -
although thi then requires an additional sen or on the cam haft to 
determine the correct timing for each cylinder in the four-stroke cycle, and 
in itself suffers from wind-up due to the main engine torque and the 
influence of the differing operating conditions in each cylinder. 

The measurement of inlet manifold vacuum pressure was certainly the 
first measurement made in early ignition and fuelling control systems and 
it has continued to be a very important parameter. 1t is a relatively good 
measurement of engine load, since as the engine slows down under load, 
inlet manifold vacuum pressure (depression) move closer to atmospheric 
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simple sensing of water temperature and level of petrol in the fuel tank —
although this latter measurement is not as simple as one might think —
with the result that the requirements for sensors are equally wide in scope.

Manyof the sensor types mentioned in this chapter are discussed in
more detail in the rest of this book.

2.1 POWERTRAIN SENSORS

In table 2.1 we have listed typical required specifications for sensors for
engine and transmission (‘powertrain’) control. We would like to draw
attention to the accuracy and temperature range over which these devices
have to operate and point out that it must be remembered that they
should be of minimal cost and high reliability. A fully comprehensive
powertrain control system would have many ofthe devices listed in table
2.1, although the really critical devices are currently those which measure
engine timing, inlet manifold mass air flow, manifold vacuum pressure,
exhaust gas oxygen level, transmission control valve position, transmission
input and output speed, and throttle and acceleratorposition.

  2.1.1 Ignition Control

The timing sensors whichare available a1 present are generally acceptable
and normally use electromagnetic or Hall effect devices to detect the
movement of a magnet or metallic projection attached to the shaft whose
speed is to be measured. Almost all the cars built in recent years have
electronic breakerless ignition systems fitted with such sensors. The
inaccuracies in ignition timing which exist in these systems arise from
mechanical vibration and torsion (‘wind-up’) in the geared drive to the
distributor from the engine crankshaft, and will be partially overcome in
future models by taking the timing from the crankshaft directly —
although this then requires an additional sensor on the camshaft to
determine the correct timing for each cylinder in the four-stroke cycle, and
in itself suffers from wind-up due to the main engine torque and the
influence ofthe differing operating conditions in each cylinder.

The measurementof inlet manifold vacuum pressure wascertainly the
first measurement madein earlyignition and fuelling control systems, and
it has continued to be a very important parameter. It is a relatively good
measurement of engine load, since as the engine slows down under load,
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Table 2.1 List of powertrain sensor specifications. 

Scns<>r/type i'ropo,ed Range Accur~cy Temperature Response 
:;cnsing, method (~;, ) operating time 

r"nge (' C) 

Inlet manil'olJ ahsolute Piczorclii"live silicon 0- 10) kPa :+: I at -~O to I ms 
ordiffcrcnti;ll pressure strain gauged diaphrngm CS 'c +125 
~cnsur (potrol engines) or capacitive diaphrn~m 

Inlet "nJ exhaust manifold As above cO-cOO kl'a :+:3 As above JO ms 
pressure sensor 
(diesel engine,) 

Barometric absolute As above SO- HIS kPa :':3 As above 10 ms 
pressure sensor 

Tr~nsmi~sion oil Di(fercntialtransformer 0-201l0 kPa :+:1 -411to III ms 
pressure senSDr + diaphragm or +160 

""paeitivc diaphragm 

Inlet n",nifolu air Met~1 film or semi- -40 ' C to :+:2 or -40 to :'0 ms 
lcmperJlulc sensur eonuuetor film tl511 ' C :+:5 ISO 

Coolanttempcrature Thermistor - 40 ' C to ;+:1 As above 10 s 
sensor ·,:'00 · C 

Diesd fueltcmper;lIure Thermistor -40 · C to As ahove -40 to As above 
~cnsor t201l ' C tiOO 

Diesel exhaust Cr/AI thermocouple -40 · C to As ahove -40 to As above 
{CmpCfa{Un.: sensor +750 · C ;·750 

Ambient air temperature Thermistor -40 · C to As above - 40 to As above 
scn~or +100 ' C +100 

Distributor mounted Hall effect or optical Zero to :+:1 -40 to N/A 
ti minj\/triggerlspeed digitiser or eddy maximum +1~5 

sensorls curn;ntil'arinblc engine speed 
reluclance 

Crankshaft mounted As above -40 to N/A 

timingltriggerispceu +160 
sensor/s 

Road speed sensor Optical digitiser or reed As above :+:5 -40 to N/A 

(speedo cable filling) switch or Hall effect +125 

Inlet manifold air mals Vanemeter or hot wire 10 to 100 kg h- I :::!:~ - ~o to 35 ms [or 
flow (undirectional) or 20 to 400 kg h- ' :t2 +1:'S vane only 

(two ranges) others TUE 

but target is 
1 ms 

Inlet manifold air mass Ultrasonic or corona :+::'00 kg h- I :=2 As above I ms 
flow (bidirectional) discharge or ion flow 

Accelerator pedal Potentiometer 0-5 kllfrom min :':1 -40 to N/A 

position sensor to max pedal travel +1:'5 

Throllie position Potentiometer O~ kllfrom :+:3 --411 to N/A 

sensor closed to open -,\25 
throllie 

Gear selector position Cam oper;lted switch 8-position selection N/A or :+: 1 -~O to N/I\ 

scn~or Of potentiometer or 0-5 kll +IS0 

Gear selector hydraulic Optical encoder As above ±2 -40 to N/A 

\'alve position sensor +100 

FGR valve position Linear displacement 0- 10 mm :+:2 -40 to N/A 

valve posilion sensor potentiometer + 1:'5 

Closed throttle/wide Microswitehes N/A N/A -40 to N/A 

open throllie sensors +125 
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Table 2.1 List of powertrain sensor specifications, 

Accuracy
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Table 2.1 cont. 

Engine knock sensor 

Engine knock + misfire 
sensor 

Exhaust gas oxygen 
sensor for stoichiometric 
operation 

Exhaust gas oxygen sensor 
for lean burn operation 

AUTOMOTIVE SENSORS 

Piezoelectric 
accelerometer 

Ionisation measurement 
in cylinder or exhaust 
manifold 

Zirconium dioxide 
ceramic with platinum 
surface electrodes or 
titanium discs in 
aluminium 

Zirconium dioxide 
oxygen pumping device 
with henter 

5 to 10 kHz 
'g' range TBE 

TBE 

Less than hnlf one 
AIF ratio (used AS a 
switch between 
lenn & nch AIF 
ratios) 

14:1 to 
30:1 AIF ratio 

NIA 

TBE 

Not known 

TBE 

-40 to 
+125 

-40 to 
+150 
(externally) 
probe must meet 
combustion 
or exhaust 
temperatures 

300 to 50 ms 
850 
(tip operating 
tempcrulurc) 

As above 

Abbreviations: EGR, exhaust gas recirculation; TBE, to be established; NF, air-fuel ratio; NI A not applicable. 

Depends 
on resonant 
frequency 

TBE 

pressure and this is accentuated by the driver, who is part of the control 
loop pressing the accelerator and opening the throttle further. It would 
reaUy be much better, however to measure load by measuring engine 
output torque, if a reliable low-cost way to do this could be found. 

This manifold vacuum measurement of load ha been used for 
controlling ignition advance from an early stage in the development of the 
internal combustion engine' it made use for many year of an aneroid 
vacuum capsule connected to the manifold to physicalJy rotate the 
distributor to increase advance angle with load, while at the arne time a 
centrifugal weight system controlled advance according to the rotational 
speed of the engine. 

In an ignition system with electronic advance control these functions 
are taken over by a pressure sensor connected to the manifold and a 
frequency input derived from a sensor on the engine mea uring rotational 
speed. The e pressure and peed signals then provide the input to a 
microprocessor which is programmed to look up the optimum advance 
angle from a three-dimensional table relating speed, load and advance 
angle and stored in memory ( ee figure 2.2). 

By this means, significant improvements in operation and economy can 
be obtained. A number of designs of marrifold pressure seusor have been 
used for this system including devices based on capacitive, inductive and 
potentiometric techniques, but some of the most widely used employ a 
silicon diaphragm with either integral ilicon train gauges [2], or a 
capacitive deflection sensing method [3]. In these sensors a disc o'f silicon 
is etched away to form a thin diaphragm (see figure 2.3) to which the 
pressure i applied, and the strain gauges are integrated onto the disc or a 
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10 AUTOMOTIVE SENSORS 
Table 2.1 cont.

Engine knock sensor Piezoelectric Sto 10 kHz NIA -40 to Depends
accelerometer ‘g' range THE +125 on resonant

frequency

Engine knock + misfire lonisation measurement TE THE -40 to THE
sensor in cylinder or exhaust +150

(externally)
probe must meetcombustion

manifold

or exhaust
temperatures

Exhaust gas oxygen Zirconium dioxide Less than halfone Not known 300 to 5i)ms
sensor for stoichiometric ceramic with platinum VF ratio (used asa 850
operation surface electrodes or switch between (tip operating

titanium dises in lean & rich A/F temperature)
aluminium ratios)

Exhaust gas oxygen sensor Zirconiumdioxide 14:1 to TBE As above
for lean burn operation oxygen pumping device 30:1 A/F ratiowith heater

Abbreviations: EGR, exhaust gas recirculation; TBE, to be established; a/F, air-fuel ratio; N/A nol applicable.

pressure andthis is accentuated bythe driver, whois part of the control
loop, pressing the accelerator and opening the throttle further. It would
really be much better, however, to measure load by measuring engine
output torque, if a reliable low-cost wayto dothis could be found.

This manifold vacuum measurement of load has been used for

controlling ignition advance fromanearly stage in the developmentofthe
internal combustion engine; it made use for many years of an aneroid
vacuum capsule connected to the manifold to physically rotate the
distributor to increase advance angle with load, while at the same time a
centrifugal weight system controlled advance according to the rotational
speed of the engine.

In an ignition system with electronic advance control, these functions
are taken over by a pressure sensor connected to the manifold and a
frequency input derived from a sensor on the engine measuring rotational
speed, These pressure and speed signals then provide the input to a
microprocessor which is programmed to look up the optimum advance
angle from a three-dimensional table relating speed, load and advance
angle and stored in memory(see figure 2.2).

Bythis means, significant improvements in operation and economy can
be obtained. A numberof designs of manifold pressure sensor have been
used for this system including devices based on capacitive, inductive and
potentiometric techniques, but some of the most widely used employa
silicon diaphragm with either integral silicon strain gauges [2], or a
capacitive deflection sensing method [3]. In these sensors adisc ofsilicon
is etched away to form a thin diaphragm (see figure 2.3) to which the
pressure is applied, and the strain gauges are integrated ontothe disc or a
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capacitive plate added. This technique produces a reliable low-cost device 
with a good resistan.ce to the high-temperature, high-vibration con.ditions 
under which it has to operate. 
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Figure 2.3 Silicon diaphragm pressure sensors. 
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capacitive plate added. This technique producesareliable low-cost device
with a goodresistance to the high-temperature, high-vibration conditions
underwhichit has to operate.
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2.1.2 Knock Sensing 

When an ignition system with electronic advance control is oplimi ed for 
best performance and economy, it can, under some conditions be s t 
sufficiently far advanced to cause a condition known as ' knocking . Under 
these conditions premature high-rate combustion takes place which 
because of the rapid pressure increase, can quickly cause physical damage 
to vuinerabl,e tructures within the combustion chamber, such as the piston 
crown. In an engine with conventional ignition timing the advance angle is 
retarded sufficiently to avoid titis condition, but loss of efficiency results. 
For this reason it is highly desirable to operate the electronically 
controlled advance ignition as close to the knock limit as possible but with 
the ability to retard the ignition within one or two engine cycles to a safe 
level. Tins requires a method of rapidly sen ing the knock condition and 
up to noW this has usually been achieved by the use of a piezoelectric 
accelerometer known, not surprisingly, as a knock sensor (see figure 2.4). 
This device is usually mechanically tuned to be sensitive to the 
cbaracteristic knock ringing frequency, which in normal ize e,ngine is in 
the region of 8 kHz, and it is placed on the engine bl ck in a position 
chosen in an extensive vibration urvey Lo give the best knock signal from 
all cylinders. 

lead wires 

r-.-r--_bull e I 
lerminal (2) 

cryslal 

~~~~li alloy disc 

Figure 2.4 Ignition knock sensor. 

It has been proposed [4] that an alternative method of obtaining this 
knock signal could be by measuring the ionisation current across the spark 
plug after normal firing. This is done by applying a small voltage to the 
plug sufficient to maintain an ionisation current across the plug electrodes. 
This current then shows a superimposed ringing signal during knock which 
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2.1.2 Knock Sensing

When anignition system with electronic advance control is optimised for
best performance and economy, it can, under some conditions, be set
sufficiently far advanced to cause a condition known as ‘knocking’. Under
these conditions premature high-rate combustion takes place which,
because of the rapid pressure increase, can quickly cause physical damage
to vulnerable structures within the combustion chamber, suchas the piston
crown. In an engine with conventional ignition timing the advance angle is
retarded sufficiently to avoid this condition, but loss of efficiency results.
For this reason it is highly desirable to operate the electronically
controlled advance ignition as close to the knock limit as possible, but with
the ability to retard the ignition within one or twoengine cycles to a safe
level. This requires a method of rapidly sensing the knock condition and
up to nowthis has usually been achieved by the use of a piezoelectric
accelerometer, known, not surprisingly, as a knock sensor(see figure 2.4).
This device is usually mechanically tuned to be sensitive to the
characteristic knock ringing frequency, which in normal size enginesis in
the region of 8 kHz, and it is placed on the engine block in a position
chosen in an extensive vibration surveyto give the best knock signal from
all cylinders.
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Figure 2.4 Ignition knock sensor.

It has been proposed [4] that an alternative method of obtaining this
knocksignal could be by measuring the ionisation current across the spark
plug after normal firing. This is done by applying a small voltage to the
plug sufficient to maintain an ionisation current across the plug electrodes.
This current then shows a superimposedringing signal during knock which
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can be separated out and used to control ignition retard. This oscillation in 
ionisation current appears to be due to the variations in the gas density 
caused by the pressure resonance initiated by the knock condition. 

2.1.3 Fuel Control 

The principle of the three-dimensional look-up table as a means of 
describing optimised engine operation has been taken further with the 
electroni.c control of engine fueLling, usually using electromagnetic fuel 
injectors where tile major parameters are agajn load and speed but with 
the fuel required being detennined by injector opening time as the 
controlled parameter. In this system both lhe total quantity of fuel and the 
ratio of air mas to fuel injected into the engine are critical. Under these 
circumstances, the ideal measurement to be made is the mass air flow into 
the engine manifold. This can be derived by measuring inlet manifold 
vacuum pre sure and then calculating the wept volume of the engine 
from the rotational speed' however, because of the compressibility of au 
and the significant volume of the manifold this is a very difficull 
calculation to make accurately, particularly under transient conditions. 
Many attempts have been made to develop a low-cost sensor to measure 
mass air flow directly, but it has always proved a difficult measurement to 
make. The Bosch air vanemeter, in which a pivoted vane is placed in the 
airstream and attached to a single potentiometer as the measuring device 
(see figure 2.5), was the first sensor to be used in production and has been 

Figure 2.5 Bosch air vanemeter for manifold air flow. 
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can be separated out and used tocontrol ignition retard. This oscillation in
ionisation current appears to be due to the variations in the gas density
caused bythe pressure resonanceinitiated by the knock condition.

2.1.3 Fuel Control

The principle of the three-dimensional look-up table as a means of
describing optimised engine operation has been taken further with the
electronic control of engine fuelling, usually using electromagnetic fuel
injectors, where the major parameters are again load andspeed, but with
the fuel required being determined by injector opening time as the
controlled parameter. In this system boththe total quantity of fuel and the
ratio of air mass to fuel injected into the engine are critical. Under these
circumstances, the ideal measurement to be made is the massair flowinto

the engine manifold. This can be derived by measuring inlet manifold
vacuum pressure and then calculating the swept volumeof the engine
from the rotational speed; however, because of the compressibility of air
and the significant volume of the manifold this is a very difficult
calculation to make accurately, particularly under transient conditions.
Manyattempts have been made to develop a low-cost sensor to measure
mass air flowdirectly, but it has always proved adifficult measurement to
make. The Bosch air vanemeter, in which a pivoted vane is placed in the
airstream and attachedto a single potentiometer as the measuring device
(see figure 2.5), was the first sensor to be used in production and has been

 
Figure 2.5 Bosch air vanemeter for manifold air flow.
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(and still is) very widely used. It suffers from the fact that it measures air 
velocity rather than mass and therefore the signal requires processing with 
a signal Tepresenting air density to obtain air mass flow. It also has 
significant mechanical inertia under transient conditions and there is a 
reduction of engine efficiency caused by the flap partially blocking the air 
flow into the manifold, but it has proved a very valuable sensor for a 
whole generation of fuel-injected engines. 

An alternative device which ha been more recently developed, and is 
now also used in production i the bot-wire anemometer ( ee figure 2.6), 
also first developed by Bosch and ubsequently fUrther developed by 
Hitachi. It measures mass air flow directly, is fast in response (1-2 ms) and 
does not significantly obstruct the manifold but does require correction for 
air temperature and has some susceptibility to contamination of the hot
wire surface. This problem is dealt with by an automatic burn-off' 
operation which heats up the wire to red-heat on each occasion the vehicle 
is used. It also suffers from some inaccuracie under pulsed flow conditions 
owing to its inability to differentiate the direction of flow. 

EI ec Ironies 

Figure 2.6 Hot-wire sensor for manifold air flow. 

Other ensor for the measurement of mass air flow into the manifold 
have been developed notably the vortex shedding flow meter and the ion 
drift flow meter, this latter having the major advantage of being able to 
measure direction of flow as well as it quantity. However, neither of these 
devices has proved entirely successful, although a vortex shedding device 
is u ed in one Japanese production vehicle. 

2.1.4 Emission Control 

In countries where severe restrictions on exhaust emissions exist, the 
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(andstill is) very widely used. It suffers from the fact that it measures air
velocity rather than mass and therefore the signal requires processing with
a signal representing air density to obtain air mass flow. It also has
significant mechanical inertia under transient conditions and there is a
reduction of engine efficiency caused by the flap partially blocking the air
flow into the manifold, but it has proved a very valuable sensor for a
whole generationof fuel-injected engines.

An alternative device which has been more recently developed, and is
now also used in production, is the hot-wire anemometer (see figure 2.6),
also first deyeloped by Bosch and subsequently further developed by
Hitachi. It measures massair flowdirectly,is fast in response (1-2 ms), and
does notsignificantly obstruct the manifold, but does require correction for
air temperature and has some susceptibility to contamination of the hot-
wire surface, This problem is dealt with by an automatic ‘burn-off
operation which heats up the wire to red-heat on each occasionthe vehicle
is used.It also suffers from some inaccuracies under pulsed flow conditions
owingto its inability to differentiate the direction of flow.
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Figure 2.6 Hot-wire sensor for manifoldair flow.

Other sensors for the measurement of mass air flowinto the manifold

have been developed, notably the vortex shedding flow meter and theion
drift flow meter, this latter having the major advantage of being able to
measure direction of flow as well as its quantity. However, neither of these
devices has proved entirely successful, although a vortex shedding device
is used in one Japanese production vehicle.

2.1.4 Emission Control

In countries where severe restrictions on exhaust emissions exist, the

\ 



SENSOR APPLICATIONS IN A VEHICLE 

Exhaust 

He 

NOx 

0.9 

Rich 
operation 

0 .9~ 1.0 

A Control 
range 

... 

A air ratio 

NOx 

... He ...._----

1.1 

Lean 
operation 

Figure 2.7 Effect of a three-way catalyst on emissions of HC, CO and 
NOx above and below stoichiometry (A = 1, A being the ratio of air 
entering the engine inlet to air required for full stoichiometric 
operation), showing emission levels without catalyst (broken curves) 
and with catalyst (full curves). Also shown is the voltage curve of the 
EGO (A) sensor as the air-fuel ratio passes through stoichiometry. 
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requirement to control the air-fuel ratio provided to the engine becomes 
even more critical; with current engine technology, the only way to meet 
these regulations is to use a so-called 'three-way catalyst' in the exhaust 
system to reduce the levels of the critical pollutants of carbon monoxide 
(CO), hydrocarbons (He), and the oxides of nitrogen (NOx ) (see figure 
2.7). For its correct operation such a catalyst requires that the air-fuel 
ratio fed to the engine should always be as close as possible to the 
optimum stoichiometric level of 14.7:1. This is only achievable by \he use 
of a feedback control system in which this air-fuel ratio is sensed by means 
of an exhaust gas oxygen sensor in the engine exhaust manifold. 

This sensor (see figure 2.8) makes use of the fact that the migration of 
oxygen ions across a suitable membrane or filter from one gas to another 
is only dependent on the partial pressure of oxygen in the two gases. At 
the stoichiometric air-fuel ratio the partial pressure of oxygen in the 
engine exhaust gas equals that in ambient air, so that if suitable electrodes 
are attached to each side of the ceramic filter used in the sensor, a positive 
or negative voltage is generated by the ion migration when the air-fuel 
ratio is below or above stoichiometry, with a rapid voltage change 
occurring over the transition between those two conditions (see figure 
2.7). This voltage transition is ideal as a feedback signal to control the 
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Figure 2.7 Effect of a three-way catalyst on emissions of HC, CO and
NO,above and belowstoichiometry (A = 1, 4 being the ratio of air
entering the engine inlet to air required for full stoichiometric
operation), showing emission levels without catalyst (broken curves)
and with catalyst (full curves). Also shownis the voltage curve of the
EGO (X) sensoras the air-fuel ratio passes through stoichiometry.

requirement to control the air—fuel ratio provided to the engine becomes
even morecritical; with current engine technology, the only way to meet
these regulations is to use a so-called ‘three-way catalyst’ in the exhaust
system to reduce the levels of the critical pollutants of carbon monoxide
(CO), hydrocarbons (HC), and the oxides of nitrogen (NO,) (see figure
2.7). For its correct operation such a catalyst requires that the air-fuel
ratio fed to the engine should always be as close as possible to the
optimum stoichiometric level of 14.7:1. This is only achievable by the use
of a feedback control system in which this air—fuel ratio is sensed by means
of an exhaust gas oxygen sensorin the engine exhaust manifold.

This sensor (see figure 2.8) makes use of the fact that the migration of
oxygen ions across a suitable membraneor filter from one gas to another
is only dependent on the partial pressure of oxygen in the two gases. At
the stoichiometric air-fuel ratio the partial pressure of oxygen in the
engine exhaust gas equals that in ambientair, so that if suitable electrodes
are attached to eachside of the ceramic filter used in the sensor, a positive
or negative voltage is generated by the ion migration when the air-fuel
ratio is below or above stoichiometry, with a rapid voltage change
occurring over the transition between those two conditions (see figure
2.7). This voltage transition is ideal as a feedback signal to control the
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Figure 2.8 Stoichiometric exhaust gas oxygen (EGO) sensor. 

amount of fuel injected and therefore the air-fuel ratio. 
Unfortunately, the device requires a number of engine cycles in order to 

respond accurately, so that sudden changes in engine speed or load have 
to be compensated by open-loop adjustments based on a three
dimensionaJ map similar to that for ignition timing but relating transient 
fuelling to input manifold pressure or mass air flow and engine speed. 

Until recently, future developments in emission-controlled engines, 
particularly in Europe, were expected to be towards the use of ' lean burn ' 
technology to obtain low levels of emissions rather than by the use of the 
expensive three-way catalyst with a stoichiometric engine and with 
consequent poor fuel economy and performance. Lean burn operation 
requires effective control of the engine at air-fuel ratios between 14:1 and 
22:1 while still maintaining adequate driveability. If th is is to be done by 
feedback methods then the availability of a Jean burn exhaust oxygen 
sensor becomes very important; prototype sensors are now available using 
a technique shown in figure 2.9 and known ys oxygen pumping [5], in 
which the oxygen partiaJ pressure within the sensor is positively controlled 

Steel shell 

Sensor cell 
Sensor element 

~r±":4-:.-. 10,1 

Ip !h Pump cell R 

Figure 2.9 Lean burn EGO sensor. The following symbols are used in 
the circuit diagram: Ip = pump cell current, V, = supply voltage, PI 
pump cell pressure, P exhaust (02) = exhaust gas pressure. 
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Figure 2.8 Stoichiometric exhaust gas oxygen (EGO)sensor.

amountoffuel injected and therefore the air—fuel ratio.
Unfortunately, the device requires a numberof engine cycles in order to

respond accurately, so that sudden changes in engine speed or load have
to be compensated by open-loop adjustments based on a three-
dimensional map similar to that for ignition timing but relating transient
fuelling to input manifold pressure or massair flow and engine speed.

Until recently, future developments in emission-controlled engines,
particularly in Europe, were expected to be towardsthe use of ‘lean burn’
technology to obtain low levels of emissions rather than by the use of the
expensive three-way catalyst with a stoichiometric engine and with
consequent poor fuel economy and performance. Lean burn operation
requires effective control of the engine at air-fuel ratios between 14:1 and
22:1 while still maintaining adequate driveability. If this is to be done by
feedback methods then the availability of a lean burn exhaust oxygen
sensor becomes very important; prototype sensors are now available using
a technique shownin figure 2.9 and known gs ‘oxygen pumping’ [5], in
which the oxygen partial pressure within the sensoris positively controlled
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Figure 2.9 Lean burn EGO sensor. The following symbols are used in
the circuit diagram: J, = pumpcell current, V, = supply voltage, P, =
pumpcell pressure, P .xnaun (O2) = exhaust gas pressure.
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by applying a voltage across a filter which forces oxygen ions to migrate to 
or from a small pumping cell. The increased partial pressure of oxygen in 
this cell is then compared, using a conventional oxygen sensing cell, with 
the increased partial pressure of oxygen in the exhaust gas stream from a 
lean burn engine, the resultant voltage change produced at balance being 
as in a conventional exhaust oxygen sensor. The current in the pumping 
cell required to produce this balance condition is then a measure of the 
increase above the stoichiometric level of the air-fuel ratio being supplied 
to the engine. A lean burn oxygen sensor of this type still suffers from a 
response time which is long compared with the rate of change of engine 
conditions, and the associated control system therefore continues to 
require open-loop compensation for transient conditions. 

The recent imposition of US-level exhaust emission regulations in 
Europe has left lean burn unable to meet the very low emissions now 
required. However, proposals have been made for mixed-cycle engines 
which run at stoichiometry when necessary to meet instantaneous 
emission levels, and under lean burn conditions at other times such as in 
high-speed driving. These mixed-cycle engines are repute~o give 
excellent fuel consumption, and may bring back the need for a lean burn 
sensor. Such developments could also increase the need for specific 
exhaust gas sensors for CO, HC and NOx levels to permit fine control of 
the switch over between stoichiometric and lean burn operation. 

2.1.5 In-cylinder Combustion Measurement 

In an ideal system it would be much better to be able to measure some 
meaningful property of the combustion process in the cylinder itself 
quickly enough to be able to control the engine operation accurately on a 
cycle-to-cycle basis. Three methods have been developed for meeting this 
requirement, the first by measuring the pressure variations in the 
combustion chamber, the second by detecting the arrival time of the flame 
front by means of an ionisation detector and the third by looking at the 
optical properties of the combustion by means of an optical sensor. 

High-cost, laboratory-grade, instrumentation-type piezoelectric pressure 
sensors have been available to the engine developer for many years. The 
problem in applying them to production vehicles has been to reduce the 
price to a level which will permit the economic fitting of a pressure sensor 
in each combustion chamber of the engine in mass production. This has 
now been approached by some sensor manufacturers such as Texas 
Instruments [6] and a suitable piezoelectric sensor with a flush diaphragm 
(see figure 2.10) has been developed which is under serious consideration 
for production use. Good correspondence has been shown between 
high-cost instrumentation pressure sensors and these low-cost devices. 
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by applying a voltage acrossa filter which forces oxygen ions to migrate to
or from a small pumpingcell. The increased partial pressure of oxygen in
this cell is then compared, using a conventional oxygen sensing cell, with
the increased partial pressure of oxygen in the exhaust gas stream from a
lean burn engine, the resultant voltage change produced at balance being
as in a conventional exhaust oxygen sensor. The current in the pumping
cell required to produce this balance condition is then a measure of the
increase above the stoichiometric level of the air-fuel ratio being supplied
to the engine. A lean burn oxygen sensor of this typestill suffers from a
response time which is long compared with the rate of change of engine
conditions, and the associated control system therefore continues to
require open-loop compensationfor transient conditions.

The recent imposition of US-level exhaust emission regulations in
Europe has left lean burn unable to meet the very low emissions now
required. However, proposals have been made for mixed-cycle engines
which run at stoichiometry when necessary to meet instantaneous
emission levels, and under lean burn conditions at other times suchas in

high-speed driving. These mixed-cycle engines are reputed*to give
excellent fuel consumption, and may bring back the need for a lean burn
sensor. Such developments could also increase the need for specific
exhaust gas sensors for CO, HC and NO,levels to permit fine control of
the switchover betweenstoichiometric and lean burn operation,

2.1.5 In-cylinder Combustion Measurement

In an ideal system it would be much better to be able to measure some
meaningful property of the combustion process in the cylinder itself
quickly enough to beable to control the engine operation accurately on a
cycle-to-cycle basis. Three methods have been developed for meeting this
requirement, the first by measuring the pressure variations in the
combustion chamber, the second by detecting the arrival time of the flame
front by means of an ionisation detector and the third by looking at the
optical properties of the combustion by meansofan optical sensor.

High-cost, laboratory-grade, instrumentation-type piezoelectric pressure
sensors have been available to the engine developer for many years. The
problem in applying them to production vehicles has been to reduce the
price to a level which will permit the economicfitting of a pressure sensor
in each combustion chamberof the engine in mass production. This has
now been approached by some sensor manufacturers such as Texas
Instruments [6] and a suitable piezoelectric sensor with a flush diaphragm
(see figure 2.10) has been developed which is underserious consideration
for production use. Good correspondence has been shown between
high-cost instrumentation pressure sensors and these low-cost devices.
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Figure 2.10 Piezoelectric flush diaphragm sensor for in-cylinder 
combustion pressure measurement. 

(These sensors also have the capability of detecting knock conditions in 
the combustion chamber; thi was to be expected since 'knock' is a 
ringing effect caused by a rapid pressure increase in the combustion 
chamber.) 

In the case of lhe ionisation sensor, the idea is to detect the arrival of 
the flame front of the combusting air-fuel mixture on the far side of the 
combustion chamber from the point of ignition. This provides two items 
of information. The time it take for the flame to arrive after the firing of 
the spark plug gives an indication of the suitability of the ignition timing 
and can therefore be used as a feedback ignal to correct that timing. The 
scatter of arrival times between successive firings gives an indication of 
air .... Juel mixture weakness, i.e. a weak mixture produces a greater 
variation in arrival times. This can therefore be used as a measure of 
air-fuel ratio and, integrated over a number of engio.e cycles, can 
tberefore be used as a feedback signal to control it. These ionisation 
measurements can also give an indication of knocking taking place, as can 
measurements of the ionisation across the spark-plug electrodes 
themselves after firing is complete. 

The sensor itself consists of a simple insulated electrode (see figure 
2.11), projecting into tbe combustion chamber in the appropriate location. 
A low voltage i applied between the electrode and the body of the engine; 
when the flame with its large supply of ions arrives it reduces the 
resistance through the gas between the electrode and tbe surrounding 
metal and generates a large step-voltage change. 

The third in-cyljnder ensor is optical and much work has been done in 
this area by Lucas. A quartz rod is inserted into the combustion chamber 
and viewed at the outer end by a photoeleclric sensor. The parameteIs of 
interest are the variation in brightness and timing of the combustion' these 
provide similar information, including some on knock to that supplied by 
tbe pressure sensor. 

It seems probable that one of these measurements, combined with 
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Figure 2.10 Piezoelectric flush diaphragm sensor for in-cylinder
combustion pressure measurement.

(These sensors also have the capability of detecting knock conditions in
the combustion chamber; this was to be expected since ‘knock’ is a
ringing effect caused by a rapid pressure increase in the combustion
chamber.)

In the case of the ionisation sensor, the idea is to detect the arrival of|

the flame front of the combusting air-fuel mixture on the far side of the
combustion chamber, from the point of ignition. This provides two items
of information, The time it takes for the flame toarrive after the firing of
the spark plug gives an indication of the suitability of the ignition timing
and can therefore be used as a feedback signal to correct that timing. The
scatter of arrival times betweensuccessive firings gives an indication of
air-fuel mixture weakness, i.e. a weak mixture produces a greater
variation in arrival times. This can therefore be used as a measure of

air-fuel ratio and, integrated over a number of engine cycles, can
therefore be used as a feedback signal to control it. These ionisation
measurements can also give an indication of knocking taking place, as can
measurements of the ionisation across the spark-plug electrodes
themselvesafter firing is complete.

The sensor itself consists of a simple insulated electrode (see figure
2.11), projecting into the combustion chamberin the appropriate location.
A low voltage is applied betweenthe electrode and the bodyofthe engine;
when the flame with its large supply of ions arrives, it reduces the
resistance through the gas between the electrode and the surrounding
metal and generates a large step-voltage change.

The third in-cylinder sensor is optical, and much work has been donein
this area by Lucas. A quartz rod is inserted into the combustion chamber
and viewed at the outer end bya photoelectric sensor. The parameters of
interest are the variation in brightness and timing of the combustion; these
provide similar information, including some on knock, to that supplied by
the pressure sensor.

It seems probable that one of these measurements, combined with
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Figure 2.11 In-cylinder ionisation sensor. 

feedback techniques, will be used for the adaptive and interactive control 
of engines as we proceed through the 1990s. 

2.1.6 Speed and Torque Measurements 

Finally on the engine, the measurement of speed combined with timing 
and of torque is of particular interest. Measurement of speed/timing has 
always been essential, since the control of even early engines required 
some events, such as ignition and valve opening, to take place at the 
correct time in the engine cycle. Up to the present the distributor, using 
the self-generating electromagnetic pick-up required for the 'breakerless' 
ignition systems of recent years, has been used to obtain this information. 
However, with the advent of distributorless ignition systems, the use of 
digitiser discs on the main crankshaft and electromagnetic or optical 
sensors matched to these is expected to increase rapidly. 

Low-cost methods of measuring engine torque have not so far been 
available, and existing control systems have to function without this 
important parameter. However, new developments in low-cost torque 
measurement and its telemetry from the moving to the stationary parts of 
the vehicle have been made [7] and the measurement may become an 
important one for the future of engine control. This would be of particular 
importance if our predictions on the use of embedded simulation come to 
fruition, since the accurate measurement of engine torque and speed and 
the comparison of these measurements with a good computer simulation 
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Figure 2.11 In-cylinder ionisation sensor.

feedback techniques, will be used for the adaptive and interactive control
of engines as we proceed through the 1990s.

2.1.6 Speed and Torque Measurements

Finally on the engine, the measurement of speed combined with timing
and oftorque is of particular interest. Measurement of speed/timing has
always been essential, since the control of even early engines required
some events, such as ignition and valve opening, to take place at the
correct time in the engine cycle. Up to the present the distributor, using
the self-generating electromagnetic pick-up required for the ‘breakerless’
ignition systems of recent years, has been usedto obtain this information.
However, with the advent of distributorless ignition systems, the use of
digitiser discs on the main crankshaft and electromagnetic or optical
sensors matchedto these is expected to increase rapidly.

Low-cost methods of measuring engine torque have not so far been
available, and existing control systems have to function without this
important parameter. However, new developments in low-cost torque
measurement and its telemetry from the moving to the stationaryparts of
the vehicle have been made [7] and the measurement may become an
important one for the future of engine control. This would be of particular
importance if our predictions on the use of embedded simulation come to
fruition, since the accurate measurement of engine torque and speed and
the comparison of these measurements with a good computer simulation  
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should provide all the information necessary to control the engine 
effectively. 

The consideration of engin.e torque leads us naturally on to the device 
which transmi that torque and output power to the road wheels; this is 
the transmission or gear box. 

2.2 TRANSMISSION CONTROL 

It is important first to understand that the function of the transmission is 
purely that of a power-matching dev.ice between power source (the 
engine) and load (the driving wheel/road system). With a conventional 
manual transmission the driver acts as the feedback loop sensing speed 
and load and adjusts the transmission ratio within the mechanical 
limitations to what he or she perceives as the best operating conditions for 
what he or she is trying to achieve. One of the main feedback parameters 
is, however, engine speed in the form of the pitch and noise level of the 
engine which the driver hears, but unfortunately this is rather a bad 
representation of engine power output; therefore the driver's gear 
changing, although it may optimise subjective acceleration and 
driveability, does not give anything like optimum operation for economy 
and performance. In fact if we study the torque/speed curves for a typical 
engine (figure 2.12) we ee that optimum economy would be obtained by 
keeping the engine at the lowest possible speed as long as possible during 
acceleration and changing the gear ratio to give increased vehicle speed, 
onJy increasing engine peed to produce more power output when a wide
open throttle condition is reached. By this means the best possible 
economy is obtained. Good acceleration performance will require some 
modification to this strategy. 

Operating the transmission in this way requires the use of either an 
automatic stepped transmission with electronic control and smooth 
changes and sufficient steps [8] to give an adequate range of gear ratios, or 
an electronically controlled continuously variable transmission (CVT) with 
an adequately wide ratio. 

The transmission ideally needs to be variable in ratio throughout the 
operation range and, in a fully integrated powertrain (engine and 
transmission) control system, to be controlled interactively with the 
engine. The sensors required, therefore, are for engine speed, transmission 
output speed or vehicle speed, and assuming that the transmission ratio is 
hydraulically controlled, hydraulic valve position and hydraulic oil 
pressur~. The first of these is normally already available from the existing 
sensor on the engine for engine speed, vehicle speed then being available 
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should provide all the information necessary to control the engine
effectively.

The consideration of engine torque leads us naturally on to the device
which transmits that torque and output power to the road wheels; thisis
the transmission or gear box.

2.2 TRANSMISSION CONTROL

It is important first to understand that the function of the transmission is
purely that of a power-matching device between power source (the
engine) and load (the driving wheel/road system), With a conventional
manual transmission the driver acts as the feedback loop sensing speed
and load and adjusts the transmission ratio within the mechanical
limitations to what he or she perceives as the best operating conditions for
whatheorsheis trying to achieve. One of the main feedback parameters
is, however, engine speed in the form of the pitch and noise level of the
engine which the driver hears, but unfortunately this is rather a bad
representation of engine power output; therefore the driver’s gear
changing, although it may optimise subjective acceleration and

| driveability, does not give anything like optimum operation for economy
and performance. In fact if we study the torque/speed curves for a typical
engine (figure 2.12) we see that optimum economywould be obtained by
keeping the engine at the lowest possible speed as long as possible during
acceleration and changing the gear ratio to give increased vehicle speed,
only increasing engine speed to produce more power output when a wide-
open throttle condition is reached. By this means the best possible
economyis obtained. Good acceleration performance will require some
modification to this strategy.

Operating the transmission in this way requires the use of either an
automatic stepped transmission with electronic contro] and smooth
changes andsufficient steps [8] to give an adequate range ofgearratios, or
an electronically controlled continuously variable transmission (CVT) with
an adequately wideratio.

The transmission ideally needs to be variable in ratio throughout the
operation range and, in a fully integrated powertrain (engine and

; transmission) contro] system, to be controlled interactively with the
engine. The sensors required, therefore, are for engine speed, transmission
output speed or vehicle speed, and assuming that the transmissionratio is
hydraulically controlled, hydraulic valve position and hydraulic oil

| pressure. Thefirst of these is normally already available from the existing
sensor on the engine for engine speed, vehicle speed then being available
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Figure 2.12 Engine torque/speed curves with specific fuel 
consumption islands (circles), Curve AC shows engine operating 
schedule with a conventional fixed gear ratio, while curve ABC shows 
engine operating schedule with optimised gearing, 
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from the inductive sensor used on the transmission to provide a signal for 
the electronic speedometer, In the case of the position of the hydraulic 
control valve, if the actuator is a stepping motor a separate sensor may not 
be required; if a sensor is required, an encoder disc and electromagnetic or 
optical sensor is attached to the end of the valve shaft. For hydraulic 
system pressure, for which accurate control is critical for some types of 
transmission, diaphragm-operated linear variable differential transformers 
(LVDT) have been used in experimental systems, In future systems a 
pressure sensor derived from etched-silicon technology seems likely to be 
the best device from the standpoint of cost and reliability, 

Another major system which is about to appear in production cars is 
that of suspension control. 
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Figure 2.12 Engine torque/speed curves with specific fuel
consumption islands (circles). Curve AC shows engine operating
schedule with a conventionalfixed gear ratio, while curve ABC shows
engine operating schedule with optimised gearing.
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the electronic speedometer, In the case of the position of the hydraulic
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2.3 SUSPENSION CONTROL 

There are two major types of suspension control. In one, known as active 
suspension and developed particularly by Lotus, the vehicle springs are 
replaced or substantially augmented by hydraulic jacks, these jacks then 
being electronically controlled to maintain the body of the vehicle as level 
as possible irrespective of the road surface being traversed by the vehicle. 
In the other (and much cheaper) system, known as adaptive damping, the 
stiffness of the shock absorbers is controlled either continuously or in a 
series of steps by an electronic control system which can react to bumps in 
the road, turning movements of the steering, and speed changes. This gives 
a soft ride for lower-speed straight-line driving, with a progressively 
harder ride for improved handling during high- peed driving and lane
change or turning movements. 

The diagram in figure 2.13 shows the layout of an experimental 
adaptive-damping system and the most noticeable feature is the large 
number of sensors required (a similar range of sensors would be required 
for a full active-suspension system). 

To take them in turn, the gearbox speed sensor is the same device as 
already described and is used to provide information about the vehicle's 
speed for the transmission control system; the throttle-position sensor is 
also already used in the engine control system. Omitting the switch inputs, 
a unique sensor is required for steering-wheel position and velocity to 
inform the control system that the driver has initiated a turn. The device 
currently uses a digitiser disc with an optical sensor mounted on the 
steering wheel, the digital information obtained being processed 
electronically to give information on both position and rotational velocity. 

Gearbox speed sensor ----~ 
Broke switch --- - -------, 
Driver selector switches 
Tlrottle position - ----, 
Steering wheel velocity 

EEC 

Body accelerometer 
Disp!acement sensor 
Electronically controlled 
shoek absorber 
Wheel accelerometer 

Figure 2.13 Layout of adaptive-damping system. {EEC indicates the electronic 
engine controller module.) 

40

 
AUTOMOTIVE SENSORS

23 SUSPENSION CONTROL

There are two major types of suspension control. In one, known asactive
suspension and developed particularly by Lotus, the vehicle springs are
replaced or substantially augmented by hydraulic jacks, these jacks then
being electronically controlled to maintain the bodyofthe vehicle aslevel
as possible irrespective of the road surface being traversed by the vehicle,
In the other (and much cheaper) system, known as adaptive damping, the
stiffness of the shock absorbers is controlled either continuously or in a
series of steps by an electronic control system which can react to bumpsin
the road, turning movements of the steering, and speed changes.This gives
a soft ride for lower-speed straight-line driving, with a progressively
harder ride for improved handling during high-speed driving and lane-
change or turning movements.

The diagram in figure 2.13 shows the layout of an experimental
adaptive-damping system and the most noticeable feature is the large
numberof sensors required (a similar range of sensors would be required
for a full active-suspension system).

To take them in turn, the gearbox speed sensor is the same device as
already described and is used to provide information about the vehicle’s
speed for the transmission control system; the throttle-position sensor is
also already used in the engine control system. Omitting the switch inputs,
a unique sensor is required for steering-wheel position and velocity to
inform the control system that the driver has initiated a turn. The device
currently uses a digitiser disc with an optical sensor mounted on the
steering wheel, the digital information obtained being processed
electronically to give information on both position androtational velocity.

Gearbox speed sensor=4Brake switch

Oriver selector switches 1 \
Throttle position

Steering wheel=

Components af each corner

Ne Body accelerometer
% Displacement sensor

— Elestranicaltycontrolledshock absorber
Wheel accelerometer

Figure 2.13 Layout of adaptive-damping system, (EEC indicates the electronic
engine controller module.) 



.... ----

, 
I 

SENSOR APPLICATIONS IN A VEHICLE 23 

The body accelerometer, which is likely to be constructed using 
piezoelectric or etched-silicon devices combined with thick-film 
technology in future production, provides information on vertical body 
acceleration at each corner of the vehicle and may, in some systems, be 
augmented by a further lateral accelerometer at the centre of the vehicle. 
The wheel-to-body displacement sensor, because of the large movement to 
be measured, is likely to be of an inductive type in which the shock
absorber piston moves vertically inside a coil of wire. Finally, the wheel 
accelerometer, which will again probably be made in future production 
using etched-silicon technology, measures vertical wheel acceleration. 

It can be seen that these diverse sensors are required to provide 
sufficient input information to actively and effectively control the vehicle 
suspension in response to all the varied inputs from road to vehicle. In the 
longer term, embedded simulation might, however, allow a reduction to 
only one major vertical and lateral acceleration measurement together 
with the steering wheel input to give predictive information. 

2.4 ANTI-LOCK AND ANTI-SPIN SYSTEMS 

We shall now look at one other important system within the vehicle, part 
of which (anti-lock braking) is already in production, and the other part of 
which (anti-spin traction control) will soon be seen in vehicles on the road. 

Anti-lock brakes work by sensing whether, on braking, one wheel starts 
to slow down towards a locked condition faster than the other wheel. If 
this happens, braking pressure is taken off that wheel which is then 
allowed to speed up until it is again rotating at the speed of the other 
wheels, braking then being reapplied. 

Anti-spin or traction control is the exact reverse of anti-lock. It is 
intended to retain traction when a wheel spins on a slippery surface when 
power is applied. In this case, as the wheel starts to speed up towards spin, 
braking is applied to that particular wheel and engine power is reduced by 
backing off the (electronic) engine throttle through the engine control 
system. 

It is clear that if a vehicle already has both electronic engine control 
with electronic throttle and electronic anti-lock, then the provision of anti
spin can be made at a very small additional cost (see figure 2.14). It is a 
classic example of the benefits of integrating different electronic control 
systems around the vehicle. The critical sensors involved are those for 
sensing wheel rotation speed. Those currently used in production are 
electromagnetic, using variable reluctance or Hall effect devices, detecting 
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The body accelerometer, which is likely to be constructed using
piezoelectric or etched-silicon devices combined with thick-film
technology in future production, provides information on vertical body
acceleration at each corner of the vehicle and may, in some systems, be
augmentedbya further lateral accelerometer at the centre of the vehicle.
The wheel-to-body displacement sensor, because of the large movementto
be measured, is likely to be of an inductive type in which the shock-
absorber piston moves vertically inside a coil of wire. Finally, the wheel
accelerometer, which will again probably be made in future production
using etched-silicon technology, measures vertical wheel acceleration.

It can be seen that these diverse sensors are required to provide
sufficient input information to actively and effectively control the vehicle
suspension in responseto all the varied inputs from road to vehicle. In the
longer term, embedded simulation might, however, allow a reduction to
only one major vertical and lateral acceleration measurement together
with the steering wheel inputto give predictive information.

2.4 ANTI-LOCK AND ANTI-SPIN SYSTEMS

Weshall now look at one other important system within the vehicle, part
of which (anti-lock braking) is already in production, and the other part of
which (anti-spin traction control) will soon be seen in vehicles on the road.

Anti-lock brakes work by sensing whether, on braking, one wheelstarts
to slow down towards a locked condition faster than the other wheel, If

this happens, braking pressure is taken off that wheel which is then
allowed to speed up until it is again rotating at the speed of the other
wheels, braking then being reapplied.

Anti-spin or traction control is the exact reverse of anti-lock. It is
intended to retain traction when a wheel spins on a slippery surface when
poweris applied. In this case, as the wheelstarts to speed up towardsspin,
braking is applied to that particular wheel and engine poweris reduced by
backing off the (electronic) engine throttle through the engine control
system.

It is clear that if a vehicle already has both electronic engine control
with electronicthrottle and electronic anti-lock, then the provision of anti-
spin can be made at a very small additional cost (see figure 2.14). It is a
classic example of the benefits of integrating different electronic control
systems around the vehicle. The critical sensors involved are those for
sensing wheel rotation speed. Those currently used in production are
electromagnetic, using variable reluctance or Hall effect devices, detecting
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Figure 2.14 Integrated anti-lock and anti-spin system. 

the teeth on a steel digitiser ring mounted on each wheel. Because of the 
exposed position and the risk of contamination from salt, water and mud, 
inductive or magnetic sensing seems essential, so that these sensors are 
unlikely to change dramatically in the near future; however, they are likely 
to be some of the first sensors to repay the addition of intelligence at the 
sensor, since what is of real interest is not transmitting the complete train 
of relatively high-frequency pulses from each wheel through the vehicle to 
the central electronic control unit, with the risk of electromagnetic 
interference always present in the severe environment of the vehicle, but 
transmitting the change in speed which takes place, and this is essentially a 
very low-frequency event in electronic terms. This could be easily handled 
by a suitable smart sensor and would potentially be much more suitable 
for transmitting over the multiplexed data busses that we shall see in cars 
in the near future. 

2.5 DRIVER INFORMATION AND DIAGNOSTICS 

Moving away from major systems of engine, transmission and suspension, 
we come to a wide range of electronic systems associated with other 
vehicle functions. One function most visible to the driver is that of 
information and diagnostics. In this category come two measurements 
which have been made and displayed to the driver almost since cars were 
first driven in significant numbers on the road. These are the quantity of 
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Figure 2.14 Integrated anti-lock and anti-spin system,

the teeth on a steel digitiser ring mounted on each wheel. Because of the
exposed position and the risk of contamination from salt, water and mud,
inductive or magnetic sensing seems essential, so that these sensors are
unlikely to change dramatically in the near future; however, theyare likely
to be someofthe first sensors to repay the addition of intelligence at the
sensor, since whatis of real interest is not transmitting the complete train
of relatively high-frequency pulses from each wheel throughthe vehicle to
the central electronic control unit, with the risk of electromagnetic
interference always present in the severe environment of the vehicle, but
transmitting the change in speed whichtakesplace, andthis is essentially a
very low-frequency eventin electronic terms. This could be easily handled
by a suitable smart sensor and would potentially be much more suitable
for transmitting over the multiplexed data busses that we shall see in cars
in the nearfuture.

2.5. DRIVER INFORMATION AND DIAGNOSTICS

Moving away from major systems of engine, transmission and suspension,
we come to a wide range of electronic systems associated with other
vehicle functions. One function most visible to the driver is that of

information and diagnostics. In this category come two measurements
which have been made and displayed to the driver almost since cars were
first driven in significant numbers on the road. These are the quantity of
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fuel remammg in the fuel tank and engine water jacket temperature. 
Measuring water temperature is a straightforward operation, usually done 
by a simple thermistor with some linearisation using resistors. Design 
requirements are usually for the temperature to be displayed on a gauge, 
although a simple red warning light display would be perfectly adequate 
and create less of the frequent confusion and concern which exists among 
drivers when a reading, which is perfectly acceptable from an engine 
operating viewpoint, is away from the mid-point on the gauge. 

2.5.1 Fuel Quantity 

In the case of quantity of fuel remaining a gauge reading of good accuracy 
is clearly important, particularly as the measurement is often used today as 
the basis for a trip computer calculation and display of the miles remaining 
to be travelled before the tank is empty. 

Finding a low-cost accurate method of making this measurement is 
surprisingly difficult, and this difficulty is currently being compounded by 
the trend towards wider tanks of shallower depth and complex cross 
section. Currently, the time-honoured float and arm controlling an 
immersed potentiometer slider is used, albeit with a much improved 
composite track with a characteristic matched to the tank shape. 
Nevertheless, as most people reading this book will no doubt have 
experienced, the accuracy of the present fuel gauges leaves much to be 
desired. 

Many alternative measuring devices have been tried, including the 
measurement of the capacitance change between two narrow plates 
dipping into the fuel and the measurement of the change in optical 
transmission between two light guides projecting into the fuel. 

The most recent, and probably the most promising, method is one which 
uses a vibrating rod, whose natural frequency is changed as the level of 
immersion in the fuel changes. This device, which is described in chapter 
11, is of greater accuracy than the existing float and potentiometer, has an 
inherently digital output and is potentially of low cost. 

2.5.2 Fuel Flow 

Another seemingly intractable problem is that of measuring fuel flow in a 
vehicle. The demand for the measurement of 'instantaneous' and trip fuel 
economy, usually displayed on a trip computer, is steadily increasing but 
our ability to measure fuel flow accurately on carburetted engines remains 
poor. The major problem is the very large fuel flow 'turn down' ratio from 
50 Ih-1 to llh-I, with the result that a device which works well at the high 
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fuel remaining in the fuel tank and engine water jacket temperature.
Measuring water temperature is a straightforward operation, usually done
by a simple thermistor with some linearisation using resistors. Design
requirements are usually for the temperature to be displayed on a gauge,
although a simple red warning light display would be perfectly adequate
and create less of the frequent confusion and concern which exists among
drivers when a reading, which is perfectly acceptable from an engine
operating viewpoint, is away from the mid-point on the gauge.

2.5.1 Fuel Quantity

In the case of quantity of fuel remaining a gauge reading of good accuracy
is clearly important, particularly as the measurementis often used today as
the basis for a trip computer calculation and display of the miles remaining
to be travelled before the tank is empty.

Finding a low-cost accurate method of making this measurementis
surprisingly difficult, and this difficulty is currently being compounded by
the trend towards wider tanks of shallower depth and complex cross
section. Currently, the time-honoured float and arm controlling an
immersed potentiometer slider is used, albeit with a much improved
composite track with a characteristic matched to the tank shape.
Nevertheless, as most people reading this book will no doubt have
experienced, the accuracy of the present fuel gauges leaves much to be
desired.

Many alternative measuring devices have been tried, including the
measurement of the capacitance change between two narrow plates
dipping into the fuel and the measurement of the change in optical
transmission between twolight guides projecting into the fuel.

The most recent, and probably the most promising, method is one which
uses a vibrating rod, whose natural frequency is changed as the level of
immersion in the fuel changes. This device, which is described in chapter
11, is of greater accuracy than the existing float and potentiometer, has an
inherently digital output and is potentially of low cost.

2.5.2 Fuel Flow

Another seemingly intractable problem is that of measuring fuel flowin a
vehicle. The demand for the measurementof ‘instantaneous’ and trip fuel
economy,usually displayed on a trip computer, is steadily increasing but
our ability to measure fuel flow accurately on carburetted engines remains
poor. The major problem is the very large fuel flow ‘turn down’ ratio from
50 lh-! to 1 Lh-!, with the result that a device which works well at the high
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flow rate is almost useless at the low rate. The device usually used is a 
small low-cost turbine with a inductive/magnetic sensor which produces a 
simple digital signal where frequency represents flow rate; however, at 
very low flow rates turbine meters become inaccurate owing to the small 
amount of energy available to turn them. The increasingly widespread use 
of fuel injection, largely as a result of stricter exhaust emission regulations, 
is, however, causing this problem to disappear, since it is possible to obtain 
accurate fuel flow information by measuring the pulse length used to 
control the injector opening period, and this is directly related to fuel flow. 

2.5.3 Oil Level 

A further driver information measurement that one would like to make 
more effective is that of engine oil level. CUrrent devices usually operate 
on the hot-wire princip1.e u ing a tb.ermistor as the heat generating and 
sensing device and detecting its heating and therefore change in 
resistance, when the oil level drops and it is exposed to the air. The 
problem here is that this only works when the engine is stopped, and in 
fact has been standing for some time so that the oil can drain back into 
the sump from the other parts of the engine. This has the result that the oil 
level warning currently available on some cars only detects the oil level at 
first switching on the engine and even then measures incorrectly if the 
engine has just been run for a short time and does not measure at all 
during running; so that all the oil may be lost during running without the 
low-level oil warning being activated. 

The problem is that in a running engine the oil and air form an emulsion 
and so far no effective way has been found of measuring the oil content of 
this emulsion while also making allowance for the oil being pumped 
around the other parts of the engine. It does, however seem possible that 
a smart sensor of the future could be developed to do this. 

2.6 OTHER SYSTEMS 

There are, of course, many sensors already being used, and which will be 
used in vehicles of the future, other than those that we have discussed in 
this chapter. But we think that this is a reasonable overview and should 
give the reader a feel for the wide range of sensors required in the vehicle. 
However, one area where many advances will be seen over the next 
decade is that in which the driver receives information and interacts with 
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flow rate is almost useless at the low rate. The device usually used is q
small low-cost turbine with a inductive/magnetic sensor which produces a
simple digital signal where frequency represents flow rate; however, at
very low flow rates turbine meters become inaccurate owing to the small
amount of energy available to turn them, The increasingly widespread use
of fuel injection, largely as a result of stricter exhaust emission regulations,
is, however, causing this problem to disappear, since it is possible to obtain
accurate fuel flow information by measuring the pulse length used to
control the injector opening period, and thisis directly related to fuel flow,

2.5.3 Oil Level

A further driver information measurement that one would like to make

more effective is that of engine oil level. Current devices usually operate
on the hot-wire principle using a thermistor as the heat generating and
sensing device and detecting its heating, and therefore change in
resistance, when the oil level drops and it is exposed to the air. The
problem here is that this only works when the engine is stopped, and in
fact has been standing for sometime, so that the oil can drain back into
the sump from the otherparts of the engine. This has the result that the oil
level warning currently available on some cars onlydetects the oil level at
first switching on the engine, and even then measures incorrectly if the
engine has just been run for a short time, and does not measure atall
during running; so that all the oil may be lost during running without the
low-level oil warning being activated.

The problem is that in a running engine the oil and air form an emulsion
and sofar no effective way has been found of measuring the oil content of
this emulsion while also making allowance for the oil being pumped
around the other parts of the engine. It does, however, seem possible that
a smart sensorof the future could be developedto dothis.

2.6 OTHER SYSTEMS

There are, of course, many sensors already being used, and which will be
used in vehicles of the future, other than those that we have discussed in

this chapter. But we think that this is a reasonable overview and should
give the readera fee] for the wide range of sensors required in the vehicle.
However, one area where many advances will be seen over the next
decade is that in which the driver receives information and interacts with
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the world outside the vehicle. Within this category are a wide range of 
driver information systems and, in particular, vehicle navigation and 
headway control, which the Europe-wide PROMETHEUS and DRIVE 
research programmes have been set up to investigate. 

2.6.1 Vehicle Navigation 

Vehicle navigation is going to become of considerable importance during 
the coming decade. The increasing congestion in our cities is already 
putting great pressure on local and national authorities to make more 
effective and efficient use of our urban roads. Vehicle navigation provides 
- with the right system - a means of doing this by providing directional 
information to drivers which interactively takes into account traffic hold
ups and congestion. The Autoguide/ALI-SCOUT system currently being 
operated as a pilot scheme in London and Berlin is an example, and is 
interesting from the sensor point of view, because it requires 
communication between the vehicle and a central computer via 
receiverltransmitters at the roadside and on the car; the sensing system 
used in the receivers involved is critical to the success of the system. 

The inductive loops controlling traffic lights have been used in 
conjunction with suitable inductive receiver/transmitters on the car, as 
have high-frequency short-range radio receivers. The preferred system for 
Autoguide/ALI-SCOUT, however, uses an infrared receiver/transmitter 
mounted on a convenient traffic light standard at each major junction (see 
figure 2.15) and a similar receiver/transmitter mounted on the inside of the 
car windscreen behind the central rear-view mirror. The infrared sensor 
and radiator used has proved to be highly effective for this vital function, 
and we can expect to see these in widespread use within five years. 

Also with all in-vehicle navigation systems there is a requirement for a 
basic dead-reckoning capability which requires the use of sensors for the 
measurement of distance travelled and of geographical heading direction. 
The first of these is usually provided by wheel rotation sensors on the non
driven wheels of the vehicle and the second by means of a magnetometer 
sensitive to the earth's magnetic field mounted on the vehicle which can be 
electronically recalibrated at frequent intervals. Differential wheel speed 
sensing of the rear wheels is also used to measure turning rates on corners . 
By these means dead-reckoning of vehicle movement is possible over 
short distances, but must be corrected by either receiving information on 
the vehicle's position from external roadside transmitters or by matching 
against a stored map in the vehicle. 

By means of such 'navigation sensors' infrastructure-based navigation 
systems such as Siemens' Autoguide/ALI-SCOUT (now known as APPLE 
in the UK) and autonomous systems such as Philips' CARIN and Bosch's 
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the world outside the vehicle. Within this category are a wide range of
driver information systems and, in particular, vehicle navigation and
headway control, which the Europe-wide PROMETHEUSand DRIVE
research programmes have beenset up to investigate.

2.6.1 Vehicle Navigation

Vehicle navigation is going to become of considerable importance during
the coming decade. The increasing congestion in our cities is already
putting great pressure on local and national authorities to make more
effective and efficient use of our urban roads. Vehicle navigation provides
— with the right system — a means of doing this by providing directional
information to drivers which interactively takes into accounttraffic hold-
ups and congestion. The Autoguide/ALI-SCOUTsystem currently being
operated as a pilot scheme in London and Berlin is an example, andis
interesting from the sensor point of view, because it requires
communication between the vehicle and a central computer via
receiver/transmitters at the roadside and on the car; the sensing system
used in the receivers involvedis critical to the success of the system.

The inductive loops controlling traffic lights have been used in
conjunction with suitable inductive receiver/transmitters on the car, as
have high-frequency short-range radio receivers. The preferred system for
Autoguide/ALI-SCOUT, however, uses an infrared receiver/transmitter
mounted on a convenienttraffic light standard at each major junction (see
figure 2.15) and a similar receiver/transmitter mounted onthe inside of the
car windscreen behind the central rear-view mirror. The infrared sensor

and radiator used has proved to be highly effective for this vital function,
and we can expect to see these in widespread use within five years.

Also with all in-vehicle navigation systems there is a requirement for a
basic dead-reckoning capability which requires the use of sensors for the
measurement of distance travelled and of geographical heading direction.
Thefirst of these is usually provided by wheel rotation sensors on the non-
driven wheels of the vehicle and the second by means of a magnetometer
sensitive to the earth’s magnetic field mounted on the vehicle which can be
electronically recalibrated at frequent intervals. Differential wheel speed
sensing of the rear wheels is also used to measure turning rates on corners.
By these means dead-reckoning of vehicle movement is possible over
short distances, but must be corrected by either receiving information on
the vehicle’s position from external roadside transmitters or by matching
against a stored map in the vehicle.

By means of such ‘navigation sensors’ infrastructure-based navigation
systems such as Siemens’ Autoguide/ALI-SCOUT (now known as APPLE
in the UK) and autonomous systems such as Philips’ CARIN and Bosch’s
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Figure 2.15 Infrared transmitter/receiver for vehicle navigation, 
shown at top right of traffic light cluster. 

Travelpilot may be made to give accurate and effective vehicle navigation 
and route guidance. 

The availability of low-cost satellite location systems is expected to 
result in rapid ongoing development in this technology. 

Vehicle navigation systems are discussed in greater detail in chapter 13. 

2.6.2 Headway Control 

A major issue for traffic control in the future is how the driver may be 
provided with information on the distance and rate of approach to the 
vehicle in front. Vehicle radar has been investigated in many laboratories 
over many years, but so far the problems caused by false warnings have 
not been fully overcome. If they can be overcome, however, the use of a 
recently reported GaAs chip, which has all the dipoles and 
receive/transmit modules for a phased x-band radar on the single 100 mm 
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Figure 2.15 Infrared transmitter/receiver for vehicle navigation,
shownat top right oftraffic light cluster.

Travelpilot may be made to give accurate and effective vehicle navigation
and route guidance.

The availability of low-cost satellite location systems is expected to
result in rapid ongoing developmentin this technology.

Vehicle navigation systemsare discussed in greater detail in chapter 13.

2.6.2 Headway Control

A major issue for traffic control in the future is how the driver may be
provided with information on the distance and rate of approach to the
vehicle in front. Vehicle radar has been investigated in many laboratories
over many years, but so far the problems caused by false warnings have
not been fully overcome. If they can be overcome, however, the use of a
recently reported GaAs chip, which has all the dipoles and
receive/transmit modules for a phased x-band radar on the single 100 mm   
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GaAs wafer, may well make such a system a viable proposItIOn by 
reducing the size and cost of vehicle radar to an acceptable level. Once 
again the receiving/sensing method used is critical for success. 

Other sensing systems for visibility, the presence of passing vehicles and 
road-surface conditions such as the presence of pot-holes are all part of 
the need to provide the driver and control systems with more information 
to make the vehicle operate more efficiently and effectively within its total 
environment. 

2.7 SUMMARY 

The important issues for the next few years are not so much how we can 
use sensors based on new technology, even those which are 'smart' and 
self-calibrating, but how we can effectively transmit information from the 
sensors around the vehicle so that it is only necessary to make a particular 
measurement with one device. If this problem is solved all the necessary 
control systems can then be supplied with the required data from just a 
single sensor for each parameter. Engine and vehicle speeds would be 
typical of sensed parameters which need to be widely available because 
they are required by a number of different control systems. 

The methods by which the vehicle communicates with the outside world 
are also going to become vitally important, and sensors have a major role 
to play there. 

The most distant step is the introduction of what we called, in chapter 1, 
the technique of 'embedded simulation', which offers the possibility of a 
dramatic reduction in the number of sensors required, combined with a 
greatly enhanced ability to adapt the system to its operating conditions 
and to diagnose faults . 
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GaAs wafer, may well make such a system a viable proposition by
reducing the size and cost of vehicle radar to an acceptable level. Once
again the receiving/sensing methodusedts critical for success.

Othersensingsystemsforvisibility, the presence of passing vehicles and
road-surface conditions such as the presence of pot-holes are all part of
the need to provide the driver and control systems with more information
to makethe vehicle operate moreefficiently and effectively within its total
environment,

2.7 SUMMARY

The important issues for the next few years are not so much howwe can
use sensors based on newtechnology, even those which are ‘smart’ and
self-calibrating, but how wecaneffectively transmit information [rom the
sensors around the vehicle so that it is only necessary to make a particular
measurement with one device. If this problemis solved all the necessary
control systems can then be supplied with the required data from just a
single sensor for each parameter. Engine and vehicle speeds would be
typical of sensed parameters which need to be widely available because
they are required by a number ofdifferent control systems.

The methods by which the vehicle communicates with the outside world
are also going to become vitally important, and sensors have a major role
to play there.

The most distant stepis the introduction of what wecalled, in chapter 1,
the technique of ‘embeddedsimulation’, which offers the possibility of a
dramatic reduction in the number of sensors required, combined with a
greatly enhanced ability to adapt the systemto its operating conditions
andto diagnosefaults.
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Pressure Sensors 

When a fluid (liquid or gas) comes into contact with a surface it produces a 
force perpendicular to the surface. The force per unit area is called the 
pressure. The SI unit of pressure is the pascal (Pa). 1 pascal is equivalent 
to 1 newton per m2 (N m -2). Other units still in use in automotive 
engineering include pounds per square inch (psi or lb in -2), atmospheres 
(atm), millimetres of mercury (mmHg) and bars. Conversion factors 
between the various units of pressure are given below: 

1 Pa = 1 Nm-2 1.45 x 1O-41bin-2 

lIb in-2 = 6895 Nm-2 0.0703 kgcm-2 

1 atm = 101325 Nm-2 14.7 Ibin-2 

1 bar = 100000 Nm-2 14.5 Ibin-2 

1mmHg == 133.3 Nm-2 1.93 X 1O-2 Ibin-2. 

Pressure sensors are important for a number of automotive applications, 
such as measuring inlet manifold and cylinder pressures, sound 
measurement (when the pressure sensor is called a microphone), or for 
monitoring lubrication and hydraulic systems. A number of other 
applications are also emerging, such as monitoring tyre pressure. 

Pressure measurements may be divided into three categories, namely 
absolute pressure, gauge pressure and differential pres ure. The absolute 
pressure is the difference between the pres ure at a particular point in a 
fluid and the absolute zero of pressure, i.e. a complete vacuum. A mercury 
barometer is an example of an absolute pressure sensor, since the height 
of the column of mercury measures the difference between atmospheric 
pressure and the 'zero' pressure of the Torricellian vacuum that exists 
above the column of mercury. 

If a pressure sensor measures the difference between an unknown 
pressure and local atmospheric pressure, the measurement is known as 
gauge pressure. The circular dial-type pressure gauges fitted to steam 
boilers normally indi.cate gauge pressure. This convention presumably 
arose because the amount of work obtained from a stearn engine is a 
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Pressure Sensors

 

Whena fluid (liquid or gas) comesinto contact with a surface it produces a
force perpendicular to the surface. The force per unit area is called the
pressure. The SI unit of pressure is the pascal (Pa). 1 pascal is equivalent
to 1 newton per m? (Nm-~2). Other units still in use in automotive
engineering include pounds per square inch (psi or lbin~*), atmospheres
(atm), millimetres of mercury (mmHg) and bars. Conversion factors
between the various units of pressure are given below:

1 Pa = 1Nm“? = 1.45 < 10-4 Ibin-?

1 lbin-? = 6895 N m-? ea 0.0703 kgcm~?
1 atm = 101325Nm2) = 14.7 Ib in-?
1 bar = 100000 Nm-? = 14.5 lbin-2

lmmHg = 133.3 N m-? = 1.93 X 10°? Ibin=?,

Pressure sensors are important for a number of automotive applications,
such as measuring inlet manifold and cylinder pressures, sound
measurement (when the pressure sensor is called a microphone), or for
monitoring lubrication and hydraulic systems. A number of other
applications are also emerging, such as monitoring tyre pressure.

Pressure measurements may be divided into three categories, namely
absolute pressure, gauge pressure and differential pressure. The absolute
pressure is the difference between the pressure at a particular point in a
fluid and the absolute zero ofpressure,i.e. a complete vacuum. A mercury
barometer is an example of an absolute pressure sensor, since the height
of the column of mercury measures the difference between atmospheric
pressure and the ‘zero’ pressure of the Torricellian vacuum that exists
above the column of mercury.

If a pressure sensor measures the difference between an unknown
pressure and local atmospheric pressure, the measurement is known as
gauge pressure. The circular dial-type pressure gauges fitted to steam
boilers normally indicate gauge pressure. This convention presumably
arose because the amount of work obtained from a steam engine is a
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function of the amount by which the supply steam pressure exceeds that of 
the atmosphere. 

If the pressure tran ducer measures the difference between two 
unknown pressures, neither of which is atmospberic, lhen the 
measurement is known as differential pressure. The difference between 
absolute gauge and diffe rential pressure measurement i shown in figure 
3.1 using mercury manometers. 

Vacuum 

10) 

A 

Unknown 
pressure 

Open to atmosphere 

/ 

A 

----1 b) 

Unknown 
pressure--

1 c) 

Unknown ___ = pressure 

Figure 3.1 Comparison of types of pressure measurements: (a) absolute; (b) 
gauge; (c) differential. 

There are three fundamental means by which a pressure may be 
measured. The simplest approach involves balancing the unknown 
pressure against the pressure produced by a column of liquid of known 
density. Instruments using this principle are called manometers. The 
analysis of a manometer is straightforward. Consider a simple U-tube 
containing a liquid of density P, as shown in figure 3.1. If we consider 
figure 3.l(a) , the points A and B are at the same horizontal level when the 
device is in equilibrium. The liquid at C stands at a height hI above B. 
Then the pressure at A is P A, where 

P A = PB (PB is the pressure at B) 
= pressure due to column of liquid BC 
= hiP· 

In the case offigure 3.1(b), the unknown pressure at A is 

P A = h2P + atmospheric pressure 

since the manometer is open to atmospheric pressure at one side, rather 
than being sealed as was the case in figure 3.1(a). The analysis is similar 
for figure 3.1(c), except that in this case the atmospheric pressure has been 
replaced by a second unknown pressure. 
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function of the amount by which the supply steam pressure exceeds that of
the atmosphere.

If the pressure transducer measures the difference between two
unknown pressures, neither of which is atmospheric, then the
measurement is known as differential pressure. The difference between
absolute, gauge and differential pressure measurement is shownin figure
3.1 using mercury manometers.

Open to atmospherej
| i

| —Vocuum |

| Unknown| Unknown ,{ —s i — Unknown
Drege | pressure— — pressure

c | | 4 | | | || | hy|| | |

' r ri} oH| | | hy |
8 | la 4_ |

| | | | }

(a) (d) te}

Figure 3.1 Comparison of types of pressure measurements: (a) absolute; (5)
gauge;(c) differential.

There are three fundamental means by which a pressure may be
measured. The simplest approach involves balancing the unknown
pressure against the pressure produced by a column of liquid of known
density. Instruments using this principle are called manometers. The
analysis of a manometer is straightforward. Consider a simple U-tube
containing a liquid of density p, as shown in figure 3.1. If we consider
figure 3.1(a), the points A andBareat the same horizontal level when the
device is in equilibrium. The liquid at C stands at a height h, above B.
Then the pressure at A is P,, where

P, = Py, (Pg,is the pressure at B)
pressure due to column of liquid BC

= hp.

In the case of figure 3.1(b), the unknown pressureat A is

P, = hp + atmospheric pressure

since the manometer is open to atmospheric pressure at one side, rather
than being sealed as was the case in figure 3.1(a). The analysis is similar
for figure 3.1(c), except that in this case the atmospheric pressure has been
replaced by a second unknownpressure.
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Figure 3.2 Dead-weight pressure measurement system for sensor 
calibration. 
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The second method of pressure measurement involves allowing the 
unknown pressure to act on a known area. The resulting force is measured 
either directly or indirectly. Devices of this type are called dead-weight 
testers, and they are normally only used for calibrating other forms of 
pressure sensor. The basic arrangement is shown in figure 3.2. It consists 
of a priming pump and reservoir, an isolating valve, a weighted piston, a 
screw press and the pressure sensor under test. The sequence of events is 
as follows. First, the screw press is extended to its zero position. Weights 
representing the desired pressure are applied to the piston. The priming 
pump is operated to pressurise the system, and the priming valve (VI on 
the diagram) is closed. The screw press is then adjusted until the pressure 
in the system has increased sufficiently to just raise the piston off its end
stops. Neglecting any friction forces, if the pressure on the piston is 
P N m-2, and its area is A m2, then the resulting force on the piston is PA 
N, which will support a weight W = PA N. The accuracy of the calibration 
depends on the precision with which the piston and its associated cylinder 
are made, and on the degree to which friction has been eliminated from 
the system. 

In the third approach the unknown pressure is allowed to act on an 
elastic structure of known area and properties. Most commercial pressure 
sensors adopt this approach, and this includes the majority of those used in 
automotive engineering. The resulting stress, strain or deflection is 
measured in a variety of ways. 

The most common form of pressure sensor is probably a diaphragm 
fitted with strain gauges, although capacitive systems are used almost as 
frequently. Figure 3.3 shows diaphragm-type pressure sensors configured 
to measure differential, gauge and absolute pressure. 

Section 3.1 contains a general introduction to the design theory 
associated with elastic pressure sensors. The emphasis is placed on 
diaphragm and membrane types since these are the most usual in 
automotive applications. Section 3.2 discusses fabrication techniques. 
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Screw press

Figure 3.2. Dead-weight pressure measurement systemfor sensor
calibration.

The second method of pressure measurement involves allowing the
unknownpressure to act on a known area. The resulting force is measured
either directly or indirectly. Devices of this type are called dead-weight
testers, and they are normally only usedfor calibrating other forms of
pressure sensor. The basic arrangement is shownin figure 3.2. It consists
of a priming pump andreservoir, an isolating valve, a weighted piston, a
screwpress and the pressure sensorunder test, The sequence ofeventsis
as follows, First, the screw press is extended toits zero position. Weights
representing the desired pressure are applied to the piston. Thepriming
pump is operated to pressurise the system, and the priming valve (V1 on
the diagram) is closed. The screwpress is then adjusted until the pressure
in the system has increased sufficiently to just raise the piston offits end-
stops. Neglecting any friction forces, if the pressure on the piston is
PWNm--, and its area is Am’, then the resulting force on the piston is PA
N, which will support a weight W = PAN. The accuracyofthe calibration
depends on the precision with whichthe piston andits associated cylinder
are made, and on the degree to whichfriction has been eliminated from
the system.

In the third approach the unknownpressure is allowed to act on an
elastic structure of known area and properties. Most commercial pressure
sensors adopt this approach, andthis includes the majority of those usedin
automotive engineering. The resulting stress, strain or deflection is
measuredin a variety of ways.

The most common form of pressure sensor is probably a diaphragm
fitted with strain gauges, although capacitive systems are used almost as
frequently. Figure 3.3 shows diaphragm-type pressure sensors configured
to measure differential, gauge and absolute pressure.

Section 3.1 contains a general introduction to the design theory
associated with elastic pressure sensors. The emphasis is placed on
diaphragm and membrane types since these are the most usual in
automotive applications. Section 3.2 discusses fabrication techniques.
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Figure 3.3 Differential (a), absolute (b) and gauge (c) pressure sensors 
(diaphragm type). 

Obviously most automotive engineers will be concerned with the selection 
rather than the design of pressure sensors. However, understanding how a 
sensor operates, and what limitations the designer has had to cope with, is 
an essential prerequisite to its selection and proper use. A detailed 
discussion of diaphragm-type pressure sensors with piezoresistive and 
capacitive primary sensing follows, together with a discussion of the signal 
conditioning techniques employed for capacitive transducers (section 
3.4.2). Environmental considerations are discussed in section 3.6, and a 
summary of the current 'state of the art' in automotive pressure sensing is 
given in section 3.7. 

3.1 ELASTIC PRESSURE SENSORS 

In theory a very wide range of elastic structures can be used for pressure 
measurement. The literature is full of ingenious devices employing novel 
forms of architecture. However, in practice almost all those which have 
reached commercial production use one of three approaches, and are 
based on diaphragms, bellows or Bourdon tubes. Diaphragms are 
probably the most common for automotive applications, although bellows 
have been used in the past for measuring manifold absolute pressure 
(MAP). Bourdon tubes are mainly confined to laboratory measurement 
systems. 

It should be noted that pressure sensors based on an elastic structure 
have two components; the elastic structure, which forms the primary 
sensing element and deflects in response to an applied pressure, and a 
secondary transducer, which senses this deflection and converts it to 
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Diaphragm
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Figure 3.3 Differential (a), absolute (b) and gauge (c) pressure sensors
(diaphragm type).

Obviously most automotive engineers will be concerned with the selection
rather than the design of pressure sensors. However, understanding how a
sensor operates, and what limitations the designer has had to cope with, is
an essential prerequisite to its selection and proper use. A detailed
discussion of diaphragm-type pressure sensors with piezoresistive and
capacitive primary sensing follows, together with a discussion of the signal
conditioning techniques employed for capacitive transducers (section
3.4.2). Environmental considerations are discussed in section 3.6, and a
summary of the current‘state of the art’ in automotive pressure sensing is
given in section 3.7.

3.1 ELASTIC PRESSURE SENSORS |
In theory a very wide rangeof elastic structures can be used for pressure
measurement. The literature is full of ingenious devices employing novel
forms of architecture. However, in practice almost all those which have
reached commercial production use one of three approaches, and are
based on diaphragms, bellows or Bourdon tubes, Diaphragms are
probably the most common for automotive applications, although bellows
have been used in the past for measuring manifold absolute pressure
(MAP). Bourdon tubes are mainly confined to laboratory measurement
systems.

It should be noted that pressure sensors based on an elastic structure
have two components; the elastic structure, which forms the primary
sensing element and deflects in response to an applied pressure, and a
secondary transducer, which senses this deflection and converts it to
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(usually) an electrical signal. The most common form of secondary 
transducer is the strain gauge, although potentiometers, differential 
transformers, variable capacitors and variable inductors have also been 
used. 

3.1.1 Bourdon Tubes 

The Bourdon tube is the basis of many mechanical pressure sensors 
(particularly the familiar circular moving-pointer type). Bourdon tubes are 
also used in some electrical transducers, where the output displacement is 
sensed by potentiometers or differential transformers. The basis of all 
forms of Bourdon tube is a tube of non-circular (and usually flat-sided or 
oval) cross section as shown in figure 3.4. One end is sealed, and pressure 
is applied. The flat sides bulge outward, as though the tube were trying to 
attain a circular cross section. The resulting distortion tends to straighten 
the tube. The end of a C-type Bourdon tube undergoes a curved 
displacement as shown in figure 3.4(a), while the spiral and twisted types 
produce angular motion. Theoretical analysis of the behaviour of a 
Bourdon tube is difficult, and usually some form of finite-element analysis 
is needed. Bourdon tube pressure sensors can be markedly nonlinear, and 
often display an unwanted t'hermal sensitivity. They also suffer from 
hysteresis errors, which are usually of the order of 1-2% of full-scale 
deflection. 

(~( ~~~~) . ') Tube cross section 

~, 

(JL ~))~& 
(bl (cl (al 

Figure 3.4 Bourdon tubes: (a) C-type; (b) spiral; (c) twisted tube. 

C-type Bourdon tubes have been used for pressures up to about 7 X 108 

N m-2 (100 000 psi). The sprial and twisted versions produce larger 
displacements, and are mainly used below 7 X 1()6 N m-2 (1000 psi). The 
best accuracy that can be achieved is usually around 0.1 %. 

The free end of a twisted Bourdon tube is usually supported by an 
arrangement such as that shown in figure 3.4(c), which is stiff in all radial 
directions but soft in rotation. This helps to protect the device from 
damage dae to shock loads and vibration. 
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(usually) an electrical signal. The most common form of secondary
transducer is the strain gauge, although potentiometers, differential
transformers, variable capacitors and variable inductors have also been
used,

3.1.1 Bourdon Tubes

The Bourdon tube is the basis of many mechanical pressure sensors
(particularly the familiar circular moving-pointer type). Bourdon tubesare
also used in someelectrical transducers, where the output displacementis
sensed by potentiometers or differential transformers. The basis of all
forms of Bourdon tubeis a tube of non-circular (and usually flat-sided or
oval) cross section as shownin figure 3.4. One endis sealed, and pressure
is applied. The flat sides bulge outward, as though the tube were trying to
attain a circular cross section. The resulting distortion tends to straighten
the tube. The end of a C-type Bourdon tube undergoes a curved
displacement as shownin figure 3.4(a), while the spiral and twisted types
produce angular motion. Theoretical analysis of the behaviour of a
Bourdontubeis difficult, and usually some form offinite-element analysis
is needed. Bourdon tube pressure sensors can be markedly nonlinear, and
often display an unwanted thermal sensitivity. They also suffer from
hysteresis errors, which are usually of the order of 1-2% of full-scale
deflection.

| ————_> } Tubecrosssection

~

{| ( f _ = ) })

_Ll ee(5) (c)

Figure 3.4 Bourdon tubes:(a) C-type; (b) spiral; (c) twisted tube.

C-type Bourdontubes have been used for pressures up to about 7 * 108
Nm-~ (100000 psi). The sprial and twisted versions produce larger
displacements, and are mainly used below 7 x 106 Nm-? (1000 psi). The
best accuracy that can be achieved is usually around 0.1%.

The free end of a twisted Bourdon tube is usually supported by an
arrangementsuch as that shownin figure 3.4(c), which is stiff in all radial
directions but soft in rotation. This helps to protect the device from
damage dite to shock loads andvibration.
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(b) 

(0) 

~-

Figure 3.5 Bellows pressure sensors: (a) single bellows (gauge 
pressure); (b) double bellows (differential or absolute pressure). 

3.1.2 Bellows 

Figure 3.5 shows two configurations of bellows. The deflection of a 
bellows is usually more linear than that of a Bourdon tube. They are 
reversible with low hysteresis, and are often found in pneumatic systems 
where they act as pressure/displacement transducers. However, the most 
common application is undoubtedly in the production of low-cost aneroid 
barometers for measurement of atmospheric pressure. An evacuated 
bellows has been used to form an early MAP sensor [1] as shown in figure 
3.6. However, it was found that the bellows MAP sensor was relatively 
expensive to produce, and its large-scale automotive use has been 
discontinued. 

Bellows are manufactured in a variety of materials. The spring rate 
(modulus of compression) is proportional to the modulus of elasticity of 
the material from which the bellows is formed, and to the cube of the wall 
thickness. It is also inversely proportional to the number of convolutions 
and to the square of the outside diameter of the bellows [2]. 

From manifold 

Oscillator 

Input windings lVDT Output windings 

Figure 3.6 MAP sensor using evacuated bellows. 
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(4)

mS ,
=U

=
Figure 3.5 Bellows pressure sensors: (a) single bellows (gauge
pressure); (b) double bellows (differential or absolute pressure).

3.1.2 Bellows

Figure 3.5 shows two configurations of bellows. The deflection of a
bellows is usually more linear than that of a Bourdon tube. They are
reversible with low hysteresis, and are often found in pneumatic systems
where they act as pressure/displacement transducers. However, the most
commonapplication is undoubtedly in the production of low-cost aneroid
barometers for measurement of atmospheric pressure. An evacuated
bellows has been used to form an early MAP sensor[1] as shownin figure
3.6. However, it was found that the bellows MAP sensor was relatively
expensive to produce, and its large-scale automotive use has been
discontinued.

Bellows are manufactured in a variety of materials. The spring rate
(modulus of compression) is proportional to the modulusofelasticity of
the material from which the bellows is formed, and to the cube of the wall

thickness. It is also inversely proportional to the number of convolutions
and to the square of the outside diameterof the bellows [2].

_
From manifold Evacuated:

| bellows

j

, Core =
) Output

Oscillator | f Demodulator; Filter /—o! ‘ ‘ {

Input windings—vor Output windings

Figure 3.6 MAP sensor using evacuated bellows.

 



PRESSURE SENSORS 37 

3.1.3 Diaphragms and Membranes 

Diaphragms are probably the most popular elastic structure used in 
pressure sensors. They can be subdivided into two types; thin membranes 
under radial tension, which form part of an inductive or capacitive 
pressure sensor, and thicker diaphragms or plates, used in conjunction 
with resistive or piezoelectric transducers. The membrane type is the most 
sensitive, and can be used for applications' such as measuring low-pressure 
fluctuations. The most familiar example of a membrane pressure sensor is 
undoubtedly the capacitor microphone, discussed in detail below (p 48). 
Where larger pressures are to be measured a thin circular plate is used 
which is strong enough to carry strain gauges. The plate is either clamped 
around its circumference by a pair of solid rings, or alternatively the whole 
assembly may be machined from a solid block of material. 

Pressure p 

• • • • 
Figure 3.7 Flat circular diaphragm pressure sensor: Y, Young's 
modulus of the diaphragm; p, density (SI units); v, Poisson's ratio; D, t, 
dm all in millimetres. 

In order that the relationship between applied pressure and deflection is 
reasonably linear, the centre deflection, dm, of the plate must not exceed 
half its thickness. The approximate design equations for a flat circular 
diaphragm of this form are as follows (see figure 3.7 for nomenclature and 
units) 

256 Yc3 

(dm is linearly related to pressure p if dm ";;;0.5t). The 
circumferential stress Sm is 

Since a diaphragm has stiffness and mass it will resonate. 
natural frequency (for an air or gas medium) is given by 

.f - 104t ... I Y (H ) 
)0 - 'TTD4 \f 3p (1 _ v2) Z . 

(3.1) 

maximum 

(3.2) 

The lowest 

(3.3) 

For example, using mild steel with a Young's modulus of 210 GPa, 
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3.1.3 Diaphragms and Membranes

Diaphragms are probably the most popular elastic structure used in
pressure sensors. They can be subdivided into two types; thin membranes
under radial tension, which form part of an inductive or capacitive
pressure sensor, and thicker diaphragmsor plates, used in conjunction
with resistive or piezoelectric transducers. The membrane typeis the most
sensitive, and can be used for applications such as measuring low-pressure
fluctuations. The most familiar example of a membranepressure sensoris
undoubtedly the capacitor microphone, discussed in detail below (p48).
Where larger pressures are to be measuredathin circular plate is used
whichis strong enoughto carry strain gauges. The plate is either clamped
aroundits circumference bya pairof solid rings, or alternatively the whole
assembly may be machinedfromasolid block of material.

Pressure p

prays
» Frf 1i. = | —_——,1

—- d- op _ }
—See |.

|

Figure 3.7 Flat circular diaphragm pressure sensor: Y, Young's
modulus of the diaphragm;p, density (SI units); v, Poisson’s ratio; D, t,
d,, all in millimetres.

In order that the relationship between applied pressure and deflection is
reasonably linear, the centre deflection, d,,, of the plate must not exceed
half its thickness. The approximate design equations for a flat circular
diaphragm of this form are as follows (see figure 3.7 for nomenclature and
units)

£ = SSeeeZ (3.1)
256 Yr

(d,, is linearly related to pressure p if d,, <0.5t). The maximum
circumferentialstresss,, is

3D%p= Pa). 3,2fn=TP (Pa) (3.2)
 

Since a diaphragm hasstiffness and mass it will resonate. The lowest
natural frequency (for an air or gas medium)is given by

— 10% | Y
fo = 7D d=2)(Hz). (3.3)

For example, using mild steel with a Young’s modulus of 210 GPa,
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Poisson's ratio of 0.3 and density 7800 kgm-3, a 10 mm diameter 
diaphragm 0.5 moo thick will deflect about 0.01 mm when the pressure 
difference is 2.5 MPa (about 250 atm). The resonance frequency will be 
about 500 Hz. 

Equations (3.1), (3.2) and (3.3) are adequate for design purposes ifthere 
is no possibility of the centre of the diaphragm deflecting by more than 
0.5t. Larger deflections will produce nonlinearity since a stretching action 
is added to the basic bending of the diaphragm, causing a stiffening effect. 
For large deflections (i.e. where d m ~0.5l) equation (3.4) should be used 
[3]. (Unlike equations (3.1)-(3.3), where the units are those specified on 
figure 3.7, equations (3.4)-(3.6) require SI units.) 

16Yl" [ dm ( dm )3] 
p = 3R4 (1 - V 2) t + 0.488 t (3.4) 

where R is the diaphragm radius = D/2. 
A diaphragm such as that shown in figure 3.7 clamped at the edges, and 

subjected to a uniform differential pressure p has at a radius r from the 
centre on the low-pressure surface, a radial stress sr and a circumferential 
stress St given by the equations 

Sr = 
3pR2v 

8t2 

Sr 
3pR2v 

= 
8t2 

[( ~+ 1 

[( 
1 
-+1 
v 

) ( ~ + 1) ( ;r] 
) - (~ + 3) ( ;fJ . 

The deflection d r at any radius r is given by equation (3.6) 

3p (1 - v2) (R2 - r2)2 
d = . 

r 16Yt3 

(3.5) 

(3.6) 

Equations (3.5) and (3.6) all give linear relations between stress and 
pressure, and are sufficiently accurate when dm ~ O.St. Equation (3.4) can 
be used to estimate the degree of nonlinearity in any given application. 

Figure 3.8 shows the form of the radial and tangential stress distributions 
on the diaphragm surface. Since regions of both positive and negative stress 
exist a bddge containing four active sensors may be used. This has two 
benefits. First, it provides first-order temperature compensation, which 
makes the pressure sensor output almost immune to thermal changes [4]. 
Second, the resistance cbanges experienced by the individual strain gauges 
are additive !n a four-arm bridge, which increases tbe sensor output. Figure 
3.9(a) shows how gauge 2 and 4 are placed as close to the centre of the 
diaphragm as possible and are oriented to read tangential (tensile) strain. 
Gauges 1 and 3 are placed radially close to the edge of the diaphragm, 
where the stresses are compressive. Note that equations (3.5) cannot be 
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Poisson’s ratio of 0.3 and density 7800kgm-3, a 10mm diameter
diaphragm 0.5 mm thick will deflect about 0.01 mm when the pressure
difference is 2.5 MPa (about 250 atm). The resonance frequencywill be
about 500 Hz.

Equations (3.1), (3.2) and (3.3) are adequate for design purposesif there
is no possibility of the centre of the diaphragm deflecting by more than
0.5¢. Larger deflections will produce nonlinearity since a stretching action
is added to the basic bending of the diaphragm, causing a stiffening effect.
For large deflections (i.e. where d,, =0.5r) equation (3.4) should be used
[3]. (Unlike equations (3.1)-(3.3), where the units are those specified on
figure 3.7, equations (3.4)-(3.6) require SI units.)

_ 16¥48
Pp 3R0-v)

where R is the diaphragm radius = D/2.
A diaphragm such as that shownin figure 3.7, clamped at the edges, and

subjected to a uniform differential pressure p, has at a radius r from the
centre on the low-pressure surface, a radial stress s, and a circumferential
stress s, given by the equations

= 2 [( 441) — (41)28F LA a v . Ri J
\

*s + 0.488 | oe y] (3.4)

(3.5)

3pR*v ( iii ( 1 )( r\?|4 a) —. = Taal et {is
‘r 8F Io / yo R/ J

The deflection d, at any radius ris given by equation (3.6)
— pe 2 —— pele

a 3p (1—v*) (R?-Pr) (3.6)
: 16YfF

Equations (3.5) and (3.6) all give linear relations between stress and
pressure, and are sufficiently accurate when d,, = 0.5t, Equation (3.4) can
be used to estimate the degree of nonlinearity in any given application.

Figure 3.8 shows the formofthe radial and tangential stress distributions
on the diaphragm surface. Since regions of both positive and negative stress
exist a bridge containing four active sensors may be used. This has two
benefits. First, it provides first-order temperature compensation, which
makes the pressure sensor output almost immuneto thermal changes[4].
Second, the resistance changes experienced by the individual strain gauges
are additive in a four-arm bridge, which increases the sensor output. Figure
3.9(a) shows howgauges 2 and 4 are placed as close to the centre of the
diaphragm as possible, and are oriented to read tangential (tensile) strain.
Gauges 1 and 3 are placed radially, close to the edge of the diaphragm,
where the stresses are compressive. Note that equations (3.5) cannot be
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Diaphrogm 

+ 

Radial stress S, 

+ 

Tangential stress St t-r--------"'<"'l 

Figure 3.8 Diaphragm stress distributions: +, tensile stress; -, 
compressive stress. 

(a) 

t 
p 

Figure 3.9 (a) Diaphragm and strain gauge pressure transducer. (b) 
Strain gauge rosette for pressure diaphragm. 
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Diaphragm =e

+

Radial stress Sr yoo
+

Tangential stress S;Leed
  

Figure 3.8 Diaphragmstressdistributions: +, tensile stress; —,
compressivestress.

 
Figure 3.9 (a) Diaphragm and strain gauge pressure transducer. (b)
Strain gauge rosette for pressure diaphragm.
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used clirectly to determine the strains experienced by the gauges since the 
cliaphragm is in a state of biaxial stress, and both the radial and tangential 
stress contribute to the radial and tengential strain at any point. The 
general biaxial stress-strain relation gives 

E = r y 

y 

Once the gauge strains are known the individual gauge resistance changes 
6.R can be obtained from the gauge factors. 

To aid in the cori'struction of miniature pressure transducers the discrete 
strain gauges shown in figure 3.9(a) can be replaced by a pressure
cliaphragm rosette such as that shown in figure 3.9(b). Rosettes of this 
form are configured to take advantage of the radial strains at the 
diaphragm edge and the tangential strains at tbe diaphragm centre. The 
solder connection points (I-VI) are placed in a low-strain region to avoid 
damaging the joints. 

3.2 FABRICATION TECHNIQUES] 

Most small commercial pressure sensors are of the diaphragm type. Three 
manufacturing techniques are used, two of which are based on stainless 
steel cliaphragms and one willch uses silicon. Clearly tainless steel bas the 
advantage of ruggedness and is able to maintain a pressure seal even after 
electrical failure has occurred. For illgh-quality sensors where small size 
and low cost are not prime requirements foil strain gauges are bonded tp 
a stainless steel diaphragm. The diaphragm is usually encapsulated in a 
welded stainless steel enclosure, which may also contain the signal 
cooclitioning circuitry. In this case the assembly is usually referred to as a 
pressure transducer rather than a pressure sensor. In automotive 
engineering tills type is normally only used for experimental and prototype 
work. 

A cheaper approach is to use thick-film piezoresistors on a stainless 
steel diaphragm. (A description of the thick-film fabrication process is 
given in chapter 9.) Tills results in low-cost sensors which are physically 
smaller than the traditional bonded-foil strain gauge type, although oot as 
small as silicon versions. It is difficult to apply tbick-film strain gauges to 
diaphragms less than about 3 mm in diameter. The thick-film approach has 
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used directly to determine the strains experienced by the gauges, since the
diaphragm is in a state of biaxial stress, and both the radial and tangential
stress contribute to the radial and tengential strain at any point. The
general biaxial stress-strain relation gives

5, — VS,

Y
& =

5, — VS,

Y

Once the gauge strains are knownthe individual gauge resistance changes
ARcan be obtained fromthe gauge factors.

Toaid in the construction of miniature pressure transducersthe discrete
strain gauges shown in figure 3.9(a) can be replaced by a pressure-
diaphragm rosette such as that shown in figure 3.9(b). Rosettes of this
form are configured to take advantage of the radial strains at the
diaphragm edge and the tangential strains at the diaphragm centre. The
solder connection points (I-VI) are placed in a low-strain region to avoid
damagingthe joints.

e

3.2 FABRICATION TECHNIQUES]

Most small commercial pressure sensors are of the diaphragm type. Three
manufacturing techniques are used, two of which are based onstainless
steel diaphragms and one whichusessilicon. Clearly stainless steel has the
advantage of ruggedness andis able to maintain a pressure seal even after
electrical failure has occurred. For high-quality sensors where small size
and low cost are not prime requirements, foil strain gauges are bonded to
a stainless steel diaphragm. The diaphragm is usually encapsulated in a
welded stainless steel enclosure, which may also contain the signal
conditioning circuitry. In this case the assembly is usually referred to as a
pressure fransducer rather than a pressure sensor. In automotive
engineering this type is normally only used for experimental and prototype
work.

A cheaper approach is to use thick-film piezoresistors on a stainless
steel diaphragm. (A description of the thick-film fabrication process is
given in chapter 9.) This results in low-cost sensors which are physically
smaller than the traditional bonded-foil strain gauge type, although notas
small as silicon versions. It is difficult to apply thick-film strain gauges to
diaphragmsless than about 3 mm in diameter. The thick-film approach has
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a further advantage, in that the cost of setting up a thick-film production 
plant is considerably less than that of a comparable silicon facility. If the 
required number of sensors runs to only hundreds or a few thousand per 
year, thick film will probably prove to be cheaper than silicon. The 
pressure sensor (i.e. the membrane and its associated piezoresistors) can 
be made to form part of a thick-film hybrid, which allows signal 
conditioning circuits to be included within the sensor housing. 

If very large numbers of sensors are required, or if small size is essential, 
silicon architecture is almost always adopted. The predominance of silicon 
as the material used for creating low-cost sensors is partly due to the 
wealth of experience on manipulating and using silicon built up by the 
semiconductor industry. Its mechanical properties also make it well suited 
for sensor use. Silicon has a density less than that of aluminium, and an 
elastic modulus approaching that of steel. It obeys Hooke's law over a 
large strain range than steel, and has a higher ultimate tensile strength. 
Silicon's main disadvantage as a sensor material is that the complex 
technology used to create sensor architectures is very expensive, and large 
production runs are needed before the initial ' costs are recovered. The 
other disadvantages of silicon diaphragms are that they are easily damaged 
by water and other chemicals, and that they tend to shatter if struck by 
small gas or liquid-borne particles. Since silicon is a brittle crystalline 
material it does not yield plastically and will crack or shatter if exposed to 
shock loads. Protective screening techniques are available for shock 
protection, but these cannot always be used conveniently. Silicon pressure 
sensors are available using both piezoresistive and capacitance 
transducers. 

3.2.1 Silicon Micromachining 

Micromachining can be defined as the collection of processes used to 
manufacture small mechanical components and structures from silicon. 
Some of these processes were originally developed for integrated circuit 
production, while others have been evolved specifically for sensor 
production. Micromachining techniques can be considered under four 
headings: 

(i) Abrasive techniques such as sawing and grinding, which are used 
to cut coarse features into silicon. 

(ii) Methods used in the semiconductor industry. These include 
lithographic and deposition techniques. Photolithography is used to 
transfer patterns onto a silicon wafer to act as a mask for etching. 
Deposition processes allow. multiple layers of materials to be built up. 
These layers can have mechanical or electrical functions. Oxidation, 
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a further advantage, in that the cost of setting up a thick-film production
plant is considerably less than that of a comparable silicon facility. If the
required number of sensors runs to only hundreds or a few thousand per
year, thick film will probably prove to be cheaper than silicon. The
pressure sensor (i.e. the membraneandits associated piezoresistors) can
be made to form part of a thick-film hybrid, which allows signal
conditioning circuits to be included within the sensor housing.

If very large numbers of sensors are required, or if small size 1s essential,
silicon architecture is almost always adopted. The predominanceofsilicon
as the material used for creating low-cost sensors is partly due to the
wealth of experience on manipulating and using silicon built up by the
semiconductor industry. Its mechanical properties also make it well suited
for sensor use. Silicon has a density less than that of aluminium, and an
elastic modulus approaching that of steel. It obeys Hooke’s lawover a
large strain range than steel, and has a higher ultimate tensile strength.
Silicon’s main disadvantage as a sensor material is that the complex
technologyused to create sensor architectures is very expensive, and large
production runs are needed before the initial costs are recovered, The
other disadvantages ofsilicon diaphragmsare that theyare easily damaged
by water and other chemicals, and that they tend to shatter if struck by
small gas or liquid-borne particles. Since silicon is a brittle crystalline
material it does not yield plastically and will crack or shatter if exposed to
shock loads. Protective screening techniques are available for shock
protection, but these cannot always be used conveniently. Silicon pressure
sensors are available using both piezoresistive and capacitance
transducers.

3.2.1 Silicon Micromachining

Micromachining can be defined as the collection of processes used to
manufacture small mechanical components andstructures fromsilicon.
Some of these processes were originally developed for integrated circuit
production, while others have been evolved specifically for sensor
production. Micromachining techniques can be considered under four
headings:

(i) Abrasive techniques such as sawing and grinding, which are used
to cut coarse features into silicon.

(ii) Methods used in the semiconductor industry. These include
lithographic and deposition techniques. Photolithography is used to
transfer patterns onto a silicon wafer to acl as a mask for etching,
Deposition processes allow multiple layers of materials to be built up.
These layers can have mechanical or electrical functions. Oxidation,
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diffusion and ion implantation are also used to create masks for etching, 
etch stops or circuit elements such as piezoresistors. 

(iii) The most important micromachining process is etching. Wet 
etching involves the use of liquids which dissolve silicon. There are 
isotropic etchants available, which etch the material equally fast in all 
directions, but in general selective etchants are more useful. These show a 
very high selectivity (several hundred to one) in the rate at which they 
attack different crystal planes. This feature can be used to produce highly 
accurate angles and dimensions, which can be arranged to self-align and 
self-stop as dictated by the crystal planes. The most common wet etch ants 
are potassium hydroxide (KOH) and ethylenediamine pyrocatechol 
(EDP). KOH is the safest to use, but EDP has the advantage that oxidet 
can be used as a mask material to define the etch pattern. 

A useful adjunct to the use of the wet process is the ability to inhibit 
etching in certain areas, usually at a certain depth in the Z direction, by 
pre-doping the silicon with boron. This' 'etch stop' technique is often use9 
to determine the thickness of a micromachined component such as a 
diaphragm. 

Dry etching involves the use of gaseous etch species which react with 
the material to be etched, producing gaseous product. These waste gases 
are extracted by a vacuum system. Dry etching is used in the production of 
very fragile components, where the tructure being created may be 
damaged by the presence of a liquid. The most common dry etch processes 
are plasma etching, in which the substrate to be etched is enveloped in an 
RF plasma, and reactive ion etching (RIE), in which the substrate is given 
an electrical bias so that it attracts ions which then physically remove 
material. 

(iv) Bonding techniques have been developed to allow further 
variations in sensor architecture and packaging. Fusion bonding is 
achieved by heating wafers in good flat contact, and gives either a 
silicon-silicon bond or one with an oxide layer between the wafer faces. 
Bonding to metals and glass is achieved by the use of an electric field, and 
is often termed anodic bonding. ' 

3.3 STRAIN GAUGES AND PIEZORESISTANCE 

The background to conventional foil strain gauges of the type used in 
pressure sensors is well known [4], and will not be discussed in detail here. 

t'Oxide' is the conventional term for silicon dioxide. It is used as an electrical 
insulator, a mechanical component or as a mask for etching. 
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diffusion and ion implantation are also used to create masks for etching,
etch stopsor circuit elements such as piezoresistors.

(iii) The most important micromachining process is etching. Wet
etching involves the use of liquids which dissolve silicon. There are
isotropic etchants available, which etch the material equally fast in all
directions, but in general selective etchants are more useful. These showa
very high selectivity (several hundred to one) in the rate at which they
attack different crystal planes. This feature can be used to produce highly
accurate angles and dimensions, which can be arranged to self-align and
self-stop as dictated by the crystal planes. The most common wet etchants
are potassium hydroxide (KOH) and ethylenediamine pyrocatechol
(EDP). KOHis the safest to use, but EDP has the advantage that oxide
can be used as a mask material to define the etch pattern.

A useful adjunct to the use of the wet process is the ability to inhibit
etching in certain areas, usually at a certain depth in the Z direction, by
pre-dopingthesilicon with boron. This ‘etch stop’ technique is often used
to determine the thickness of a micromachined component such as a
diaphragm.

Dry etching involves the use of gaseous etch species which react with
the material to be etched, producing gaseous products. These waste gases
are extracted by a vacuum system. Dry etching is used in the production of
very fragile components, where the structure being created may be
damaged bythe presence ofa liquid. The most common dry etch processes
are plasma etching, in which the substrate to be etched is enveloped in an
RF plasma, and reactive ion etching (RIE), in which the substrate is given
an electrical bias so that it attracts ions which then physically remove
material.

(iv) Bonding techniques have been developed to allow further
variations in sensor architecture and packaging. Fusion bonding is
achieved by heating wafers in good flat contact, and gives either a
silicon-silicon bond or one with an oxide layer between the wafer faces.
Bonding to metals and glass is achieved by the use ofan electric field, and
is often termed anodic bonding.

3.3. STRAIN GAUGES AND PIEZORESISTANCE

The background to conventional foil strain gauges of the type used in
pressure sensorsis well known[4], and will not be discussed in detail here.

+Oxide’ is the conventional term for silicon dioxide. It is used as an electrical

insulator, a mechanical componentor as a mask for etching.
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In essence an applied strain changes the geometry of the strain gauge, and 
hence its resistance. 

The operating principle of the piezoresistive strain gauges used in silicon 
and thick-film pressure sensing is probably less familiar, however. The 
piezoresistive effect occurs in silicon and thick-film materials. As the name 
implies, a change in electrical resistance occurs in response to changes in 
the applied stress. Piezoresistive (PR) sensors are formed by placing stress
sensitive' resistors on highly stressed parts of a suitable mechanical 
structure such as a diaphragm. The PR transducers are connected in a 
Wheatstone bridge cifcuit. When the diaphragm is exposed to a 
differential pressure it undergoes strain changes. These strain variations 
are converted into an electrical output which is proportional to pressure 
(see equations (3.5» by the PR transducers. The advantage of using 
piezoresistive transducers is that very high gauge factors may be achieved. 

The drawbacks of PR devices are that the output signal level is moderate 
(typically 100 mV full scale for a 10 V bridge excitation), and the_ 
sensitivity can be temperature dependent, although this can largely be 
compensated for by proper bridge design. 

If a rectilinear resistor has length I, width w, thickness l and a bulk 
resistivity p its resistance R will be 

R = pI . (3.7) 
wt 

The gauge factor or strain sensitivity is defined as k, where 

k = dRIR. 
B 

B is the relative change in length of the resistor (the strain) due to a stress 
cr, applied to the substrate parallel to its length. Figure 3.10 shows the 
consequences of the applied stress. The length increases by an amount d/, 
while the width and thickness decrease by dw and dt due to Poisson's ratio 
v. It is clear that dw = -VWB and dt = -vtB. 

1"- w-dw ~ 

~
~ ........... -......... ~ ... . ...... : ~I ·· .. 

...... ~. I" ." I . .. ....... ...... __ "La ...... ; 

.1:'::::::::::::/.... / .. ::::::.: ... / 
/h . ' 
- ~·"·".I··I.' •• '.'.I ••.....••••• " •• 

: eel ; .* 

t f-dt 

t·: .......... 0 ••••••••• • •• • ••••• -. :.-

Figure 3.10 Consequences of applying stress to a piezoresistor. 
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In essence an applied strain changes the geometryof the strain gauge, and
henceits resistance.

The operating principle of the piezoresistive strain gauges usedinsilicon
and thick-film pressure sensing is probably less familiar, however. The
piezoresistive effect occurs in silicon and thick-film materials. As the name
implies, a change in electrical resistance occurs in response to changes in
the applied stress. Piezoresistive (PR) sensors are formed byplacing stress-
sensitive resistors on highly stressed parts of a suitable mechanical
structure such as a diaphragm. The PR transducers are connected in a
Wheatstone bridge cifcuit. When the diaphragm is exposed to a
differential pressure it undergoes strain changes. These strain variations
are converted into an electrical output which is proportional to pressure
(see equations (3.5)) by the PR transducers. The advantage of using
piezoresistive transducersis that very high gauge factors maybe achieved.

The drawbacksof pr devices are that the output signal level is moderate
(typically 100mV full scale for a 10 V bridge excitation), and the
sensitivity can be temperature dependent, although this can largely be
compensated for by proper bridge design.

If a rectilinear resistor has length /, width w, thickness r and a bulk
resistivity p its resistance R will be

R = pl . (3.7)wl

The gaugefactororstrain sensitivity is defined as k, where

dR/R 

€

e is the relative change in length of the resistor (the strain) due to a stress
a, applied to the substrate parallel to its length. Figure 3.10 shows the
consequencesof the applied stress. The length increases by an amount di,
while the width and thickness decrease by dw and dr due to Poisson’sratio
v. Itis clear that dw = —vwe and di = —vte.

 
Figure 3.10 Consequences of applyingstress to a piezoresistor.
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The original cross section was 

A = wt. 

Owing to the strain e, the new cross-sectional area is 

A' (w - dw) (t - dt) 
wt + 2vwte + v2wte. 

The term v2wte is very small compared with the other two terms in the 
equation and can be neglected. We can therefore write the change in 
cross-sectional area as 

Rectangular 
si licon diaphragm 

Electrostatic 
bond 

Gold metallisation 

A - A' = dA 

Top entry 
pressure 

P, 

SI-P stroln gauge 

SI-N d,aphragm 

-2veA 

Silicon pressure-sensing 
die 

Low-resistivity 
silicon interconnection 

--------1 
V, 

11 1 
- -------

Figure 3.11 (Above and opposite) Micromachined pressure sensor 
(courtesy of Ie Sensors). 
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Theoriginal cross section was  
A = we.

Owingto the strain e, the new cross-sectionalareaIs
A' = (w-—dw) (t— dr)

= wt+2vwie + wee.

The term v°wte is very small compared with the other two terms in the
equation and can be neglected. We can therefore write the change in
cross-sectional area as

A-A’ = dA = —2veA

Top entry
pressure
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Metallisation diefor contacts
Diffused strain
gauges | resistors)

Low-resistivity 4
silicon interconnection

Electrostatic
bond
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Si-P strain gauge
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View A

Figure 3.11 (Above and opposite) Micromach ined pressure sensor
(courtesy of IC Sensors).  
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giving 
dAJA 

Differentiating equation (3.7) gives 

dR 

R 

and hence the gauge factor k is 

k 

dp 

p 

-2ve. 

dl 
+ 

dA 

A 

45 

(3.8) 

Typically v will be between 0.2 and 0.3. Equation (3.8) shows that the 
longitudinal gauge factor is a function 'of changes in both longitudinal 
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Figure 3.11 (Continued) 
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giving
dA/A = —2ve.

Differentiating equation (3.7) gives

dk dp dis dA
R 9 i A

and hence the gaugefactork is

d /
k = PPL ay). (3.8)E

Typically v will be between 0.2 and 0.3. Equation (3.8) shows that the
longitudinal gauge factor is a function‘of changes in both longitudinal
 

 

 
 
 

 
 
 
 

 
 

 

3/16" top entry
pressure port

Welding flange
Gold
inferconnecting wires

Gold-filled
chip bonding layer

Ceramic substrate
with laser trimmed
resistors

Pressure sensor chip

To-8 header
{gold plated)

(8) Pins igold plated)

1/8" bottom entry
pressure port
(gold plated )

Figure 3.11 (Continued) 



46 A UTOMOTIVE SENSORS 

resistivity and geometry. In a conventional foil or wire strain gauge the 
piezoresistive effects are negligible, and the variations in resistance are 
mainly a function of dimensional changes. For a foil gauge k is 
approximately 2. For piezoresistive strain gauges the first term in equation 
(3.8) is significant, and higher gauge factors (typically around 10) can be 
achieved, giving enhanced sensitivity. It should be noted, however, that 
the resistivity of most PR materials is strongly temperature dependent, and 
that as a result PR strain gauges generally have a higher thermal sensitivity 
than other types. This difficulty can be partially overcome by the use of 
temperature compensation circuits. 

Figure 3.11 shows a typical micromachined pressure sensor using 
piezoresistive strain gauges. The diffused strain gauges are interconnected 
within the device to form a Wheatstone bridge. 

3.4 CAPACITANCE PRESSURE SENSORS 

The majority of silicon pressure sensors are piezoresistive and use diffused 
or ion-implanted piezoresistors. However, a number of successful 
capacitive pressure sensors have been used, notably by the Ford Motor 
Company with their silicon capacitance absolute pressure (SCAP) sensor [6]. 

In piezoresistive pressure sensors diffused or implanted piezoresistors 
are arranged in single, half or full bridge forms. The differential strains 
sensed by the bridge resistors are used to achieve a push-pull effect to 
increase the sensitivity as discussed earlier. However, the limiting value of 
IJ.RIR (i.e. change in resistance over unstrained resistance) is only about 
10-2, due to hysteresis and linearity considerations. PR devices are sensitive 
to transverse stressing of the sensor package, and the base strain sensitivity 
can be considerable. This increases the chance of interference, especially 
when the measurand is small and the sensor is subjected to vibration. 

Capacitive pressure sensors are less prone to error. The diaphragm 
deformation caused by an applied pressure is turned directly into a change 
in capacitance, which can then be converted into an electrical form such as 
frequency, charge or voltage. Since the total change in capacitance is the 
integral of the changes produced by each part of the diaphragm the 
susceptibility to side stress is lower than that of a comparable PR pressure 
sensor. 

Capacitance pressure sensor (cps) designs can be grouped into three 
categories as shown in figure 3.12. Figure 3.12(a) shows a pedestal-and
ring arrangement, originally designed for a medical application [7]. The 
circular diaphragm is 610!-Lm in diameter and lO!-Lm thick. The 
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resistivity and geometry. In a conventional foil or wire strain gauge the
piezoresistive effects are negligible, and the variations in resistance are
mainly a function of dimensional changes. For a foil gauge &k is
approximately 2. For piezoresistive strain gauges the first term in equation
(3.8) is significant, and higher gauge factors (typically around 10) can be
achieved, giving enhanced sensitivity. It should be noted, however, that
the resistivity of most PR materials is strongly temperature dependent, and
that as a result PR strain gauges generally have a higher thermal sensitivity
than other types. This difficulty can be partially overcome by the use of
temperature compensationcircuits.

Figure 3.11 shows a typical micromachined pressure sensor using
piezoresistive strain gauges. The diffused strain gauges are interconnected
within the device to form a Wheatstone bridge.

3.4 CAPACITANCE PRESSURE SENSORS

The majority of silicon pressure sensors are piezoresistive and use diffused
or ion-implanted piezoresistors. However, a number of successful
capacitive pressure sensors have been used, notably by the Ford Motor
Companywith theirsilicon capacitance absolute pressure (SCAP) sensor [6].

In piezoresistive pressure sensors diffused or implanted piezoresistors
are arranged in single, half or full bridge forms. The differential strains
sensed by the bridge resistors are used to achieve a push-pull effect to
increase the sensitivity as discussed earlier. However, the limiting value of
AR/R (i.e. change in resistance over unstrained resistance) is only about
10-2, due to hysteresis and linearity considerations. PR devices are sensitive
to transverse stressing of the sensor package, and the basestrain sensitivity
can be considerable. This increases the chance of interference, especially
when the measurandis small and the sensoris subjected to vibration.

Capacitive pressure sensors are less prone to error. The diaphragm
deformation caused by an applied pressure is turned directly into a change
in capacitance, which can then be converted into an electrical form such as
frequency, charge or voltage. Since the total change in capacitance is the
integral of the changes produced by each part of the diaphragm the
susceptibility to side stress is lower than that of a comparable PR pressure
Sensor.

Capacitance pressure sensor (CPS) designs can be grouped into three
categories as shownin figure 3.12. Figure 3.12(a@) shows a pedestal-and-
ring arrangement, originally designed for a medical application [7]. The
circular diaphragm is 610m in diameter and 10pm thick. The
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No pressure appl ied 

I c) Electrode d PoIY-Si shell 
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With pressure applied 

r--
Substrate connection 

Figure 3.12 Capacitive pressor sensor structures: (a) pedestal-to-ring 
type; (b) clamped-edge diaphragm type; (c) thin-shell chamber type. 
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pedestal/ring gap is 5 /-Lm and the zero-pressure capacitance 1 pF. At 300 
mmHg full scale AC/C = 0.2 (cf 0.01 for PR strain gauges). The device is 
somewhat nonlinear (around 10% maximum), but is highly repeatable. 

Figure 3.12(b) shows a different approach in which a silicon diaphragm 
is etched from a 300 /-Lm thick wafer. The diaphragm is bonded to a Pyrex 
glass substrate. The gap chamber is either evacuated and sealed for 
absolute pressure measurement, or is supplied with a vent for gauge or 
differential pressure measurement. The Ford SCAP sensor discussed earlier 
is of this type. Some recent transducers have used silicon rather than glass 
as the substrate to reduce the thermal drift of the sensor and simplify the 
processing. 

Figure 3.12(c) shows a thin-shell type pressure sensor. Micromachining 
techniques are used to deposit material on the silicon wafer and selectively 
etch off part of the material to construct a microchamber or cavity as 
shown in the diagram. The capacitor electrodes are on the top of the 
chamber and on the surface of the silicon substrate. With this approach no 
bonding is needed. However, care has to be taken to control built-in stress 
in the shell material. 

In a diaphragm CPS the diaphragm deforms in response to the 
differential pressure p across its sides, as shown in figure 3.13. This 
deformation changes the capacitance C between the electrodes, and a 
signal conditioning circuit is used to convert the output to a voltage Vo. If 
the supply voltage is V" the overall sensitivity of the CPS is S where 

S = ( ActCo ) (A Vo/V. ) = G.,Av 
pAC/Co 

Co is the zero-pressure capacitance. The first term 

G = ActCo 
c 

p 
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Electrode
Pedestal

iil Ring

No pressure applied
 

Paly-Si shell

} = arses = . Be— —= =
Si

a z Substrate connection

Figure 3.12 Capacitive pressor sensor structures; (a) pedestal-to-ring
type; (b) clamped-edge diaphragmtype; (c) thin-shell chamber type.

With pressure applied |

pedestal/ring gap is 5 1m and the zero-pressure capacitance 1 pF. At 300
mmHg full scale AC/C = 0.2 (cf 0.01 for PR strain gauges), The device is
somewhatnonlinear (around 10% maximum), but is highly repeatable.

Figure 3.12(b) shows a different approachin whichasilicon diaphragm }
is etched from a 300 j.mthick wafer. The diaphragm is bondedto a Pyrex
glass substrate. The gap chamber is either evacuated and sealed for
absolute pressure measurement, or is supplied with a vent for gauge or
differential pressure measurement. The Ford scap sensor discussed earlier
is of this type. Some recent transducers have usedsilicon rather than glass
as the substrate to reduce the thermal drift of the sensor and simplify the

processing.
Figure 3.12(c) shows a thin-shell type pressure sensor. Micromachining

techniques are used to deposit material onthesilicon wafer andselectively
etch off part of the material to construct a microchamber or cavity as
shown in the diagram. The capacitor electrodes are on the top of the
chamber andonthe surface of the silicon substrate. With this approach no
bonding is needed. However, care has to be taken to controlbuilt-in stress |
in the shell material.

In a diaphragm cps the diaphragm deforms in response to the
differential pressure p across its sides, as shown in figure 3.13. This
deformation changes the capacitance C between the electrodes, and a
signal conditioning circuit is used to convert the output to a voltage Vo,If
the supplyvoltage is V,, the overall sensitivity of the cps is S where

Acic, \ / AV/V, \ AV,| GAS = 264038
em, ye Sete=oy

 

C,, is the zero-pressure capacitance. The first term

ae ACICyFy = ere |
Pp
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Substrate 

Figure 3.13 

is similar to the gauge factor of a piezoresistive sensor, and Ay is the 
capacitance-to-voltage gain of the signal conditioning circuit. 

3.4.1 Capacitor Microphones 

Microphones are increasingly finding automotive applications for 
ultrasonic theft alarms, in-car telephones and as part of active noise 
reduction systems. The capacitor microphone (also called a condenser or 
an electrostatic microphone) is essentially a parallel-plate capacitor. One 
of the plates is a thin membrane exposed to the medium in which the 
sound is to be measured, so that pressure fluctuations alter the capacitor 
plate spacing. The resulting capacitance changes cause fluctuations in the 
voltage across the capacitor. The output signal consists of a varying 
voltage Vout as shown in figure 3.14. 

The charge on the capacitor may be generated by an externally applied 
voltage, or by the properties of the material used to manufacture the 
capacitor. In the latter case the sensor is often called an electret 
microphone. An electret is a permanently charged insulating material 
made by allowing a molten plastic to solidify under the influence of a 
strong electric field. 

The components of a typical capacitor microphone are shown in figure 
3.15. A diaphragm made from metal foil is fixed close to an insulated rigid 
metal back plate. These two form a parallel-plate capacitor. A polarisation 

Diaphragm 

c, 

Figure 3.14 Equivalent circuit of a capacitor microphone. 
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Ty Capacitor
; ( electrodes
; Substrate

Figure 3.13

is similar to the gauge factor of a piezoresistive sensor, and A,is the
|| capacitance-to-voltage gain of the signal conditioningcircuit.

3.4.1 Capacitor Microphones

Microphones are increasingly finding automotive applications for
ultrasonic theft alarms, in-car telephones and as part of active noise
reduction systems. The capacitor microphone(also called a condenser or
an electrostatic microphone) is essentially a parallel-plate capacitor. One
of the plates is a thin membrane exposed to the medium in which the
sound is to be measured, so that pressure fluctuations alter the capacitor
plate spacing. The resulting capacitance changes cause fluctuations in the
voltage across the capacitor. The output signal consists of a varying
voltage V,,,, as shownin figure 3.14.

The charge on the capacitor may be generated by an externally applied
voltage, or by the properties of the material used to manufacture the
capacitor. In the latter case the sensor is often called an electret
microphone. An electret is a permanently charged insulating material
made by allowing a molten plastic to solidify under the influence of a
strong electric field.

The components of a typical capacitor microphone are shownin figure
3.15. A diaphragm made from metalfoil is fixed close to an insulated rigid

| metal back plate. These two form a parallel-plate capacitor. A polarisation

 
 

Diaphragm! i + a |C+ acth)
“SS

hos = Re Vout

{ | = S+ jo ~O

Figure 3.14. Equivalentcircuit of a capacitor microphone.
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Diaphragm Capillary tube for 

Protection grid Back plate Ceramic bender Output terml nal 

Figure 3.15 Capacitor microphone construction (courtesy of Bruel and Kjaer) . 

voltage Eo is applied across the plates as shown in figure 3.14. The 
polarisation voltage source has a high impedance Re, so that the time 
constant Re( C, + C.) is long compared with the lowest sound frequency to 
be measured. A further reason for making the time constant long is that 
this ensures that the charge stored on the capacitor is approximately 
constant. If the charge is constant and the capacitance varies, a varying 
voltage will appear across the plates. The capacitance Cs is due to 
unavoidable stray capacitance within the sensor, rather than a deliberate 
design feature. 

If the sound pressure acting on the diaphragm produces a capacitance 
change LlC, then the output of the microphone will be a voltage Vou, where 

V = LlCEo 
ou' ~ + C. 

since C ~ LlC. Note that the microphone sensitivity S is proportional to 
the polarisation voltage Eo but inversely proportional to the total 
capacitance C, + Cs. Capacitor microphones can be manufactured with 
sensitivities as high as 100 mVPa- 1. 

If we want the microphone to have a flat response then the capacitance 
change LlC and hence the deflection of the diaphragm for a given sound 
pressure must be independent of frequency. In other words, the 
diaphragm must be 'stiffness controlled' [5], and it will have a natural 
frequency well above that of the highest-frequency sound to be measured. 

The voltage output from a capacitor microphone is proportional to the 
applied sound pressure. However, when the frequency of the sound 
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Figure 3.15 Capacitor microphone construction(courtesy of Bruel and Kjaer).

Protection grid Back plate Ceramic bender Output terminal

voltage E, is applied across the plates as shown in figure 3.14. The
polarisation voltage source has a high impedance R,, so that the time
constant RC, + C,) is long compared with the lowest sound frequencyto
be measured. A further reason for making the time constant long is that
this ensures that the charge stored on the capacitor is approximately
constant. If the charge is constant and the capacitance varies, a varying
voltage will appear across the plates. The capacitance C, is due to
unavoidable stray capacitance within the sensor, rather than a deliberate
design feature.

If the sound pressure acting on the diaphragm produces a capacitance
changeAC, then the output of the microphone will be a voltage V,,, where

ACE,
CAE

V =oul
t

since C > AC. Note that the microphone sensitivity § is proportional to
the polarisation voltage FE, but inversely proportional to the total
capacitance C, + C,. Capacitor microphones can be manufactured with
sensitivities as high as 100 mVPa“'.

If we want the microphoneto haveaflat response then the capacitance
change ACandhencethe deflection of the diaphragm for a given sound
pressure must be independent of frequency. In other words, the
diaphragm must be‘stiffness controlled’ [5], and it will have a natural
frequencywell abovethat ofthe highest-frequency sound to be measured.

The voltage output from a capacitor microphone is proportional to the
applied sound pressure. However, when the frequency of the sound
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increases to the point where the wavelength is of the order of the 
diaphragm diameter, the diaphragm acts as a high-impedance obstacle in 
the sound field, from which the wave will be reflected. When this happens 
the pressure sensed by the diaphragm is incorrectly high. This is a 
manifestation of the 'pressure doubling' effect, discussed further in [4]. In 
such a situation a microphone with a flat pressure response would give an 
incorrect reading. 

3.4.2 Capacitance Measurement Circuits 

A variety of circuits can be used to convert a change in capacitance into a 
usable electrical signal. The techniques described here are reasonably 
simple, although much more complicated arrangements are described in 
the literature [7]. 

The most common form of capacitive sensor is the parallel-plate 
capacitor with a variable air gap. Most pressure sensors are of this form. If 
two plates, each of area A, are separated by a perpendicular distance y, 
field lines pass from one to the other as shown in figure 3.16. Except at the 
edges, the magnitude of the field is V/y, where V is the potential difference 
between the plates. If y is small compared with the dimensions of the 
plates edge effects are unimportant, and we can assume the field to be 
uniform between the plates and zero elsewhere. Under these conditions 
the capacitance C and the stored charge Q are related by 

C = Q = eoA. (3.9) 
V Y 

eo is the permittivity of free space, which is 8.85 X lO- 12C N-Im-2. The 
value for air will be within 0.1 % of this value. Equation (3.9) can be used 
to calculate the nominal capacitance of any capacitive sensor. For 
example, a pressure sensor based on a diaphragm 5 mm in radius, 0.1 mm 
away from a fixed electrode, will have a nominal capacity of Co where 

8.85 X 10- 12 X 'IT X (5 X 10- 3) 2 
Co = == 7 X 10-12 

1 X 10- 4 

(i.e. 7 pF). The impedance of a capacitor is 1/jwC. Thus the magnitude of 
the impedance of a device based on a 5 mm diaphragm will be around 
1.4 Mf! at 10 kHz. The high impedance of capacitive sensors is the cause 
of some of the difficulties associated with their use. Spurious noise 

Plate area = A 

r-------------------
t 
y , ,,~flJ 

Figure 3.16 Cross section through a parallel-plate capacitor. 
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increases to the point where the wavelength is of the order of the
diaphragm diameter, the diaphragmacts as a high-impedance obstacle in
the soundfield, from which the wave will be reflected. When this happens
the pressure sensed by the diaphragm is incorrectly high. This is a
manifestation of the ‘pressure doubling’ effect, discussed further in [4]. In
such a situation a microphonewith a flat pressure response would give an
incorrect reading.

3.4.2 Capacitance Measurement Circuits

A variety of circuits can be used to convert a change in capacitance into a
usable electrical signal. The techniques described here are reasonably
simple, although much more complicated arrangements are described in
the literature [7].

The most common form of capacitive sensor is the parallel-plate
capacitor with a variable air gap. Most pressure sensorsare of this form.If
two plates, each of area A, are separated by a perpendicular distance y,
field lines pass from onetothe other as shownin figure 3.16. Except at the
edges, the magnitudeofthe field is V/y, where V is the potential difference
between the plates. If y is small compared with the dimensions of the
plates edge effects are unimportant, and we can assume thefield to be
uniform between the plates and zero elsewhere. Under these conditions
the capacitance C andthe stored charge Q are related by

Gia Bi 2 (3.9)
Y y

&) is the permittivity of free space, which is 8.85 x 10°C N-'m~-*. The
value for air will be within 0.1%of this value. Equation (3.9) can be used
to calculate the nominal capacitance of any capacitive sensor. For
example, a pressure sensor based on a diaphragm 5 mm in radius, 0.1 mm
away froma fixed electrode,will have a nominal capacity of C, where

C, = 8.85 X 10°? X w xX (5 X 10-3)? ~ 7x 10-2
1 x 10-4

(i.e. 7 pF). The impedance ofa capacitor is 1/jwC. Thus the magnitude of
the impedance of a device based on a 5mmdiaphragmwill be around
1.4 MO at 10 kHz. The high impedance ofcapacitive sensors is the cause
of some of the difficulties associated with their use. Spurious noise
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Figure 3.16 Cross section through aparallel-plate capacitor.
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voltages can appear, and it is essential to use high-input-impedance 
electronics to avoid undue sensitivity to the length and position of 
connecting cables. 

Equation (3.9) shows that the variation of capacitance C with plate 
separation d is nonlinear (in fact it is hyperbolic). Thus the percentage 
change in d from a chosen neutral position must be small if reasonable 
linearity is to be achieved. However, ratios of !J.C/C up to 0.2 are common, 
and as mentioned earlier this is at least an order of magnitude better than 
anything which can be achieved with strain gauges. 

The sensitivity of capacitance to changes in plate separation can be seen 
if equation (3.9) is differentiated 

dC 

dy 
(3.10) 

The sensitivity dC/dv increases as y decreases. However, the percentage 
change in C is equal to the percentage change in y for small changes about 
any neutral position, since 

dC C 
= 

dv y 

dC dy 
- = 
C Y 

Capacitor micropholle circuit The simplest circuit used for capacitive 
sensors is shown in figure 3:14, and is that generally employed with 
capacitor microphones. When the capacitor plates are at rest with a 
separation Yo no current flows and Vou , = O. If there is then a relative 
displacement Yd from the equilibrium position V (I> a capacitance change !J.C 
is produced which is related to Vou , by 

!J.C(t}Eu 
(3.11) 

C, + Cs 

since C, > !J.C(t). It should be noted that the sensor sensItivity is 
proportional to the polarisation voltage Eo but inversely proportional to 
the total capacitance C, + C,. 

From equation (3.11) the output Vou , is clearly zero when !J.C(t) = 0, i.e. 
when the capacitor plates are at rest in any equilibrium position. Thus the 
circuit of figure 3.14 does not allow static pressure measurements to be 
made. If Yo is varying, however, You, will measure the motion. Microphones 
do not usually need to measure sound frequencies below about 20 Hz, for 
which this circuit is entirely adequate. 

Differential capacitance sensors If a 'push-pull' or differential capacitive 
sensor is to be used the arrangement shown in figure 3.17 will allow the 
measurement of static deflections and hence of static pressures. A thin 
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voltages can appear, and it is essential to use high-input-impedance
electronics to avoid undue sensitivity to the length and position of
connecting cables.

Equation (3.9) shows that the variation of capacitance C with plate
separation d is nonlinear (in fact it is hyperbolic), Thus the percentage
change in d from a chosen neutral position must be small if reasonable
linearityis lo be achieved. However, ratios of AC/C upto 0.2 are common,
and as mentioned earlierthis is at least an order of magnitudebetter than
anything which can be achievedwithstrain gauges.

The sensilivily of capacitance to changes in plate separation can be seen
if equation (3.9) is differentiated

dc

dy  
The sensitivity dC/dy increases as y decreases. However, the percentage
change in C is equal to the percentage changein y for small changes about
any neutral position, since

dc C

dy oy
dc dy

ce = 2 Ss

Capacitor microphone circuit The simplest circuit used for capacitive
sensors 1s shown in figure 3.14, and is that generally employed with
capacitor microphones. When the capacitor plates are at rest with a
separation y, no current flows and V,,, =0. If there is then a relative
displacement v, from the equilibrium position v,, a capacitance change AC
is produced which is related to V’,,, by

AC(NEy

Vv, = Cae (3.11)
since C,>AC(t). It should be noted that the sensor sensitivity is
proportional to the polarisation voltage &, but inversely proportional to
thetotal capacitance C, + C

From equation (3.11) the output V,,,, 1s clearly zero when AC(r) = 0,Le.
when the capacitorplates are at rest in any equilibrium position. Thus the
circuit of figure 3.14 does not allow static pressure measurements to be
made. If vy) is varying, however, V,,, will measure the motion. Microphones
do not usually need to measure sound frequencies below about 20 Hz, for
whichthis circuit is entirely adequate.

Differential capacitancesensors If a ‘push-pull’ or differential capacitive
sensor is to be used the arrangement shown in figure 3.17 will allow the
measurement of static deflections and hence of static pressures. A thin



52 AUTOMOTIVE SENSORS 
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Figure 3.17 Push-pull capacitor sensor. 

diaphragm acts as the movable plate and is held between a pair of fixed 
electrodes. With equal pressures applied to the two ports the diaphragm is 
centred and the out-of-balance voltage VOlll is zero. If the pressures are 
different the diaphragm deflects, one capacitor increasing in value and one 
decreasing. VOllI is then a sinusoidal signal with an amplitude which is 
proportional to the applied pressure. If the pressure difference is reversed 
VOllI undergoes a 1800 phase change. A direction-sensitive DC output can 
therefore be obtained by conventional phase-sensitive demodulation and 
filtering. 

Linear feedback method A useful method of circumventing the 
nonlinearity inherent in equation (3.9) is shown in figure 3.18. A capacitive 
sensor is connected as the feedback component in an operational 
amplifier. Op-amp circuits may be analysed by assuming the following [4]: 

(i) The inputs draw such a small current that it may be assumed to be 
negligible. 

(ii) Since the open-loop gain is very high, the inputs can be assumed to 
be at the same voltage. 

~ fldt C
r 

In 

Thus we can write 

~ f Isdt 
C, 

lin + Is - lAB 

Manipulation then gives 

= _ 1 fIsdt = 
Cs 

o = lin + Is. 

- -l-f I dt C In 
S 

=: Ky 

Eo (3.12) 

(3.13) 

where K is a constant. Equation (3.13) shows that the amplitude of VOUI is 
directly proportional to the plate separation y. Linearity is therefore 
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Figure 3.17 Push-pull capacitor sensor.

diaphragm acts as the movable plate and is held between a pair of fixed
electrodes. With equal pressures applied to the two ports the diaphragm is
centred and the out-of-balance voltage V,,, is zero. If the pressures are
different the diaphragm deflects, one capacitor increasingin value and one
decreasing. V,,, is then a sinusoidal signal with an amplitude which is
proportional to the applied pressure. If the pressure difference is reversed
Vou undergoes a 180° phase change. A direction-sensitive DC output can
therefore be obtained by conventional phase-sensitive demodulation and
filtering.

Linear feedback method A useful method of circumventing the
nonlinearity inherent in equation (3.9) is shownin figure 3.18. A capacitive
sensor is connected as the feedback component in an operational
amplifier. Op-amp circuits may be analysed by assuming the following[4]:

(i) The inputs drawsuch a small current that it may be assumed to be
negligible,

(ii) Since the open-loop gain is veryhigh, the inputs can be assumed to
be at the same voltage.

Thus we can write 1
ff tact = £y- Exp = £&

edCc.

Lia

Vout 3 Exp = Vv
‘out

 

7 Inp =0= fa 3 I.

Manipulation then gives

1 1 Cc
Von = —|ude = -—I] “Lae = -— &, (3.12)

CG Cc, Cc,

CyyE, .Vout oS yo - Ky (3.13)
EyA

whereKis a constant. Equation (3.13) shows that the amplitude of V,,, is
directly proportional to the plate separation y. Linearity is therefore
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Figure 3.18 Feedback capacitive sensor circuit. 

achieved for both small and large displacements. Eo is usually between 10 
and 100 kHz, with 50 kHz being typical. The output VOU I is also a 50 kHz 
sinusoid, which is often rectified to provide a DC voltage. 

Oscillator circuits A common approach is to use a capacitive sensor to 
determine the frequency of operation of an oscillator. Figure 3.19 shows 
one approach. The circuit is known as a relaxation oscillator. The op-amp 
is assumed to be ideal and to be supplied from equal and opposite DC 

voltages Vs' The circuit is essentially a differential amplifier, so if the 
differential input V A B is positive, VOUI will limit at + Vs, and vice versa. 

When the circuit is switched on Vout will go to one of the supply voltages 
VS' (It is impossible to predict which one, and in any case it does not 
matter.) Assume that VOU I equals + VS' The non-inverting terminal A is 
connected to the mid-point of the potential divider formed by R J and R'2' If 
we define the potential divider ratio as ~, where 

it is obvious that the voltage at the inverting terminal V A must always 
equal ~ Vout . So at switch-on VA = +~ VS' Figure 3.20 shows the voltages Vout 

and V A at switch-on when time t = O. At switch-on the capacitor C (which 
is the sensor) is uncharged, so VB equals zero as indicated. 

R 

Supply vol tages + V, ,-v, 

Figure 3.19 Relaxation oscillator. 
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Figure 3.18 Feedback capacitive sensor circuit.

achieved for both small and large displacements. £) is usually between 10
and 100 kHz, with 50 kHz being typical. The output V,,, is also a 50 kHz
sinusoid, whichis often rectified to provide a Dcvoltage.

Oscillator circuits A common approachis to use a capacitive sensor to
determine the frequencyof operation of an oscillator. Figure 3.19 shows
one approach. The circuit is known as a relaxation oscillator. The op-amp
is assumed to be ideal and to be supplied from equal and opposite pc
voltages V,. The circuit is essentially a differential amplifier, so if the
differential input V,, is positive, V,,, will limit at +V,, and vice versa.

Whenthecircuit is switched on V,,,, will go to one of the supply voltages
V,. (It is impossible to predict which one, and in anycase it does not
matter.) Assume that V,,, equals +V,. The non-inverting terminal A is
connectedto the mid-point of the potential divider formed by R, and R,. If
we define the potential dividerratio as B, where

R;

R, +R;

it is obvious that the voltage at the inverting terminal V, must always
equal BV,,,. So at switch-on V, = +BV,. Figure 3.20 showsthe voltages V,,,,
and V, at switch-on when time ¢ = 0. At switch-on the capacitor C (which
is the sensor) is uncharged, so V, equals zeroas indicated.

B =

 

Figure 3.19 Relaxation oscillator,
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Vout 

Figure 3.20 Relaxation oscillator waveforms. 

The initial voltage across the feedback resistor R is Vs' A current i flows 
through R, and begins to charge C. As a consequence VB begins to rise 
exponentially towards V" with a time constant T = RC. However, when VB 
passes through [3 Vaut the inverting input becomes more positive than the 
non-inverting input A. This means that the differential input V AB is now 
negative, so the circuit switches at t1 to Vaut = - Vs' We now have 

Vaut - Vs 
VB = +[3Vs 

and 
VA = [3Vaut = -[3Vs' 

The current i through Rand C is now reversed, and noting the voltages at 
either end of R we have 

i = (Vs + [3Vs)/R. 

Va will now fall exponentially towards - Vs (see the graph of VB from tl to 
t2 in figure 3.20). As soon as VB passes through -[3Vs' VAB becomes 
positive, and the cycle begins again. 

To calculate the output frequency refer to figure 3.21. At t1 we have 

i = Vs + [3Vs 

R 

Immediately before the transition at t2, VB has fallen to - [3 Vs' Therefore 
the voltage across R is Vs - [3 V" and i has fallen to 

Vs - [3Vs 

R 
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Vout

  
 

 
Ve

BY, | -T=RE

f, c= =e-BV

Figure 3.20 Relaxation oscillator waveforms.

Theinitial voltage across the feedback resistor R is V,. A current i flows
through R, and begins to charge C. As a consequence V, begins to rise
exponentially towards V,, with a time constant t = RC. However, when V,
passes through BY,the inverting input becomes more positive than the
non-inverting input A. This meansthat the differential input V,, is now
negative, so the circuit switchesat f, to V,,, = —V,. We nowhave

Moot = ™ Vv,
Va = +BY,

and

Va = BV our = ba BY..

The current / through R and C is nowreversed, and noting the voltages at
either end of R we have

i = (V,+BV,)/R.

Vz will now fall exponentially towards —V, (see the graph of V, from ¢, to
t, in figure 3.20). As soon as V, passes through —BY,, Vag, becomes
positive, and the cycle begins again.

To calculate the output frequencyrefer to figure 3.21. At 4, we have

V, + BY,

ae

Immediately before the transition at t,, V, has fallen to —BV,. Therefore
the voltage across R is V, — BV,, and i hasfallen to

Vv, ~ BY,

z ;

i=
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R R 

\r-- -- +v, ,------v, 

[ [ 

( a) ( b) 

Figure 3.21 Relaxation oscillator timing network: (a) at switch-on; 
(b) immediately after switching to - Vs' 
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Using these two current values and the fact that a capacitor discharge is 
exponential, we have 

Therefore 

and 

~(1- ~) 
R 

e+T1RC = 

~ (1 + ~) e- T1R C • 
R 

1+~ 
1 - ~ 

T = RCln(~) 
1 - ~ 

where T is the time taken by half a cycle of the complete waveform. The 
output frequency (which is a function of C if R is jCixed) is 

1 
foul = 2T' 

An alternative to the relaxation oscillator is to use the sensor as the 
capacitive element in an LC oscillator of the Hartley or Colpitts type [8]. 
In the latter case it may be necessary to add extra parallel capacitance to 
the transducer, which will reduce the fractional change in frequency Ac/e. 

A possible disadvantage of the LC oscillator is the fact that the period T 
depends on the square root of e. However, if the fractional change in Cis 
small, the relationship between T and C will be reasonably linear. For 
good accuracy it is obviously essential that the inductor L is stable in value 
and has a stable temperature coefficient. 

An advantage of the LC circuit as compared with the relaxation 
oscillator is that because of the high circuit Q phase jitter is reduced. 
However, the disadvantage of a high Q is that the system responds more 
slowly to changes in C. . 

3.5 PRESSURE SWITCHES 

Pressure switches are sometimes required in automotive engineering. 
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R R/ f

OV » ‘ M\— vy, +BY, —W\— —-+l,| ; \/ . Vv

o— \, Vout r —V, ‘pul
ae toe|

| |
= L

(a) (5)

Figure 3.21 Relaxation oscillator timing network: (a) at switch-on;
(b) immediatelyafter switching to — V,.

Using these twocurrent values and the fact that a capacitor discharge is
exponential, we have

V V.s(¢—ay =i 46ye-nec.rR’ P aS B)e
 

Therefore
1

et TRE — We
and  

T = RCin( 2*8|i-p/
where 7is the time taken byhalf a cycle of the complete waveform. The
output frequency(which is a function of Cif Ris fixed) is

1

or
An alternative to the relaxation oscillator is to use the sensor as the

capacitive element in an LCoscillator of the Hartley or Colpitts type [8].
In the latter case it may be necessary to add extra parallel capacitance to
the transducer, whichwill reduce the fractional change in frequency AC/C.

A possible disadvantage of the LCoscillatoris the fact that the period T
depends onthe square root of C. However, if the fractional change in Cis
small, the relationship between T and Cwill be reasonably linear, For
good accuracyit is obviously essential that the inductor Lis stable in value
and has a stable temperature coefficient.

An advantage of the LCcircuit as compared with the relaxation
oscillator is that because of the high circuit Q phase jitter is reduced.
However, the disadvantage of a high Q is that the system responds more
slowly to changesin C.

Four =

3.5 PRESSURE SWITCHES

Pressure switches are sometimes required in automotive engineering.
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These normally have the function of indicating when a preset pressure 
threshold is passed. Examples include engine oil pressure sensors, brake 
hydraulic system sensors and simple tyre pressure monitoring systems 
where a minimum pressure is detected. Most pressure sensors are 
diaphragm-based and rely upon the diaphragm deflection being sufficient 
to close (or open) a contact. The threshold pressure is dictated by the 
diaphragm geometry, and is not usually adjustable by the user. Silicon 
micromachined pressure switches are available which can be used in 
applications where size or cost restricts the use of conventional pressure 
sensors. Pressure switches are generally cheaper than pressure sensors, 
since no strain gauges or interconnections are needed. A typical device is 
shown in figure 3.22. The diaphragm is typically 1 mm across and is 
fabricated from silicon as described in section 3.2.1. Instead of diffusing 
resistors into the silicon to measure strain, a metal pattern is deposited in 
an etched shallow well. 

The setpoint (i.e. the pressure at which the contacts close) is adjusted 
during manufacture by a process known as electrical trimming. The metal 
pattern consists of a regular series of raised metal contacts as shown in the 
diagram. Clearly, when pressure is applied the contacts at the centre of the 
diaphragm will close first. As th·e pressure is increased contacts further 
away from the centre will close in succession. Each metal contact is 
manufactured to include a micromachined fuse, which can be blown by 
applying a voltage pulse. Thus if a switch is required to operate at low 
pressure, no fuses are blown. If a high-pressure switch is required some of 
the central fuses are blown, ensuring that a larger force has to be applied 
before a valid switch connection is made. 

Pressure switches are generally more robust than pressure sensors, since 
the glass substrate provides an integral overforce protection for the silicon 
diaphragm. 

The main disadvantage of this type of pressure· switch is that the current 
through a pair of contacts must be smaller than that which is required to 
blow a fuse. For this reason commercial devices often include a transistor 
switching stage. 

Figure 3.22 Cross section of a silicon pressure switch. 
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These normally have the function of indicating when a preset pressure
threshold is passed. Examples include engine oil pressure sensors, brake
hydraulic system sensors and simple tyre pressure monitoring systems
where a minimum pressure is detected. Most pressure sensors are
diaphragm-based and rely upon the diaphragm deflection being sufficient
to close (or open) a contact. The threshold pressure is dictated by the
diaphragm geometry, and is not usually adjustable by the user. Silicon
micromachined pressure switches are available which can be used in
applications where size orcost restricts the use of conventional pressure
sensors. Pressure switches are generally cheaper than pressure sensors,
since no strain gauges or interconnections are needed. A typical device is
shown in figure 3.22, The diaphragm is typically 1mm across and is
fabricated from silicon as described in section 3.2.1. Instead of diffusing
resistors into the silicon to measure strain, a metal pattern is deposited in
an etched shallow well.

The setpoint (i.e. the pressure at which the contacts close) is adjusted
during manufacture by a process knownaselectrical trimming. The metal
pattern consists of a regular series of raised meta] contacts as shownin the
diagram. Clearly, when pressure is applied the contacts at the centre ofthe
diaphragm will close first. As the pressure is increased contacts further
away from the centre will close in succession, Each metal contact is
manufactured to include a micromachined fuse, which can be blown by
applying a voltage pulse. Thus if a switch is required to operate at low
pressure, no fuses are blown. If a high-pressure switch is required some of
the central fuses are blown, ensuring that a larger force has to be applied
before a valid switch connection is made.

Pressure switches are generally more robust than pressure sensors, since
the glass substrate provides an integral overforce protection for the silicon
diaphragm.

The main disadvantageof this type of pressure switch is that the current
through a pair of contacts must be smaller than that which is required to
blow a fuse. For this reason commercial devices often include a transistor

switching stage.

| \ Diaphragm | |\ /\ / |\ Contact /\ | 4 2 / Silicon

  
Figure 3.22 Cross section ofa silicon pressure switch.
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3.6 ENVIRONMENTAL CONSIDERATIONS 

57 

Automotive pressure sensors have to function in a particularly hostile 
environment. They are subjected to extremes of temperature (typically 
from -40 to +140 0c), vibration, electromagnetic interference and 
chemical attack. Pressure measurements may be required in water, oil, 
hydraulic fluid and air. Some of these fluids will attack some types of 
diaphragm, and special precautions may be necessary as a consequence. 
The sensor may be required to operate in a high-frequency, high-intensity 
electromagnetic environment. Electrical connections can also cause 
problems if small signals are to be transmitted. For these last two reasons 
it is desirable to include as many of the signal conditioning functions as 
possible within the sensor housing. The' intention of this section is to 
indicate some of the likely areas in which problems may occur, and to 
outline some of the solutions. 

3.6.1 Chemical Attack 

The diaphragm material which is most immune to chemical attack is 
undoubtedly stainless steel. Stainless steel diaphragms can readily be made 
with diameters as small as 3 mm and with a minimum thickness of 0.01 mm 
or less. Steel diaphragms may be electron-beam welded to the sensor 
housing to provide an impermeable and rugged seal. However, they are 
often strain-gauged manually, and this leads to a high unit cost which is 
often unacceptable in automotive applications. 

Silicon diaphragms may be made cheaply by micromachining (see 
section 3.2) and can have piezoresistors diffused onto the surface as part of 
the manufacturing process. The unit cost of a silicon pressure sensor in 
mass production is very low, and they can be made extremely small with 
active diaphragm diameters down to 0.5 mm. The sensor package can 
include sophisticated signal conditioning functions, which are fabricated 
by the same processes used to form the diaphragm and its associated 
piezoresistors. However, silicon is attacked by water and many other 
fluids, and it is generally unwise to expose silicon directly to the fluid in 
which pressure is to be sensed. 

Thick-film piezoresistors on stainless steel offer a compromise between 
the approaches described above. The strain-gauging is to some extent 
automated, since a printing process is used (see chapter 9), and the strain 
gauges are of lower cost than the bonded foil type. Signal conditioning 
circuits may be included by the creation of a thick-film hybrid device. 
However, the size of a thick-film-on-steel pressure sensor is larger than 
that of a 'comparable silicon device. 
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3.6 ENVIRONMENTAL CONSIDERATIONS

Automotive pressure sensors have to function in a particularly hostile
environment. They are subjected to extremes of temperature (typically
from —40 to +140°C), vibration, electromagnetic interference and
chemical attack. Pressure measurements may be required in water, oil,
hydraulic fluid and air. Some of these fluids will attack some types of
diaphragm, and special precautions may be necessary as a consequence.
The sensor maybe required to operate in a high-frequency, high-intensity
electromagnetic environment. Electrical connections can also cause
problemsif small signals are to be transmitted. For these last two reasons
it is desirable to include as manyof the signal conditioning functions as
possible within the sensor housing. The’ intention of this section is to
indicate some ofthe likely areas in which problems may occur, and to
outline some ofthe solutions.

3.6.1 Chemical Attack

The diaphragm material which is most immune to chemical attack is
undoubtedlystainless steel. Stainless steel diaphragms can readily be made
with diameters as small as 3 mm and with a minimumthickness of 0.01 mm

or less. Steel diaphragms may be electron-beam welded to the sensor
housing to provide an impermeable and rugged seal. However, they are
often strain-gauged manually, and this leads to a high unit cost whichis
often unacceptable in automotive applications.

Silicon diaphragms may be made cheaply by micromachining (see
section 3.2) and can have piezoresistors diffused onto the surface as part of
the manufacturing process. The unit cost of a silicon pressure sensor in
mass production is very low, and they can be made extremely small with
active diaphragm diameters down to 0.5mm. The sensor package can
include sophisticated signal conditioning functions, which are fabricated
by the same processes used to form the diaphragm andits associated
piezoresistors. However, silicon is atiacked by water and manyother
fluids, and it is generally unwise to exposesilicon directly to the fluid in
which pressure is to be sensed.

Thick-film piezoresistors on stainless steel offer a compromise between
the approaches described above. The strain-gauging is to some extent
automated, since a printing process is used (see chapter 9), andthe strain
gauges are of lower cost than the bondedfoil type. Signal conditioning
circuits may be included by the creation of a thick-film hybrid device.
However, the size of a thick-film-on-steel pressure sensoris larger than
that of a comparable silicon device.
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A number of techniques are adopted which enable the user to profit 
from the benefits of silicon while also enjoying the ruggedness and 
immunity to chemical attack provided by stainless steel. The first of these 
involves the use of two diaphragms and silicone oil as a pressure
transmitting medium. Figure 3.23(a) shows the arrangement. Silicone oil is 
chemically inert, and a silicon device can safely be exposed to it with no 
possibility of damage. The silicon sensor is mounted within a stainless steel 
shell, sealed at the front by a welded stainless steel diaphragm. Pressure in 
the working fluid causes this diaphragm to deflect, which causes similar 
pressure variations to appear in the silicone oil. The silicon diaphragm 
senses the pressure in the silicone oil, rather than that in the (potentially 
damaging) working fluid. The electrical connections to the device are 
sealed by means of a glass feed-through. 

An alternative approach is to use a flexible silicone rubber barrier 
(often called a 'sock') to contain the silicone oil as shown in figure 
3.23(b ). 

( a) 

• • 

(b) 

Pressure 

J J 

Silicon oil 

Silicon diaphragm 
with strai n gauges 

Glass feed-through 

Silicone oil 

• J 

Silicon rubber'sock' 

Figure 3.23 (a) Double diaphragm for chemical protection. (b) 
Silicone rubber sock to protect the sensor. 
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A number of techniques are adopted which enable the user to profit
from the benefits of silicon while also enjoying the ruggedness and
immunity to chemical attack provided bystainless steel. The first of these
involves the use of two diaphragms and silicone oil as a pressure-
transmitting medium. Figure 3.23(a) shows the arrangement.Siliconeoil is
chemically inert, and a silicon device can safely be exposed to it with no
possibility of damage. Thesilicon sensor is mounted within a stainless steel
shell, sealed at the front by a weldedstainless steel diaphragm. Pressure in

i the working fluid causes this diaphragm to deflect, which causes similar
pressure variations to appear in the silicone oil. The silicon diaphragm
senses the pressure in the silicone oil, rather than that in the (potentially
damaging) working fluid. The electrical connections to the device are
sealed by meansofa glass feed-through.

An alternative approach is to use a flexible silicone rubber barrier
(often called a ‘sock’) to contain the silicone oil as shown in figure
3,.23(b).

ray Pressure

Jiuvls sd
Stainless steel diaphragm

l Silicon oil ae |

Ps rel
(3 Silicon diaphragm 3 |
| with strain gauges ~

Glass feed-through

Silicone oil

Pressuresensor  
 
 
 

Silicon rubber sack

Figure 3.23 (a) Double diaphragm for chemical protection. (5)
Silicone rubbersock to protect the sensor,  
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3.6.2 Overrange Effects 

Most pressure transducers will survive exposure to pressures beyond their 
measurement limit without damage. Manufacturers' data sheets usually 
give overrange values, although these are generally very conservative and 
most devices will survive considerably more than the suggested limits. 
However, the effects of transducer resonance must be borne in mind when 
considering overrange limits. If dynamic pressures are to be measured at 
frequencies more than about 30% of the resonance frequency, failure can 
occur as a result of the amplifying effect of mechanical resonance. 

3.6.3 Acceleration Sensitivity 

If a diaphragm is clamped around its edges and the whole assembly is 
accelerated, the diaphragm will deflect. The deflection is a function of the 
diaphragm mass and stiffness. In automotive applications any sensor 
acceleration which causes erroneous readings is likely to result from 
engine or other high-frequency vibrations. The acceleration levels 
resulting from cornering, braking etc are normally too low to affect the 
output of a pressure sensor. An exception is in the area of tyre pressure 
sensing, however, since any sensor attached to a tyre will experience 
centrifugal accelerations up to about 800g, plus shock loadings from 
irregularities in the road surface. 

Well designed commercial pressure sensors have acceleration 
sensitivities of the order of 0.00005% of full-scale per g in the pressure 
sensitive direction. Cross-axis acceleration sensitivities are generally less 
than 20% of that in the sensitive direction. 

3.6.4 Thermal Sensitivity 

All pressure sensors have characteristics which are to some extent 
thermally dependent. The sensitivity, linearity and zero offset can all 
change with temperature. 

Thermal sensitivity changes The manufacturer of a pressure sensor will 
normally provide details of its thermal sensitivity as part of the device's 
datasheet. Typical variations for silicon and stainless steel devices are of 
the order of 1-2% per 100°C. This means that the sensitivity of the sensor 
will change by 1-2% away from the calibrated value for every 100°C by 
which the sensor temperature departs from that at which it was calibrated. 
For example, a sensor with 1 % thermal sensitivity and a nominal 
sensitivity of 1 mVPa- 1 will shift to between 0.99 and 1.01 mVPa- 1 if its 
temperature is changed by 100°C. 

Zero offset shift with temperature Almost all sensors have some 'null 

77

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

PRESSURE SENSORS 59

3.6.2 Overrange Effects

Most pressure transducers will survive exposure to pressures beyondtheir
measurement limit without damage. Manufacturers’ data sheets usually
give overrange values, although these are generally very conservative and
most devices will survive considerably more than the suggested limits.
However, theeffects of transducer resonance must be borne in mind when

considering overrange limits. If dynamic pressures are lo be measured at
frequencies more than about 30%of the resonance frequency,failure can
occuras a result of the amplifying effect of mechanical resonance.

3.6.3 Acceleration Sensitivity

If a diaphragm is clamped around its edges and the whole assemblyis
accelerated, the diaphragmwill deflect, The deflection is a function of the
diaphragm mass and stiffness. In automotive applications any sensor
acceleration which causes erroneous readings is likely to result from
engine or other high-frequency vibrations. The acceleration levels
resulting from cornering, braking etc are normally too lowto affect the |
output of a pressure sensor. An exception is in the area of tyre pressure
sensing, however, since any sensor attached to a tyre will experience
centrifugal accelerations up to about 800g, plus shock loadings from
irregularities in the roadsurface.

Well designed commercial pressure sensors have acceleration
sensitivities of the order of 0.00005% of full-scale per g in the pressure
sensitive direction. Cross-axis acceleration sensitivities are generally less
than 20%ofthat in the sensitive direction.

3.6.4 Thermal Sensitivity

All pressure sensors have characteristics which are to some extent
thermally dependent. The sensitivity, linearity and zero offset can all
change with temperature.

Thermal sensitivity changes The manufacturer of a pressure sensor will
normally provide details of its thermal sensitivity as part of the device's
datasheet. Typical variations for silicon and stainless steel devices are of
the order of 1-2% per 100 °C. This meansthat the sensitivity of the sensor
will change by 1-2% awayfrom the calibrated value for every 100 °C by
which the sensor temperature departs fromthat at whichit wascalibrated.
For example, a sensor with 1% thermal sensitivity and a nominal
sensitivity of 1 mV Pa~' will shift to between 0.99 and 1.01 mV Pa™' ifits
temperature is changed by 100 °C

 
Zero offset shift with temperature Almost all sensors have some‘null
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pressure' or 'baseline' offset. This means that when the device is switched 
on the output will not be exactly zero when no pressure is applied. Zero 
offset values are usually specified in the datasheet, and are typically 10-20 
m V for strain gauge bridge devices. Zero offsets can arise from incorrect 
balancing of the strain gauge bridge during manufacture, or from incorrect 
transducer mounting which results in the diaphragm being placed under 
stress. For example, over-torquing of screw-coupled pressure sensors can 
result in the appearance of an unexpected zero offset. It is common for 
large zero offsets to be present at the transducer output on switch-on, 
which reduce as the sensor 'warms up'. 

Typical thermal changes in zero offset are of the order of 1-2% of full
scale output per 100°C. It should also be borne in mind that any thermal 
zero shift data supplied with a pressure sensor will only be valid for 
equilibrium temperature conditions. If large thermal gradients are present, 
or if rapid temperature changes occur, unpredictable changes in output 
may take place. 

Thermal linearity changes The nonlinearity and hysteresis of a pressure 
sensor's output vary over the full-scale pressure range. Normally the 
manufacturer will provide 'worst-case' figures in the form of a percentage 
deviation from the ideal (straight line) output graph. It is rare for a 
manufacturer to specify the extent of any thermally induced linearity 
change. However, these undoubtedly occur, and if extreme accuracy is 
required the user is well advised to carry out calibration checks at intervals 
across the required operating temperature range. 

3.6.5 Electromagnetic Susceptibility 

Pressure sensors, like all other transducers, are sensitive to radio-frequency 
interference (RFI). Most RFI is carried by the power supply connections, 
although some is also radiated, especially close to the high-voltage ignition 
circuits. The best solution to this is to screen or remove the source of the 
electromagnetic field. However, if this is not feasible the next best 
alternative is to encapsulate the transducer in a container made from a 
conducting material such as stainless steel. This has the subsidiary benefit 
of providing mechanical protection, and can be combined with protecting 
the diaphragm from chemical attack as discussed in section 3.6.1. 

3.7 SUMMARY OF CURRENT AUTOMOTIVE PRACTICE AND 
CONCLUSIONS 

The first automotive pressure measurement was almost certainly of the 
degree of vacuum in the inlet manifold. Mechanical vacuum-operated 
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pressure’ or ‘baseline’ offset. This means that when the device is switched
on the output will not be exactly zero when no pressure is applied. Zero
offset values are usually specified in the datasheet, and are typically 10-20
mV for strain gauge bridge devices. Zero offsets can arise from incorrect
balancing of the strain gauge bridge during manufacture, or fromincorrect
transducer mounting which results in the diaphragm being placed under
stress. For example, over-torquing of screw-coupled pressure sensors can
result in the appearance of an unexpected zero offset. It is commonfor
large zero offsets to be present at the transducer output on switch-on,
which reduce as the sensor ‘warmsup’.

Typical thermal changes in zero offset are of the order of 1-2% offull-
scale output per 100 °C. It should also be borne in mind that any thermal
zero shift data supplied with a pressure sensor will only be valid for
equilibrium temperature conditions.If large thermal gradients are present,
or if rapid temperature changes occur, unpredictable changes in output
may take place.

Thermal linearity changes The nonlinearity and hysteresis of a pressure
sensor’s output vary over the full-scale pressure range. Normally the
manufacturer will provide ‘worst-case’ figures in the form of a percentage
deviation from the ideal (straight line) output graph. It is rare for a
manufacturer to specify the extent of any thermally induced linearity
change. However, these undoubtedly occur, and if extreme accuracyis
required the user is well advised to carry out calibration checksat intervals
across the required operating temperature range.

3.6.5 Electromagnetic Susceptibility

Pressure sensors, like all other transducers, are sensitive to radio-frequency
interference (RFI). Most RFI is carried by the power supply connections,
although someis also radiated, especially close to the high-voltage ignition
circuits. The best solution to this is to screen or remove the source of the

electromagnetic field. However, if this is not feasible the next best
alternative is to encapsulate the transducer in a container made from a
conducting material suchas stainless steel. This has the subsidiary benefit
of providing mechanical protection, and can be combined with protecting
the diaphragmfrom chemical attack as discussed in section 3.6.1.

3.7 SUMMARY OF CURRENT AUTOMOTIVE PRACTICE AND
CONCLUSIONS

The first automotive pressure measurement was almost certainly of the
degree of vacuum in the inlet manifold. Mechanical vacuum-operated
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'advance and retard' mechanisms were introduced in the 1920s, and 
dominated the design of ignition timing control systems until the early 
1970s. A number of early manifold absolute pressure (MAP) sensors were 
based on diaphragms or bellows, and used potentiometers to transduce 
motion into an electrical form. However, these systems were often 
unreliable, and they were rapidly superceded by silicon devices as soon as 
these became widely available. 

A number of designs of MAP sensor have been used in the last two 
decades, including devices based on capacitive, inductive, potentiometric 
and strain gauge techniques. The most widely used devices employ a 
silicon diaphragm, with either diffused piezoresistive strain gauges [9] or 
capacitance deflection sensing [6]. Silicon micromachining techniques 
produce rugged devices which stand up well to the rigours of an 
automotive environment. If large numbers are to be produced the unit 
costs can be quite low. However, it is a common fallacy to suppose that 
automotive products are manufactured in large numbers. For example, in 
1991 Ford produced about 1.5 million vehicles in Europe. If a pressure 
sensor is required for use in a particular model, the resulting annual 
demand of a few hundred thousand devices , although large by automotive 
standards, is seen as small by electronic component makers, who are used 
to producing devices by the million. 

A technology which seems likely to grow in importance as a result of the 
figures given above is the fabrication of thick-film devices. As explained in 
section 3.2, the costs of setting up a thick-film production facility are much 
lower than those for silicon, and the initial outlay involved in designing a 
new device is greatly reduced. Thus, the unit costs are reasonable even if 
only a few thousand devices are required. In many automotive 
applications space is not a real constraint, so the larger size of a thick-film 
pressure sensor is not too inconvenient. Thick-film can, in general, match 
the environmental performance of silicon. 

The automotive applications of pressure sensors have broadened from 
the control of ignition timing to include a wide range of other parameters. 
Pressure switches are common to warn of loss of engine lubricant or 
hydraulic failure. In pressurised cooling systems pressure switches are 
often used to detect the fact that a leak has occurred, before all the 
coolant is lost. Pressure measurements are often used to control turbo 
boost pressure and for altitude compensation. In vehicles fitted with 
r ctive-suspension systems a pressure sensor may be required to control 

E riable-stiffnes air springs or possibly adjustable dampers. Some forms 
of engine knock sensor are pressure based [10]. It appears likely that some 
form of tyre pressure monitoring will be introduced in the near future. 

Efforts will undoubtedly continue to develop better sensors with more 
inbuilt intelligence. It may be that optical sensors for automotive use in 
severe electromagnetic environments will appear. However, before this 
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‘advance and retard’ mechanisms were introduced in the 1920s, and

dominated the design of ignition timing control systems until the early
1970s. A number of early manifold absolute pressure (MAP) sensors were
based on diaphragms or bellows, and used potentiometers to transduce
motion into an electrical form. However, these systems were often
unreliable, and they were rapidly superceded bysilicon devices as soon as
these became widelyavailable.

A number of designs of Map sensor have been used in the last two
decades, including devices based on capacitive, inductive, potentiometric
and strain gauge techniques. The most widely used devices employ a
silicon diaphragm, with either diffused piezoresistive strain gauges [9] or
capacitance deflection sensing [6]. Silicon micromachining techniques
produce rugged devices which stand up well to the rigours of an
automotive environment. If large numbers are to be produced the unit
costs can be quite low. However, it is a commonfallacy to suppose that
automotive products are manufacturedin large numbers. For example, in
1991 Ford produced about 1.5 million vehicles in Europe. If a pressure
sensor is required for use in a particular model, the resulting annual
demandof a few hundred thousand devices, although large by automotive
standards, is seen as small by electronic component makers, who are used
to producing devices by the million.

A technology which seemslikely to growin importanceas a result of the
figures given aboveis the fabrication ofthick-film devices. As explained in
section 3.2, the costs ofsetting up a thick-film production facility are much
lower than those for silicon, and the initial outlay involvedin designing a
newdevice is preatly reduced. Thus, the unit costs are reasonable evenif
only a few thousand devices are required. In many automotive
applications space is not a real constraint, so the larger size of a thick-film
pressure sensor is not too inconvenient. Thick-film can, in general, match
the environmental performance of silicon.
~ The automotive applications of pressure sensors have broadened from
the control of ignition timing Lo include a wide range of other parameters.
Pressure switches are common to warn ofloss of engine lubricant or
hydraulic failure. In pressurised cooling systems pressure switches are
often used to detect the fact that a leak has occurred, before all the
coolant is lost. Pressure measurements are often used to control turbo

boost pressure and for altitude compensation. In vehicles fitted with
active-suspension systems a pressure sensor may be required to control
variable-stiffness air springs or possibly adjustable dampers. Some forms
of engine knock sensor are pressure based [10]. It appearslikely that some
form of tyre pressure monitoring will be introducedtn the near future.

Efforts will undoubtedly continue to develop better sensors with more
inbuilt intelligence. It may be that optical sensors for automotive use in
severe electromagnetic environments will appear. However, before this
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can happen improvements in the temperature capability of fibre optics are 
required. In the meantime the trend toward silicon in both its conventional 
and thick-film forms will undoubtedly accelerate, leading to the 
appearance of 'smart' sensors, in which the output appears in digital form. 
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can happen improvements in the temperature capability of fibre optics are
required. In the meantime the trend towardsilicon in both its conventional
and thick-film forms will undoubtedly accelerate, leading to the
appearanceof ‘smart’ sensors, in which the output appears in digital form.
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Air Flow Sensors 

Information on the air flow into an internal combustion engine is essential 
if the engine air-fuel ratio and therefore the combustion are to be 
effectively controlled. 

In the older carburettor-type engines, the air flow across the carburettor 
jet was sufficient to induce fuel into the air stream, and by using jets with 
different size holes it was possible to adjust the air-fuel ratio to be 
approximately correct over the hot working range of the engine; 
additional or variable jets, as in the SU carburettor, being used for 
operation under conditions of acceleration or cold start. 

With the advent of emission controls it rapidly became clear that by 
using carburettors alone it was not possible to control the air-fuel ratio 
accurately enough to meet the critical requirements of the exhaust 
catalyst. The only solution was to use fuel injection together with a 
method of separately and continuously measuring the mass of air entering 
the engine. 

The first method to be tried made use of a sensor to measure 
inlet manifold vacuum pressure (described in chapter 3), from which air 
mass flow can then be calculated from a knowledge of the volumetric flow 
rate of the engine, the rotational speed and the air density. This method is 
known as 'speed density' measurement. It is necessary to measure 
air temperature to calculate air density; the measurement accuracy 
obtained is adversely affected by pressure variations caused by resonances 
in the manifold, by the effect of reverse flow conditions in some types 
of engine and by engine variability in manufacturing and subsequent 
wear. 

For these reasons the direct measurement of air mass flow into the 
engine manifold has for many years been considered to be a better and 
more accurate approach, and this chapter will describe five of the air mass 
flow sensors which have been developed. Of the sensors considered only 
the hot-wire device measures air mass flow directly, the other devices 
described measure volume flow or velocity and require the calculations 
shown in each section to obtain a mass flow measurement. 
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Information on the air flowinto an internal combustion engineis essential
if the engine air-fuel ratio and therefore the combustion are to be
effectively controlled.

In the older carburettor-Lype engines, the air flow across the carburettor
jet was sufficient to induce fuel into the air stream, and by using jets with
different size holes it was possible to adjust the air—fuel ratio to be
approximately correct over the hot working range of the engine:
additional or variable jets, as in the SU carburettor, being used for
operation under conditions of acceleration or coldstart.

With the advent of emission controls it rapidly became clear that by
using carburettors alone it was not possible to control the air-fuel ratio
accurately enough to meet the critical requirements of the exhaust
catalyst. The only solution was to use fuel injection together with a
method of separately and continuously measuring the mass ofair entering
the engine.

The first method to be tried made use of a sensor to measure

inlet manifold vacuum pressure (described in chapter 3), from whichair
mass flow can then be calculated from a knowledge of the volumetric flow
rate of the engine, the rotational speed andthe air density. This methodis
known as ‘speed density’ measurement. It is necessary to measure
air temperature to calculate air density; the measurement accuracy
obtained is adversely affected by pressure variations caused by resonances
in the manifold, by the effect of reverse flow conditions in some types
of engine and by engine variability in manufacturing and subsequent
wear.

For these reasons the direct measurement of air mass flow into the

engine manifold has for many years been considered to be a better and
more accurate approach, and this chapter will describefive of the air mass
flow sensors which have been developed. Of the sensors considered only
the hot-wire device measures air mass flow directly, the other devices
described measure volume flowor velocity and require the calculations
shownin each section to obtain a mass flow measurement.
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Output 

Figure 4.1 Bosch air vane sensor. 

4.1 VANE AIR METER 

The first and still probably the most widely used device is the vane air flow 
meter developed by Bosch. In this device a pivoted vane is placed in the 
airstream (see figure 4.1) and deflects against spring pressure according to 
air flow. It is coupled to a potentiometer which produces an analogue 
voltage dependent on vane deflection. 

The operation of the vane-type air flow meter is based on the Bernoulli 
equation and produces an output signal which is proportional to air flow 
volume and the square root of air density. It is necessary to measure inlet 
air temperature to enable air density to be determined and air mass flow 
to be calculated. Two major problems exist with the device; the first of 
these is that the vane obstructs the air inlet to a degree dependent on air 
flow rate which causes. a reduction in engine efficiency. The second 
problem is that the device has significant mechanical inertia which leads to 
slow response of the order of 100 ms to step transients with the result that 
air-fuel ratio calculation during transients has to be done without 
adequate information about air mass flow. It has, however, proved to be a 
very valuable sensor for a whole generation of fuel-injected engines. By 
1993, however, the vane-type air flow meter was being progressively 
replaced by the developed hot-wire mass air flow meter which is described 
in the next section. 

4.2 HOT·WIRE MASS AIR FLOW METER 

The hot-wire mass air flow meter relies on the fact that a heated body in 
an air flow will lose heat at a rate related to the mass and velocity of the 
air flowing over it and the temperature difference between the wire and 
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Figure 4.1 Boschair vane sensor.

4.1 VANE AIR METER

Thefirst and still probably the most widely used device is the vane air flow
meter developed by Bosch. In this device a pivoted vane is placed in the
airstream (see figure 4.1) and deflects against spring pressure according to
air flow. It is coupled to a potentiometer which produces an analogue
voltage dependent on vane deflection.

The operation of the vane-type air flow meteris based on the Bernoulli
equation and produces an output signal which is proportional to air flow
volume and the square root of air density. It is necessary to measureinlet
air temperature to enable air density to be determined and air mass flow
to be calculated. Two major problems exist with the device; the first of
these is that the vane obstructs the air inlet to a degree dependent onair
flow rate which causes, a reduction in engine efficiency. The second
problem is that the device has significant mechanical inertia which leads to
slow response ofthe orderof 100 msto step transients with the result that
air—fuel ratio calculation during transients has to be done without
adequate information about air mass flow. It has, however, proved to be a
very valuable sensor for a whole generation of fuel-injected engines. By
1993, however, the vane-type air flow meter was being progressively
replaced by the developed hot-wire massair flow meter which is described
in the next section.

4.2 HOT-WIRE MASS AIR FLOW METER

The hot-wire massair flow meter relies on thefact that a heated body in
an air flow will lose heat at a rate related to the mass and velocity of the
air flowing over it and the temperature difference between the wire and
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the air. In its original form as developed by Bosch, a wire, usually of 
platinum, is suspended in the air flow to be measured and heated 
electrically to a temperature significantly higher than the air temperature. 
If the temperature difference between the air and the hot wire is 
maintained constant by controlling the current flow in the hot wire then 
the following relationship exists 

J2=A+B~ 
where A and B are constants, I is the heating current through the hot wire 
and Go is the mass air flow rate. This direct measurement of mass air flow 
rate is one particular advantage of this method over the vane meter, the 
other is its fast response, of the order of 1-2 ms for a freely suspended wire 
and less than 10 ms when the wire is wound or a conductive film deposited 
on a bobbin as in the version developed by Hitachi. 

The first mass air flow meter using the hot-wire principle for engine 
control [1] used a single platinum wire suspended in the centre of the inlet 
manifold with an upstream temperature sensor for incoming air (see figure 
4.2). The wire was found to be susceptible to surface contamination which 
modified its heat transfer function and therefore its measurement 
accuracy, and a strategy was devised in which the wire was briefly heated 
to a much higher temperature than normal when the engine was started or 
stopped to 'burn-off' any contamination. This action was found to be 
effective, but the single exposed wire was also vulnerable to mechanical 
damage, particularly from engine backfire, and a new arrangement in 
which the hot wire was wound on a small ceramic bobbin and placed in a 
by-pass passage in the inlet manifold (figure 4.3) was developed by Hitachi 

screen 

ElectrICal 
connec tor 

I 
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Figure 4.2 Hot-wire sensor (in main inlet) 
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the air. In its original form as developed by Bosch, a wire, usually of
platinum, is suspended in the air flow to be measured and heated
electrically to a temperaturesignificantly higher than the air temperature.
If the temperature difference between the air and the hot wire is
maintained constant by controlling the current flow in the hot wire then
the following relationship exists

P=A+BNG,

where A and B are constants,/ is the heating current through the hot wire
and G,is the massair flow rate. This direct measurement of mass air flow
rate is one particular advantage of this method over the vane meter, the
other is its fast response, of the order of 1-2 ms fora freely suspendedwire
and less than 10 ms whenthe wire is wound or a conductive film deposited
on a bobbin asin the version developedbyHitachi.

The first mass air flow meter using the hot-wire principle for engine
control [1] used a single platinum wire suspendedin the centre ofthe inlet
manifold with an upstream temperature sensorfor incoming air(see figure
4.2). The wire was found to be susceptible to surface contamination which
modified its heat transfer function and therefore its measurement

accuracy, and a strategy was devised in which the wire was briefly heated
to a muchhigher temperature than normal whenthe engine wasstarted or
stopped to ‘burn-off’ any contamination. This action was found to be
effective, but the single exposed wire was also vulnerable to mechanical
damage, particularly from engine backfire, and a new arrangement in
which the hot wire was wound on a small ceramic bobbin andplaced in a
by-pass passage in the inlet manifold(figure 4.3) was developed by Hitachi
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Figure 4.2 Hot-wire sensor (in maininlet) 
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Figure 4.3 Hot-wire sensor (in by-pass passage). 

and found to give similar results to the exposed wire, although with some 
reduction in speed of response to the order of 10 ms. 

More recent sensors have been in the form of platinum deposited in a 
spiral on a tiny ceramic bobbin with a corrosion-proof coating on the 
surface with the adjacent air temperature sensor made in identical form to 
give a closely comparable thermal response under transient conditions. 

The original circuit arrangement for the mass air flow sensor and the 
temperature sensor is shown in figure 4.4. The hot-wire resistance RH 
forms one arm of a Wheatstone bridge circuit and its temperature is 
maintained at 100°C above the ambient temperature of the intake air 
flow. For a typical hot wire the necessary heating current to maintain this 
temperature difference varies from 500 to 1200 rnA depending on the 
quantity of intake air flowing. This heating current is then a measure of 
mass air flow and is measured as a voltage drop across the precision low
temperature-coefficient thin-film resistor R3• The other half of the bridge 
consists of the temperature sensor RK and the relatively high-resistance 
potential dividers R j , Rz. Changes in ambient air temperature then change 
the voltage at point 1 and bridge balance is maintained by using an 
operational amplifier to compare the voltages at points 1 and 2 and using 

: 10.) ------ RK RH 
, '1 - ""1 I 0> 

R, 2S 
1 

r---
Rl RJ lUM 

r-

Figure 4.4 Basic bridge circuit used with hot-wire sensor. 
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Figure 4.3. Hot-wire sensor (in by-pass passage).

and found to give similar results to the exposed wire, although with some
reduction in speed of response to the order of 10 ms.

More recent sensors have been in the form of platinum deposited in a
spiral on a tiny ceramic bobbin with a corrosion-proof coating on the
surface with the adjacent air temperature sensor madein identical form to
give a closely comparable thermal response undertransient conditions.

The original circuit arrangement for the mass air flow sensor and the
temperature sensor is shown in figure 4.4. The hot-wire resistance Ry,
forms one arm of a Wheatstone bridge circuit and its temperature is
maintained at 100°C above the ambient temperature of the intake air
flow. For a typical hot wire the necessary heating current to maintain this
temperature difference varies from 500 to 1200mA depending on the
quantity of intake air flowing. This heating current is then a measure of
mass air flow and is measured as a voltage drop across the precision low-
temperature-coefficient thin-film resistor R;. The other half of the bridge
consists of the temperature sensor Ry, and the relatively high-resistance
potential dividers R,, R;. Changes in ambient air temperature then change
the voltage at point 1 and bridge balance is maintained by using an
operational amplifier to compare the voltages at points 1 and 2 and using
 

   
Figure 4.4 Basic bridge circuit used with hot-wire sensor.
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the output to control the bridge current through the arms RH, R3 and RK , 

R1, R2. During installation the bridge resistor R2 is laser trimmed during 
final testing to calibrate the sensor at a preset air flow level. 

In more recent systems the circuit has been further developed by the use 
of an additional operational amplifier as shown in figure 4.5. With this 
arrangement, the current through the air temperature sensor can be 
suppressed so that measurement of air temperature is not affected by self
heating of the sensor. 

~ Battery 

Output 

Figure 4.5 Circuit diagram for hot-wire (HW) sensor with air 
temperature sensor current suppressed (cw = cold wire) . 

The response curve for a hot-wire system of this type is shown in 
figure 4.6, and it can be seen that there is some reduction in sensitivity 
at higher air flow rates. It is important to maintain as near laminar air flow 
as possible over the hot-wire sensing element if accuracy is to be 
maintained. 

5 

o 200 400 600 800 
Air mass flow rate (kg h-') 

Figure 4.6 Hot-wire sensor operating characteristic. 

A further development used in some situations is the use of a 
voltage-frequency converter to give a digital output from the system. The 
sensor is designed to operate over an air flow range of 0.0035 to 0.14 kgs- 1 

and an operating temperature range of -40 to +125 °C with an accuracy of 
better than ± 4 % ; i~O~~!~st_to the_vane air meter this sensor can 
effectively respond to transient engine conditions. 
- Future development of the sensor, which is being used in increasing 
quantities, is towards the use of matched etched silicon devices for air flow 
and temperature sensing. An example of the configuration is shown in 
figure 4.7. 
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the output to control the bridge current through the arms Ry, R; and Rx,
R,, R;. During installation the bridge resistor R, is laser trimmed during
final testing to calibrate the sensorat a preset air flow level.

In more recent systemsthe circuit has been further developed by the use
of an additional operational amplifier as shown in figure 4.5. With this
arrangement, the current through the air temperature sensor can be
suppressed so that measurementof air temperatureis not affected by self-
heating of the sensor.
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Figure 4.5 Circuit diagram for hot-wire (HW) sensor with air
temperature sensor current suppressed (CW = cold wire).

The response curve for a hot-wire system of this type is shown in
figure 4.6, and it can be seen that there is some reduction in sensitivity
at higherair flow rates. It is important to maintain as near laminarair flow
as possible over the hot-wire sensing element if accuracy is to be
maintained.
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Figure 4.6 Hot-wire sensor operating characteristic.

A further development used in some situations is the use of a
voltage—frequency converter to give a digital output from the system. The
sensor is designed to operate over an air flow range of 0.0035 to 0.14 kgs~!
and an operating temperature range of —40 to +125 °C with an accuracy of
better than +4%; in contrast_to the vane air meter this sensor can
effectively respondto transient engine conditions.

Future development of the sensor, which is being used in increasing
quantities, is towards the use of matched etchedsilicon devices for air flow
and temperature sensing. An example of the configuration is shown in
figure 4.7. 
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IOO~ , 

Figure 4.7 Etched silicon hot-wire sensor (courtesy of Ie Sensors). 

4.3 VORTEX SHEDDING MASS AIR FLOW SENSOR 

Other than the vane air and hot-wire sensors, the only other mass air flow 
sensor used in production engine control systems is that using vortex 
shedding. Although widely used for plant instrumentation (primarily for 
liquids), its use as an automotive mass air flow sen or was first described in 
1976 [2,3]. 

The operation of this device depends on the fact that holding a bluff 
object in a moving air or liquid stream results in the production of vortices 
downstream from the object. This is illustrated in everyday life by the 
motion in wind of a flag attached to a flagpole. In this case the vortices are 
produced alternately behind the flagpole and on either side of the flag and 
cause the usual flapping motioD. As the wind velocity increases the 
number of vortices produced in unit time also increases and the flapping 
frequency increases correspondingly. In a vortex air flow sensor the bluff 
body obstruction produces the characteristic Von Karmeu vortex stream 
shown in figure 4.8. These vortices are usually detected by mean of an 
ultrasonic beam which is transmitted directly across the vortex tream (see 
figure 4.9), although with a suitable design of bluff body with a trailing 
edge it is possible to detect them by strain gauging of the bluff body. 

The signal received at the ultrasonic sensor of figure 4.9 measures the 
varying density of the air between itself and the ultrasonic transmitter, and 
this signal includes not only the signals caused by the passage of the 
vortices, but also information from which air density can be derived. This 
parameter is required because the output from a vortex sbedding flow 
meter is a volumetric measure of the air flow and must be corrected to 
mass flow by calculation using the measured air density. The rotational 
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Figure 4.7 Etchedsilicon hot-wire sensor (courtesy of IC Sensors).

4.3 VORTEX SHEDDING MASS AIR FLOWSENSOR

Other than the vane air and hot-wire sensors, the only other massair flow
sensor used in production engine control systems is that using vortex
shedding, Although widely used for plant instrumentation (primarily for
liquids), its use as an automotive massair flow sensor wasfirst described in
1976 [2,3].

The operation of this device depends on the fact that holding a bluff
object in a movingair or liquid stream results in the production of vortices
downstream from the object. This is illustrated in everyday life by the
motion in wind ofa flag attached to a flagpole. In this case the vortices are
produced alternately behind the flagpole and on eitherside of the flag and
cause the usual flapping motion. As the wind velocity increases the
number of vortices produced in unit time also increases and the flapping
frequencyincreases correspondingly. In a vortex air flowsensorthe bluff
body obstruction produces the characteristic Von Karmen vortex stream
shown in figure 4.8. These vortices are usually detected by means ofan
ultrasonic beam whichis transmitted directly across the vortex stream (see
figure 4.9), although with a suitable design of bluff body with a trailing
edgeit is possible to detect them bystrain gauging ofthe bluff body.

The signal received at the ultrasonic sensor of figure 4.9 measures the
varying density of the air betweenitself and the ultrasonic transmitter, and
this signal includes not only the signals caused by the passage of the
vortices, but also information from which air density can be derived. This
parameter is required because the output from a vortex shedding flow
meter is a volumetric measure of the air flow and must be corrected to

mass flow bycalculation using the measured air density. The rotational
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Figure 4.8 Vortex street in the wake of a cylinder (hidden by bracket) at 
Reynolds number of of 5.5. (Reproduced with permission from Dr D J Tritton.) 

UI trasonl C 
transducers 

Figure 4.9 Ultrasonic sensor system for vortex measurement. 

velocity of the vortices results in dispersion of the ultrasonic beam so that 
the ultrasonic energy received is modulated in amplitude at the rate at 
which the vortices are passing through the ultrasonic beam, so giving a 
direct measurement of air velocity. 

The relationship between air velocity and the rate at which vortices are 
shed, and therefore passing the ultrasonic detectors, is given by the 
relationship f = SV/d, where d is the width of the bluff body and S is the .,. 
Strouhal number. For a Reynolds number of greater tI1an 700, the 
Strouhal number is sensibly constant and of the order of 0.21, and it is 
desirable to operate in this region where the frequency versus velocity 
response is linear and independent of environmental parameters. In a 
practical vortex air flow sensor, however, it is necessary to operate down 
to relatively low flow rates, so that some nonlinearity in the response is 
unavoidable. A typical response curve is shown in figure 4.10. 

In tests by Barnicoat [4], response rates of 10 ms have been measured 
for a step air flow change of 200 ft3 min - I (5.7 m3 min- I). Barnicoat and co
workers also established that changes in atmospheric pressure have only a 
minor effect on the accuracy of measurement, although air temperature 
has some effect at high flow rates due to the change in air viscosity. 
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Figure 4.8 Vortex street in the wake of a cylinder (hidden by bracket) at
Reynolds numberofof 5.5. (Reproduced with permission from Dr D J Tritton.)
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Figure 4.9 Ultrasonic sensor system for vortex measurement.

 velocity of the vortices results in dispersion of the ultrasonic beamsothat
the ultrasonic energy received is modulated in amplitude at therate at
which the vortices are passing through the ultrasonic beam, so giving a
direct measurement ofair velocity.

The relationship between air velocity and the rate at which vortices are
shed, and therefore passing the ultrasonic detectors, is given by the
relationship f= SV/d, where d is the width of the bluff bodyandSis the
Strouhal number. For a Reynolds number of greater than 700, the
Strouhal number is sensibly constant and of the order of 0.21, andit is
desirable to operate in this region where the frequency versus velocity
response is linear and independent of environmental parameters. In a
practical vortex air flow sensor, however, it is necessary to operate down
to relatively low flowrates, so that some nonlinearity in the responseis
unavoidable. A typical response curve is shownin figure 4.10.

In tests by Barnicoat [4], response rates of 10 ms have been measured
for a step air flow change of 200 ft? min! (5.7 m’ min~'). Barnicoat and co-
workers also established that changes in atmospheric pressure have only a
minor effect on the accuracy of measurement, although air temperature
has some effect at high flowrates due to the changeinair viscosity,
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Figure 4.10 Vortex flowmeter response (frequency versus flow rate). 

To summarise the characteristics of the vortex shedding flowmeter: it is 
fast in response, produces a semi-digital (frequency) output signal, does 
not measure reverse flows, has a fixed and known zero point and is 
potentially of high reliability and low cost. It has never, however, fulfilled 
the promise it seemed to offer back in the late 1970s, although it has 
continued to be used by one Japanese motor manufacturer on production 
engine control systems. 

4.4 CORONA DISCHARGE MASS AIR FLOW SENSOR 

A method for measuring mass air flow which causes no obstruction in the 
flow pipe, has no moving parts, has a very fast response rate and can 
measure and differentiate flow in either direction, sounds like the answer 
to an engine control technologist's prayer. The corona discharge mass air 
flow sensor meets all these criteria, but for other reasons has never 
achieved the widespread use originally envisaged. 

The principle of operation is shown in figure 4.11 [5]. A wire carrying a 
high voltage of between 5 and 10 kV is suspended along the axis of a 
cylindrical tube carrying the air flow to be measured. The wire is at a high 
enough voltage and of a small enough diameter to produce an ionised 
corona around itself. Surrounding the wire on the inner surface of the tube 
are cylindrical ring electrodes at ground potential, one upstream and one 
downstream of the centre of the wire and separated by a small gap on the 
centre line. If no air is flowing through the tube the corona ions will drift 
towards these collector ring electrodes under the influence of the potential 
difference between them and the wire. Because these collector electrodes 
are equally divided either side of the centre line of the wire, an equal ion 
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Figure 4.10 Vortex flowmeter response (frequencyversus flow rate),

To summarise the characteristics of the vortex shedding flowmeter:it is
fast in response, produces a semi-digital (frequency) output signal, does
not measure reverse flows, has a fixed and known zero point and is
potentially of high reliability and lowcost. It has never, however,fulfilled
the promise it seemed to offer back in the late 1970s, although it has
continued to be used by one Japanese motor manufacturer on production
engine control systems.

44 CORONA DISCHARGE MASS AIR FLOW SENSOR

A method for measuring mass air flow which causes no obstruction in the
flow pipe, has no moving parts, has a very fast response rate and can
measure and differentiate flow in either direction, sounds like the answer
to an engine control technologist’s prayer. The corona discharge massair
flow sensor meets all these criteria, but for other reasons has never

achieved the widespread use originally envisaged.
The principle of operation is shownin figure 4.11 [5]. A wire carrying a

high voltage of between 5 and 10 kV is suspended along the axis of a
cylindrical tube carrying the air flow to be measured. Thewireis at a high
enough voltage and of a small enough diameter to produce an ionised
corona arounditself. Surrounding the wire on the inner surface of the tube
are cylindrical ring electrodes at ground potential, one upstream and one
downstream of the centre of the wire and separated by a small gap on the
centre line. If no air is flowing through the tube the corona ions will drift
towards these collector ring electrodes underthe influence of the potential
difference between them and the wire. Because these collector electrodes

are equally divided either side of the centre line of the wire, an equal ion
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Figure 4.11 Corona flowmeter showing principle of operation. 
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current will flow in both electrodes if an ,external circuit is attached. If 
there is air flow then the beam of ions will be deflected in the direction of 
flow as shown in figure 4.11 and a differential current 11 - 12 will exist 
which can be measured to give a difference current aI. 

The operating equation of the device relating the mass air flow M to the 
output difference current I is 

aI = 
1M 
Vk 

where I is the total current (11 + 12) flowing through the two collector 
electrodes and V is the voltage applied to the central wire. The factor k in 
the equation relates the air density to the mobility of the ions, taking into 
account the fact that the deflection of ion fl'ow is inversely proportional to 
ion mobility. The value of k therefore varies under the influence of the 
composition of the air, particularly the presence of water, and the device 
therefore requires correction for humidity. It should also be noted that 
other impurities in the air can affect k. 

This sensitivity to air composition is the reason that the device has not 
been acceptable for normal vehicle use; it has, however, found a niche in 
test cell instrumentation where it is possible to control the air quality used 
and to make full use of the fast response of the device and its ability to 
measure reverse as well as forward air flow, this being an important factor 
in the study of inlet air flow in engine development, particularly at low 
engine speeds. 

The total current 11 + 12 is normally about 50 /-LA and the difference 
current aI may be as small as 0.5 /-LA at low air flow rates. This requires 
sophisticated high-impedance electronics to make reliable measurements 
and provides the opportunity to arrange a control loop to maintain the 
corona wire EHT voltage so that VII is maintained constant and the corona 
discharge operates at a constant resistance of about 200 MO. 
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Figure 4.11 Corona flowmeter showing principle of operation.

current will flow in both electrodes if an external circuit is attached. If
there is air flow then the beamofionswill be deflected in the direction of

flow as shownin figure 4.11 and a differential current J, — /, will exist
which can be measured to give a difference current AJ.

Theoperating equation of the device relating the mass air flow Mto the
output difference current / is

a =
Al = —

Vk

where / is the total current (/, + /,) flowing through the two collector
electrodes and Vis the voltage applied to the central wire. The factor & in
the equation relates the air density to the mobility of the ions, taking into
accountthe fact that the deflection of ion flowis inversely proportional to
ion mobility. The value of & therefore varies under the influence of the
composition of the air, particularly the presence of water, and the device
therefore requires correction for humidity. It should also be noted that
other impurities in the air can affect k.

This sensitivity to air composition is the reason that the device has not
been acceptable for normal vehicle use: it has, however, found a niche in
test cell instrumentation whereit is possible to control the air quality used
and to make full use of the fast response of the device and its ability to
measure reverse as well as forward airflow, this being an important factor
in the study of inlet air flow in engine development, particularly at low
engine speeds.

The total current J, + /, is normally about 50 wA and the difference
current AJ may be as small as 0.5 £A at low air flowrates, This requires
sophisticated high-impedance electronics to make reliable measurements
and provides the opportunity to arrange a control loop to maintain the
corona wire EHT voltage so that V// is maintained constant and the corona
discharge operates at a constant resistance of about 200 MQ.
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This control system stabilises the operating conditions and can also be 
used to produce a voltage proportional to total current which can be used 
to drive the two guard rings shown in figure 4.11 outside the two 
measuring ring electrodes. This arrangement minimises the leakage of 
current from the collector ring electrodes. 

In summary, therefore, the corona discharge mass air flow sensor has all 
the features required of an accurate, fast-response, non-obstructive sensor, 
but its susceptibility to air quality (humidity in particular) makes it 
unacceptable for in-vehicle use although it fulfils a useful role in 
development and testing. 

4.5 ULTRASONIC MASS AIR FLOW SENSOR 

The ultrasonic mass air flow sensor uses the differential effect of air 
velocity on the time delay of an ultrasonic signal propagated with and 
against the direction of air flow as its basic principle of measurement. 

The configuration of the sensor is shown in figure 4.12. The air is passed 
through a tube in which are mounted two ultrasonic transducers capable 
of both transmitting and receiving ultrasonic waves. 1~e two transducers 
are pulsed with a very short drive pulse which triggers them to produce a 
short wave train of a period significantly less than the time for sound to 
travel between the two transducers. Immediately the wave train is 
complete, both transducers are switched to receive, they each then detect 
the received signal from the distant transducer and their associated 
electronics compares the time taken for the two simultaneous pulse trains 
to travel in opposite directions along the tube. 

If there is no air flow through the tube, then the transmission times will 
be the same. If there is air flow, the velocity of this will add to the 
transmission time in one case and subtract from it in the other. The value 
of mass air flow G at the discrete sampling instant k is then described by 
the equation 

(4.1) 

c~ being a proportionality constant depending on the geometrical 
configuration of the flow meter modified to allow for the velocity profile 
across the tube and calculated from the relationship 

C~ = Sgex~ 
2L 

where S is the cross"sectional area of the tube, g is the acceleration due to 
gravity, ex is the ratio of specific heat at constant pressure versus specific 
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This control system stabilises the operating conditions and can also be
used to produce a voltage proportional to total current which can be used
to drive the two guard rings shown in figure 4.11 outside the two
measuring ring electrodes. This arrangement minimises the leakage of
current from the collector ring electrodes.

In summary, therefore, the corona discharge massair flow sensorhasall
the features required of an accurate, fast-response, non-obstructive sensor,
but its susceptibility to air quality (humidity in particular) makes it
unacceptable for in-vehicle use although it fulfils a useful role in
developmentandtesting.

4.5 ULTRASONIC MASS AIR FLOWSENSOR

The ultrasonic mass air flow sensor uses the differential effect of air

velocity on the time delay of an ultrasonic signal propagated with and
against the direction ofair flow asits basic principle of measurement.

The configuration of the sensor is shownin figure 4.12. The air is passed
through a tube in which are mounted two ultrasonic transducers capable
of both transmitting and receiving ultrasonic waves. The two transducers
are pulsed with a very short drive pulse which triggers them to produce a
short wave train of a period significantly less than the time for sound to
travel between the two transducers. Immediately the wave train is
complete, both transducers are switched to receive, they each then detect
the received signal from the distant transducer and their associated
electronics compares the time taken for the two simultaneous pulse trains
to travel in opposite directions along the tube.

If there is no air flow through the tube, then the transmission timeswill
be the same. If there is air flow, the velocity of this will add to the
transmission timein one case and subtract from it in the other. The value

of mass air flowG at the discrete sampling instant & is then described by
the equation

G, = CpP,At, (4.1)

C, being a proportionality constant depending on the geometrical
configuration of the flow meter modified to allow for the velocity profile
across the tube and calculated from the relationship

5,

Cy = a
whereS is the cross-sectional area of the tube,g is the acceleration due to
gravity, a is the ratio of specific heat at constant pressure versus specific

 



t 
Air 
Inlet 

AIR FLOW SENSORS 

Ultrasonic 
waves 

Figure 4.12 Ultrasonic air flowmeter. 
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heat at constant volume for air (cr/Cy) L is the distance between ultrasonic 
transducers and 13 is a shape coefficient which accounts for variations in 
velocity profile across the tube and which must be evaluated 
experimentally. Pk is the mean value of air pressure during the 
measurement interval and I1tk is the delay time calculated from the 
relationship 

where Wk is the mean value of air velocity in the measurement interval 
and U is the velocity of sound in air. The linearity of the relationship of 
equation (4.1) is good when turbulent flow is fuBy established. In the 
laminar flow reg.ion the variation of the velocity profile causes significant 
variations in Cpo . 

Claims have been made for measurement accuTacies of air velocity of 
±1 % over a typical inlet mass air flow range of 0.009 to 0.18 kgs- I [6]. 
Below this bottom limit tbe on et of laminar flow introduces major 
iDa'ccuracies and above the top limit measurement becomes unstable 
because of high turbulence. 

Operation is possible over a temperature range from - 40 °C to +105 °C 
provided that the air temperature does not exhibit rapid variations. The 
measuring tube and its air inlet and outlet arrangements require careful 
design for satisfactory operation as does the associated electronics, 
particularly if, in the engine environment, electromagnetic interference 
with the high-impedance ultrasonic transducers is to be avoided. 

4.6 THE FUTURE 

The five types of mass air flow sensor described cover the methods used 
for measurement of automotive mass air flow up to the present. The most 
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heat at constant volumeforair (c,/c,), L is the distance between ultrasonic
transducers and Bis a shape coefficient which accounts for variations in
velocity profile across the tube and which must be evaluated
experimentally. P, is the mean value of air pressure during the
measurement interval and Ar, is the delay time calculated from the
relationship

2LW,
yy =

U2 -W}

where W, is the mean value of air velocity in the measurement interval
and Uis the velocity of sound in air. The linearity of the relationship of
equation (4.1) is good when turbulent flowis fully established. In the
laminar flow region the variation of the velocity profile causes significant
variations in Cy.

Claims have been made for measurement accuracies ofair velocity of
+1%over a typical inlet mass air flow range of 0.009 to 0.18 kgs~' [6].
Below this bottom limit the onset of laminar flow introduces major
inaccuracies and above the top limit measurement becomes unstable
because ofhigh turbulence.

Operationis possible over a temperature range from —40 °C to +105 °C
provided that the air temperature does not exhibit rapid variations. The
measuring tube andits air inlet and outlet arrangements require careful
design for satisfactory operation as does the associated electronics,
particularly if, in the engine environment, electromagnetic interference
with the high-impedance ultrasonic transducersis to be avoided.

46 THE FUTURE

The five types of mass air flow sensor described cover the methods used
for measurement of automotive mass air flow upto the present. The most 
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widely used method is probably still the vane air meter but this is being 
replaced by the hot-wire sensor which is now operating in a significant 
proportion of internal combustion engine vehicles in Europe, Japan and 
the US as the emission regulations for vehicles become progressively more 
stringent. The use of etched silicon sensors, initially as hot-wire devices 
such as the device shown in figure 4.7, can be expected to increase and 
micromachining seems likely to be able to produce low-cost, fast-response 
devices in the future using the deflection of silicon microbeams or the 
rotation of microturbines for this important measurement. 

It is certain that for as long as internal combustion engines continue in 
use and require to be accurately controlled, the need for mass air flow 
measurement will continue and the mass air flow sensor will be a critical 
part of the engine control system. 

REFERENCES 

[1] Manger H 1981 LH - Jetronic - a new gasoline injection system 
with a hot wire air mass meter and a microprocessor controlled ECU 
Int. Automotive Electronics Con! (IMechE Conference Publication 
C180/8l) (London: IMechE) pp 137-41 

[2] Cartnell B C and Zeisler F L 1976 Engine mass air flow meter Society 
of Automotive Engineers Paper 760017 

[3] Joy R D 1976 Air flow for engine control Society of Automotive 
Engineers Paper 760018 

[4] Barnicoat G D, Thorne G A and Joy R D 1979 An automotive mass 
airflow sensor Int. Automotive Electronics Con! (lEE Conference 
Publication 181) (London: IEE) pp 150-4 

[5] Cockshott C P, Vernon J P and Chambers P 1983 An air mass 
flowmeter for test cell instrumentation Int. Automotive Electronics 
Con! (lEE Conference Publication 229) (London: IEE) pp20-6 

[6] Rinolfi R 1977 Engine control system with ultrasonic mass air 
flowmeter Society of Automotive Engineers Paper 770855 

92

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 
74 AUTOMOTIVE SENSORS

widely used method is probably still the vane air meter but this is being
replaced by the hot-wire sensor which is nowoperating in a significant
proportion of internal combustion engine vehicles in Europe, Japan and
the US as the emission regulations for vehicles become progressively more
stringent. The use ofetched silicon sensors, initially as hot-wire devices
such as the device shownin figure 4.7, can be expected to increase and
micromachining seemslikely to be able to produce low-cost, fast-response
devices in the future using the deflection of silicon microbeams or the
rotation of microturbines for this important measurement.

It is certain that for as long a8 internal combustion engines continue in
use and require to be accurately controlled, the need for mass air flow
measurement will continue and the mass air flow sensor will be a critical

part of the engine control system.
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Temperature Sensors 

Temperature is an important parameter for automotive engineers. The 
first temperature sensors to be applied to motor vehicles were probably 
used to monitor engine coolant water. However, in modern vehicles they 
are also used in connection with electronic fuel control systems, to 
measure the temperature of inlet air and exhaust gas. They are also used 
for environmental control, to regulate heating or air conditioning in the 
passenger compartment, and for ice warning systems. The majority of 
automotive temperature sensors are thermistors, although other forms are 
used as well. 

In addition temperature sensors can be used for liquid level sensing, to 
control diesel fuel dewaxing, and for de-icing systems such as those 
supplied to heated exterior mirrors and windscreen washer jets. 

Most of the electrical temperature sensors used in automotive 
engineering are either resistive or thermoelectric. Resistive devices may be 
either metallic or semiconductor, and require some form of bridge circuit 
for signal conditioning since they are modulating transducers. 
Thermoelectric sensors or thermocouples are self-generating, but their 
very low output means that an amplifier is always needed in practice. In 
the past bimetallic temperature sensors were very common and are still 
sometimes used. The thermal expansion of a solid is used as a primitive 
temperature transducer to control thermostat opening in water-cooled 
engines. Infrared emission or pyrometry has been proposed a number of 
times for automotive temperature sensing, and may be particularly useful 
for monitoring inaccessible or rotating components such as driveshaft 
joints (where the temperature of the Hooke's joint bearings may give an 
early warning of failure). However, pyrometric sensors have yet to appear 
on a production vehicle. 

Another temperature-based sensor which has yet to get beyond the 
research stage as far as automotive applications are concerned is the heat 
flux gauge. These measure the rate at which heat is being transferred to or 
from a body, rather than its temperature. These devices have been 
included and are discussed in section 5.8, since it seems likely that they 
may find automotive applications in the near future. 
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Temperature Sensors

 

Temperature is an important parameter for automotive engineers. The
first temperature sensors to be applied to motor vehicles were probably
used to monitor engine coolant water. However, in modern vehicles they
are also used in connection with electronic fuel control systems, to
measure the temperature of inlet air and exhaust gas. Theyare also used
for environmental control, to regulate heating or air conditioning in the
passenger compartment, and for ice warning systems. The majority of
automotive temperature sensors are thermistors, although other forms are
used as well.

In addition temperature sensors can be used for liquid level sensing, to
control diesel fuel dewaxing, and for de-icing systems such as those
supplied to heated exterior mirrors and windscreen washerjets.

Most of the electrical temperature sensors used in automotive
engineeringare either resistive or thermoelectric. Resistive devices may be
either metallic or semiconductor, and require some form of bridgecircuit
for signal conditioning since they are modulating transducers.
Thermoelectric sensors or thermocouples are self-generating, but their
very low output means that an amplifier is always needed in practice. In
the past bimetallic temperature sensors were very commonandarestill
sometimes used. The thermal expansion ofa solid is used as a primitive
temperature transducer to control thermostat opening in water-cooled
engines. Infrared emission or pyrometry has been proposed a numberof
times for automotive temperature sensing, and maybeparticularly useful
for monitoring inaccessible or rotating components such as driveshaft
joints (where the temperature of the Hooke’s joint bearings may give an
early warning of failure). However, pyrometric sensors have yet to appear
on a productionvehicle.

Another temperature-based sensor which has yet to get beyond the
research stage as far as automotive applications are concernedis the heat
flux gauge. These measure the rate at which heat is being transferred to or
from a body, rather than its temperature. These devices have been
included and are discussed in section 5.8, since it seems likely that they
mayfind automotive applications in the near future.
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The temperature of any system is a measure of its energy. This is best 
described by the principle of equipartition, which states that for a system 
in thermal equilibrium with its surroundings the mean kinetic energy per 
degree of freedom of the particles which go to make up the system is 'h.kT. 
In this equation k is Boltzmann's constant and T is the absolute 
temperature in kelvin (K). 

The most direct realisation of a scale of temperature using this approach 
is based on the ideal gas equation, which can itself be derived directly 
from the principle of equipartition by means of the kinetic theory of 
gases [1]. The gas equation pv = RT gives the pressure p of a specific 
volume v (specific volume = (density)-l) of gas at a temperature T, with a 
constant of proportionality R which is equal to the number of molecules 
in the specific volume divided by k. The constant-volume gas 
thermometer, in which the pressure of a fixed mass of an inert gas is 
measured as a function of temperature, uses this approach. It forms the 
basis of most temperature measurement schemes. The only fixed point 
used is the triple point of water, defined as 273.16 K or O.Ol°C by 
international agreement. 

Absolute measurements with gas thermometers are infrequently made, 
and are usually only undertaken by standards laboratories. For practical 
purposes a set of fixed points have been agreed which form the basis of the 
International Practical Scale of Temperature. Table 5.1 shows some of the 
fixed points. They are chosen for their ease of replication. Interpolation 
between them can be achieved by a temperature transducer once it has 
been calibrated with respect to the fixed points. 

Although temperature is very apparent to our senses it is less easy to 
define a meaningful scale for temperature than it is for, say, length. This is 
because temperature cannot be measured directly but has to be detected 

Table 5.1 Reference points used to define a temperature scale. 

Temperature Reference point Measurement 
(ae) technique used 

-182.97 Boiling point of oxygen 

} 0.01 Triple point of water Platinum resistance 

100.0 Boiling point of water thermometer 

444.6 Boiling point of sulphur 

} 960.8 Melting point of silver Platinum 

1063.0 Melting point of gold thermocouple 
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The temperature of any system is a measure ofits energy. This is best
described by the principle of equipartition, which states that for a system
in thermal equilibrium with its surroundings the mean kinetic energy per
degree of freedom of the particles which go to make up the system is 4KT.
In this equation & is Boltzmann’s constant and T is the absolute
temperature in kelvin (K).

The mostdirect realisation of a scale of temperature using this approach
is based on the ideal gas equation, which canitself be derived directly
from the principle of equipartition by means of the kinetic theory of
gases [1]. The gas equation pv = RT gives the pressure p of a specific
volume v(specific volume = (density)~!) of gas at a temperature 7, with a
constant of proportionality R which is equal to the number of molecules
in the specific volume divided by k. The constant-volume gas
thermometer, in which the pressure of a fixed mass of an inert gas is
measured as a function of temperature, uses this approach. It forms the
basis of most temperature measurement schemes. The only fixed point
used is the triple point of water, defined as 273.16K or 0.01°C by
international agreement.

Absolute measurements with gas thermometers are infrequently made,
and are usually only undertaken by standards laboratories. For practical
purposes a set offixed points have been agreed whichformthe basis of the
International Practical Scale of Temperature. Table 5.1 shows someof the
fixed points. They are chosen for their case of replication. Interpolation
between them can be achieved by a temperature transducer once it has
beencalibrated with respect to the fixed points.

Although temperature is very apparent to our sensesit is less easy to
define a meaningful scale for temperature than it is for, say, length. Thisis
because temperature cannot be measured directly but has to be detected

Table 5.1 Reference points used to define a temperaturescale.

 

Temperature Reference point Measurement
Cc) technique used

—182.97 Boiling point of oxygen
0.01 Triple point of water Platinumresistance
100.0 Boiling point of water thermometer

444.6 Boiling point of sulphur ;

960.8 Melting pointof silver } Platinum1063.0 Melting pointof gold thermocouple
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by observing the effect it produces, such as the expansion of a liquid, and 
assumptions have to be made about the linearity of the effect observed. 

5.1 RESISTIVE TEMPERATURE TRANSDUCERS 

Resistive temperature detectors are probably the most common type for 
automotive use. They may be either metallic or semiconductor based. The 
semiconductor versions are the commonest and are probably cheapest. 
They are sometimes known as resistance temperature detectors or RTDS. 

Metallic resistive temperature sensors offer better performance than 
semiconductor RTDS and may be preferred if high accuracy is required. 

5.1.1 Metallic Resistive Temperature Sensors 

These transducers are similar in appearance to wire-wound resistors and 
often take the form on a non-inductively wound coil of a suitable metal 
wire such as platinum, copper or nickel. They may be encapsulated within 
a glass rod to form a temperature probe, which can be very small in size. 
An alternative form is shown in figure 5.1, in which a rectangular matrix of 
platinum is deposited on a ceramic substrate. Connections within the 
matrix are laser-trimmed to give a precise value of nominal resistance. 

The variation of resistance R with temperature T for most metallic 
materials can be represented by an equation of the form 

(5.1) 

where Ro is the resistance at temperature T = O. Th~ number of terms 

------ 2cm 

1 
o Scm 

• -
I 

Platinum film Trimming section 

Figure 5.1 Miniature platinum resistance transducer. 
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byobserving the effect it produces, such as the expansion of a liquid, and
assumptions have to be made aboutthe linearityof the effect observed.

5.1 RESISTIVE TEMPERATURE TRANSDUCERS

 
Resistive temperature detectors are probably the most common type for
automotive use. They may be either metallic or semiconductor based. The

semiconductor versions are the commonest and are probably cheapest.
They are sometimes known as resistance temperature detectors or RTDs.
Metallic resistive temperature sensors offer better performance than
semiconductor RTDs and maybepreferred if high accuracyis required.

5.1.1 Metallic Resistive Temperature Sensors 
These transducers are similar in appearance to wire-wound resistors and
often take the form on a non-inductively wound coil of a suitable metal
wire such as platinum, copper or nickel. They may be encapsulated within
a glass rod to form a temperature probe, which can be very small in size.
An alternative form is shownin figure 5.1, in which a rectangular matrix of
platinum is deposited on a ceramic substrate. Connections within the
matrix are laser-trimmedtogive a precise value of nominal resistance.

The variation of resistance R with temperature T for most metallic
materials can be represented byan equationofthe form

R= Ri(l+a,T+a,r+...+4,T) (5.1)

where R, is the resistance at temperature 7 = 0. The number of terms

Platinum film =
Trimming section

 
Figure 5.1 Miniature platinum resistance transducer.



78 AUTOMOTIVE SENSORS 

necessary in the summation depends on the material, the accuracy 
required and the temperature range to be covered. Platinum, nickel and 
copper are the most commonly used metals, and they generally require a 
summation containing at least two of the all constants for accurate 
representation. Tungsten and nickel alloys are also frequently used. In 
automotive applications it is often possible to model a metallic RTD using 
only constant al • With platinum for example al = 0.004 (R in 0 and Tin 
K). If this value is substituted into equation (5.1), and a2' a3 etc are set to 
zero, the resulting nonlinearity is only around 0.5% over the temperature 
range -40 to +140 DC. 

The nominal resistance (Ro) of a metallic RTD can vary from a few ohms 
to several kilohms. However, 1000 is a fairly standard value. The 
resistance change of a metallic RTD can be quite large, and is typically up 
to 20% of the nominal resistance over the design temperature range. 

5.1.2 Thermistors 

Thermistors are small semiconducting transducers, usually manufactured 
in the shape of beads, discs or rods. They are made by combining two or 
more metal oxides. If oxides of cobalt, copper, iron, magnesium, 
manganese, nickel, tin, titanium, vanadium or zinc are used the resulting 
semiconductor has a negative temperature coefficient (NTC) of resistance. 
This means that as the temperature rises the electrical resistance of the 
device falls. Most thermistors used in automotive engineering are of this 
type, and they can exhibit large resistance variations. Typical values are 10 
kO at 0 DC and 200 0 at 100 DC. This very high sensitivity allows quite 
small temperature changes to be detected. However, the accuracy of a 
~~ermistor is not as good as tha~ metallic RTD, owing to unavoidable 
variations in the composition of the semicondUctor whicli occur during 
manufacture. Most thermistors are manufactured and sold with tolerances 
of 10 or 20%. Any circuit using semiconductor thermistors must therefore 
include some arrangement for trimming out the error. 

Thermistors are _markedly nonlinear (unlike metallic RTDS). The 
resistance-temperature relation IS usually of the form 

R = Roexp[l3(lIT - liTo)] (5.2) 

where R is the resistance (in 0) at temperature T, Ro is the nominal 
resistance at temperature To and 13 is a constant which is characteristic of 
the thermistor material. The reference temperature To is usually taken to 
be 298 K (25 Dq, and 13 is of the order of 4000. 

If equation (5.2) is differentiated and rearranged the temperature 
coefficient of resistance a at temperature To can be found 
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necessary in the summation depends on the material, the accuracy
required and the temperature range to be covered. Platinum, nickel and
copper are the most commonly used metals, and they generally require a
summation containing at least two of the a, constants for accurate
representation. Tungsten and nickel alloys are also frequently used. In
automotive applicationsit is often possible to model a metallic RTD using
only constant a@,. With platinum for example a, ~ 0.004 (R in 0 and T in
K). If this value is substituted into equation (5.1), and a,, a, etc are set to
zero, the resulting nonlinearity is only around 0.5% over the temperature
range —40 to +140 °C.

The nominalresistance (R,) of a metallic RTD can vary from a few ohms
to several kilohms. However, 100is a fairly standard value. The
resistance change of a metallic RTD can be quite large, andis typically up
to 20% of the nominalresistance over the design temperature range.

5.1.2 Thermistors

Thermistors are small semiconducting transducers, usually manufactured
in the shape of beads, discs or rods, They are made by combining two or
more metal oxides. If oxides of cobalt, copper, iron, magnesium,
manganese, nickel, tin, titanium, vanadium or zinc are used the resulting
semiconductor has a negative temperature coefficient (NTC) ofresistance.
This means that as the temperature rises the electrical resistance of the
device falls. Most thermistors used in automotive engineering are of this
type, and they can exhibit large resistance variations. Typical values are 10
kQ at 0°C and 2002 at 100°C. This very high sensitivity allows quite
small temperature changes to be detected. However, the accuracy of a
thermistor is not as good as that of a metallic RTD, owing to unavoidable
variations in the composition of the semiconductor which occur during
manufacture. Most thermistors are manufactured and sold with tolerances

of 10 or 20%. Any circuit using semiconductor thermistors must therefore
include some arrangementfor trimming outthe error.

Thermistors are markedly nonlinear (unlike metallic RTps). The
resistance-temperaturerelation is usually of the form

R = R,exp[B(1/T — 1/T,)] (5.2)

where R is the resistance (in 1) at temperature 7, Ry is the nominal
resistance at temperature 7, and § is a constant whichis characteristic of
the thermistor material. The reference temperature 7, is usually taken to
be 298 K (25 °C), and8is of the order of 4000.

If equation (5.2) is differentiated and rearranged the temperature
coefficient of resistance a at temperature 7, can be found
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dRJdT 
a = --- = 

R 
(5.3) 

where 13 is the characteristic temperature constant for the material and To 
is in K. The units of the temperature coefficient of resistance a are 0 K-l. 
If 13 is taken as 4000, a typical value for a for a thermistor at 298 K (25°C) 
is -0.045 OK- I. 

Thermistors can be used within the temperature range from -60 to 
+ 150 °C, which comfortably covers most of the temperature measurements 
required in automotive engineering. The accuracy can be as high as 
::!:::0.1 %. The main problem associated with thermistors is their 
nonlinearity, as expressed by equation (5.2). 

Positive temperature coefficient (PTe) thermistors can also be made 
using compounds of barium, lead or strontium. PTe thermistors are usually 
only used to provide thermal protection for wound equipment such as 
transformers and motors. The characteristics of a PTC device have the form 
shown in figure 5.2. It can be seen that the resistance of a PTC thermistor is 
low (and reasonably constant) below the switching temperature TR• Above 
this point the resistance rises spectacularly. In use PTe thermistors are 
often embedded in the windings of the equipment to be protected, and are 
connected in series with the power supply. If the temperature becomes too 
_high the resistance rises and power is effectively disconnected from the 
load. PTC thermistors are better than NIT types for this sort of thermal 
protection task since they are fail-safe: if a connection to a PTC sensor fails, 
the resulting high impedance will disconnect the power. If the same 
happens to a thermal protection circuit containing an NTC thermistor, a 
false 'low temperature' indication will be given, and full power will be 
applied. 

'Conventional' thermistors are manufactured as discrete components. 
However, it is also possible to print thermistors onto a suitable substrate 
using thick-film fabrication techniques (see chapter 9 for a description of 

TR Temperature (Kl 

Figure 5.2 Resistance-temperature characteristic for a positive 
temperature coefficient thermistor. 
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ARIAT
i== = Spi (5.3)R

where B is the characteristic temperature constant for the material and 7,
is in K. The units of the temperature coefficient of resistance a are OK“,
[f B is taken as 4000, a typical value for « for a thermistor at 298 K (25 °C)
is —0.045 OK" !.

Thermistors can be used within the temperature range from —60 to
+150 °C, which comfortably covers most of the temperature measurements
required in automotive engineering. The accuracy can be as high as
+0.1%. The main problem associated with thermistors is their
nonlinearity, as expressed by equation(5.2).

Positive temperature coefficient (prc) thermistors can also be made
using compoundsofbarium, lead orstrontium. PTC thermistors are usually
only used to provide thermal protection for wound equipment such as
transformers and motors. The characteristics of a pTC device have the form

showninfigure 5,2, It can be seen that the resistance of a PTCthermistoris
low (and reasonably constant) belowthe switching temperature 7,. Above
this point the resistance rises spectacularly. In use PTC thermistors are
often embedded in the windings of the equipment to be protected, andare
connectedin series with the power supply. If the temperature becomes too
high the resistance rises and poweris effectively disconnected from the
load. pTc thermistors are better than NTC types for this sort of thermal
protection task since theyarefail-safe: if a connection to a PTCsensorfails,
the resulting high impedance will disconnect the power. If the same
happens to a thermal protection circuit containing an NYC thermistor, a
false ‘low temperature’ indication will be given, and full power will be
applied.

‘Conventional’ thermistors are manufactured as discrete components.
However,it is also possible to print thermistors onto a suitable substrate
using thick-film fabrication techniques (see chapter 9 for a description of

7. Temperature (K)

Figure 5.2 Resistance-temperature characteristic for a positive
temperature coefficient thermistor,
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the thick-film fabrication process). Thick-film thermistors are very low 
cost and physically small, and have the further advantage of being more 
intimately bonded to the substrate than a discrete component. It has been 
shown [2] that thick-film thermistors can have as good if not better 
performance than a comparable discrete component. No large changes in 
thermal characteristics are found after trimming. 

5.1.3 Resistance Temperature Sensor Bridge Circuits 

Thermistors are modulating transducers producing a resistance change. 
For laboratory work they are normally used in a Wheatstone bridge 
circuit, which must include some form of bridge balancing arrangement 
similar to that shown in figure 5.3 (see [3]). Bridge circuits may be 
dispensed with in less demanding applications. While the resistance 
changes exhibited by a metallic RTD are reasonably linear, those shown by 
semiconductor thermistors are markedly nonlinear. In both cases the 
resistance changes are large. Even if the sensor output is linear, the out-of
balance voltage measured using a bridge circuit is not necessarily linear for 
large changes in sensor resistance. Take for example the case of a 500 11 
platinum resistance thermometer which exhibits a 10011 resistance change 
over its design temperature range. If the sensor is included in a bridge with 
four equal arms, the out-of-balance voltage will be very nonlinear as a 
function of temperature. However, if the fixed resistors R., R2 in figure 5.3 
are of considerably higher resistance (about 10 times higher is normal) 
than R3 and R4, and if care is taken to balance the bridge at the middle of 
its design temperature range rather than at one end, reasonable linearity 
may be achieved. 

Figure 5.3 Bridge circuit with balancing adjustment. 

Resistance thermometer bridges may be excited with either AC or DC 

voltages. The current through the sensor is usually in the range from 1 to 
25 rnA. This current causes F-R heating to take place, which raises the 
temperature of the thermometer above that of its surroundings and causes 
a so-called self-heating error to occur. The magnitude of this error depends 
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the thick-film fabrication process), Thick-film thermistors are very low
cost and physically small, and have the further advantage of being more
intimately bonded to the substrate than a discrete component. It has been |
shown [2] that thick-film thermistors can have as good if not better |
performance than a comparable discrete component. No large changesin
thermal characteristics are foundafter trimming.

5.1.3 Resistance Temperature Sensor Bridge Circuits

Thermistors are modulating transducers producing a resistance change,
For laboratory work they are normally used in a Wheatstone bridge
circuit, which must include some form of bridge balancing arrangement
similar to that shown in figure 5.3 (see [3]). Bridge circuits may be
dispensed with in less demanding applications. While the resistance
changes exhibited by a metallic RTD are reasonablylinear, those shown by
semiconductor thermistors are markedly nonlinear. In both cases the
resistance changes are large. Even if the sensoroutput is linear, the out-of- |
balance voltage measuredusing a bridgecircuit is not necessarilylinearfor
large changes in sensorresistance. Take for example the case of a 500.
platinum resistance thermometer whichexhibits a 100 Q resistance change
overits design temperature range. If the sensoris includedin a bridge with
four equal arms, the out-of-balance voltage will be very nonlinear as a
function of temperature. However,if the fixed resistors R,, KR, in figure 5.3
are of considerably higher resistance (about 10 times higher is normal)
than R, and R,, and ifcare is taken to balance the bridge at the middle of
its design temperature range rather than at one end, reasonable linearity
maybe achieved.

= . / } *<4 ‘
Nulling Vault balan
potential

* - -——

Figure 5.3. Bridge circuit with balancing adjustment,

Resistance thermometer bridges may be excited with either AC or DC
voltages. The current through the sensoris usually in the range from | to
25mA. This current causes 7R heating to take place, which raises the
temperature of the thermometer abovethat ofits surroundings and causes
a so-called self-heating error to occur. The magnitudeofthis error depends
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on the heat transfer conditions (for instance, the conductivity of the 
surface to which the sensor is attached, and the presence or otherwise of a 
fluid flow). However, it is not often significant in automotive engineering 
where an accuracy of :±: 1 °C is generally sufficient. 

An alternative to the classical bridge techniques for conditioning RTD 

sensors is the four-wire 'ohmmeter' technique shown in figure 5.4. This is 
widely used with digital data acquisition systems, where any sensor 
nonlinearity is corrected in the computer software. A precision current 
source is used, so resistance changes in the two connecting wires L3 
and L4 have no effect on the sensor current lex. A high-impedance 
voltmeter is used, typically with a FET input of >200 Mn. This ensures that 
the currents through L1 and L2 are negligible, as are the lead-wire 
resistance errors. 

Sensor 
Voltmeter 

Four lead wires 

Figure 5.4 Four-wire ohmmeter circuit. 

5.2 THERMOCOUPLES 

, Constant 
6-::; current 

source 

A thermocouple is a self-generating transducer comprising two or more 
junctions between dissimilar metals. The conventional arrangement is 
shown in figure 5.5(a), and it will be noted that one junction (the 'cold 
junction') has to be maintained at a known reference temperature, for 
instance by surrounding it with melting ice. The other junction is attached 
to the object to be measured. 

Thermocouple materials are broadly divided into two arbitrary groups 
based upon cost. The groups are known as the base metal and precious 
metal thermocouples. The most commonly used industrial thermocouples 
are specified by type letters as shown in table 5.2. 

The arrangement of figure 5.5(a) is inconvenient because of the layout 
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on the heat transfer conditions (for instance, the conductivity of the
surface to which the sensoris attached, and the presence or otherwise ofa
fluid flow). However,it is not often significant in automotive engineering
where an accuracy of +1 °Cis generally sufficient.

Analternative to the classical bridge techniques for conditioning RTD
sensors is the four-wire ‘ohmmeter’ technique shownin figure 5.4. This is
widely used with digital data acquisition systems, where any sensor
nonlinearity is corrected in the computer software, A precision current
source is used, so resistance changes in the two connecting wires L3
and L4 have no effect on the sensor current /,,. A high-impedance
voltmeter is used, typically with a FET input of >200 MQ. This ensures that
the currents through Ll and L2 are negligible, as are the lead-wire
resistance errors.

Voltmeter 
Four lead wires

Figure 5.4 Four-wire ohmmeter circuit.

5.2 THERMOCOUPLES

A thermocouple is a self-generating transducer comprising two or more
junctions between dissimilar metals. The conventional arrangement is
shown in figure 5.5(a), and it will be noted that one junction (the ‘cold
junction’) has to be maintained at a known reference temperature, for
instance by surroundingit with melting ice. The otherjunctionts attached
to the object to be measured.

Thermocouple materials are broadly divided into two arbitrary groups
based uponcost. The groups are knownas the base metal and precious
metal thermocouples. The most commonly used industrial thermocouples
are specified bytypeletters as shownin table 5.2.

The arrangementoffigure 5.5(@) is inconvenient because of the layout
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Wire a 

I Q) 
Constant 
temperature 
reference Measurement 

sensor 

TIp of probe 

Amplifier 
Metal Q 

( b) (with compensation) 

Metal b 

Metal c 

Figure 5.5 Thermocouple circuits: (a) standard thermocouple 
arrangement; (b) thermocouple arrangement with cold junction 
compensation. 

Table 5.2 Thermocouples 

Type Conductors (positive 
conductor first) 

B Platinum: 30% rhodium alloy 
Platinum: 6% rhodium alloy 

E Nickel: chromium/constantan 

J Iron/constantan 

K Nickel: chromium/nickel: 
aluminium (chromel/alumel) 

R Platinum: 13% rhodium/ 
platinum 

S Platinum: 10% rhodium/ 
platinum 

T Copper/constantan 

Accuracy 

0-1100 ± 3 °C 
1100-1550 ± 4 °C 

0-400 ± 3 °C 

0-300 ± 3 °C 
300-850 °C ± 1% 

0-400 ± 3 °C 
400-1100 °C ± 1% 

0-1100 ± 1 °C 
1100-1400 ± 2 °C 
1400-1500 ± 3 °C 

As type R 

0-100 ± I °C 
100-400 ± 1% 

Type B: best lifc expectancy at high temperatures. 
Type E: resistant to oxidising atmospheres. 
Type J: low-cost, general-purpose. 
Type K: general-purpose, good in oxidising atmosphcres. 
Type R: high-temperature, corrosion resistant. 
Type S: as R. 
Type T: high resistance to corrosion by water. 

Output (mY) for 
indicated 
temperature 
(cold junction 
at 0 0C) 

1.24 at 500 °C 

6.32 at 100 °C 

5.27 at 100 °C 

4.1 at 100 °C 

4.47 at 500 °C 

4.23 at 500 °C 

4.28 at 100 °C 

Service 
temperature 
range ("C) 

0-1500 

-200-850 

-200- 850 

-200-1100 

0-1500 

0-1500 

-250-400 

100
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Wire a

‘ tostatla e . .
* temperature Wire b Measurement

reference | | sensor _

| Voltmeter

Tip of probe Metal a Sa
————_ Amplifier

(hb) (with compensation)
MetalbdMetal 5

  
Metal c

Figure 5.5 Thermocouple circuits: (a) standard thermocouple
arrangement; (b) thermocouple arrangement with cold junction

 

 

compensation.

Table 5.2 Thermocouples

Type Conductors (positive Accuracy Qutput (mV) for—Service
conductorfirst) indicated temperature

temperature range (°C)
(cold junction
atQ °C)

B Platinum: 30%rhodium alloy O0-1100 + 3 °C 1.24 at 500 °C 0-1500
Platinum: 6% rhodium alloy 1100-1550 + 4 °C

E Nickel: chromium/constantan 0-00 + 3 °C 6.32 at 100 °C —200-850

J Iron/constantan 0-300 + 3 °C 5.27 at 100 °C 200-850
300-850 °C + 1%

K Nickel: chromium/nickel: o400 + 3 °C 4.1 at LUO °C —200-1100

aluminium (chromel/alumel) 400-1100 °C + 1%
R Platinum: 13%rhodium/ 0-1100 = 1 °C 4.47 at 500 °C 0-1500

platinum 1100-1400 + 2 °C
1400-1500 + 3 °C

$ Platinum: 10%rhodium/ As type R 4.23 at 500 °C 0-1500
platinum j

T Copper/constantan Q-100 + 1 °C 4.28 at 100 °C —250-400
LOO-400 + 1% 

Type B: best life expectancy at high temperatures.
Type E: resistant to oxidising atmospheres.
Type J: low-cost, general-purpose.
Type K: general-purpose, good in oxidising atmospheres.
Type R: high-temperature, corrosionresistant.
Type S: as R.
Type T: high resistance to corrosion by water.
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of leads and the need for a reference temperature. A more practical 
scheme is shown in figure S.S(b). The two wires are laid out side by side, 
and are connected to a voltage measuring circuit. The junctions between 
the two wires and the voltmeter do not cause any error signal to appear so 
long as they are at the same temperature. Since there is no proper 
reference junction with this approach, the system is liable to give 
an erroneous output if the temperature of the surrounding environ
ment changes. This is avoided by the use of so-called cold junction 
compensation (see later) in which the characteristics of the signal 
conditioning amplifier are modified by including a thermistor (see section 
S.2) in the circuit. 

The arrangement shown in figure S.S(b) is almost universally applied 
whenever thermocouples are used. The two wires are often enclosed 
within a tube or flexible sleeve of stainles~ steel or copper for protection, 
although this increases the time constant of the system. 

The main advantages of thermocouples are their wide temperature 
range, nominally from -180 to + 120°C for a chromellalumel device, and 
their linearity. They are more expensive than thermistors and are 
therefore mainly used for prototype and experimental work rather than 
for production vehicles. Table S.2 gives the characteristics of some of the 
most common commercially available devices. 

If a short section of tubing is made of butt-welded thermocouple 
materials and inserted into a pipeline, the temperature of a fluid flowing 
inside the pipe may be measured non-intrusively. Ready-made sensors of 
this type are available commercially [4], and are often used in automotive 
engineering for experimental work involving the measurement of fuel and 
coolant temperatures. 

5.2.1 Thermocouple Compensation 

As noted earlier, it is not normally practical to have thermocouple cold 
junctions maintained at a controlled reference temperature. However, 
with the cold junctions at ambient temperature, which may change, some 
form of cold junction compensation is required. Consider the arrangement 
shown in figure S.6, which shows a thermocouple with its measuring 
junction at t °C and its cold junction at ambient temperature. The 
thermocouple output is E(a _ /)' but what is required is the output that 
would obtain if the cold junction were at 0 °C, i.e. E(O _ I) ' Thus a voltage 
E(n - u) must be added to E(II _ t) to correct the output signal 

(S.4) 

The voltage E(n _ II) is called the cold junction compensation voltage, and it 
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of leads and the need for a reference temperature. A more practical
scheme is shown in figure 5.5(6). The two wires are laid out side byside,
and are connected to a vollage measuringcircuit. The junctions between
the two wires andthe voltmeter do not cause anyerrorsignal to appear so
long as they are at the same temperature. Since there is no proper
reference junction with this approach, the system is liable to give
an erroncous Output if the temperature of the surrounding environ-
ment changes. This is avoided by the use of so-called cold junction
compensation (see later) in which the characteristics of the signal
conditioning amplifier are modified by including a thermistor(see section
5.2) in the circuit.

The arrangement shownin figure 5.5(b) is almost universally applied
whenever thermocouples are used. The two wires are often enclosed

within a tube orflexible sleeve ofstainless steel or copper for protection,
althoughthis increases the time constant of the system.

The main advantages of thermocouples are their wide temperature
range, nominally from —180 to +120 °Cfor a chromel/alumel device, and
their linearity. They are more expensive than thermistors and are
therefore mainly used for prototype and experimental work rather than
for production vehicles. Table 5.2 gives the characteristics of someof the

 

most common commercially available devices.
If a short section of tubing is made of butt-welded thermocouple

materials and inserted into a pipeline, the temperature ofa fluid flowing
inside the pipe may be measured non-inirusively. Ready-made sensors of
this type are available commercially [4], and are often used in automotive
engineering for experimental work in volving the measurementoffuel and
coolant temperatures.

5.2.1 Thermocouple Compensation

As notedearlier, it is not normally practical to have thermocouple cold
Junctions maintained at a controlled reference temperature. However,
with the cold junctions at ambient temperature, which may change, some
form of cold junction compensationis required. Considerthe arrangement
shown in figure 5.6, which shows a thermocouple with its measuring
junction at ¢°C and its cold junction al ambient temperature. The
thermocouple output is Z,,,, but what is required is the output that
would obtain if the cold junction were at 0 °C, icc. Ew _,. Thus a voltage
Ew —., must be added to E,, _ , to correct the output signal

Ey i> Eis + Ew ary (5.4)

The voltage £y)—,, is called the cold junction compensation voltage, and it
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is provided automatically by the circuit of figure 5.6 which includes a 
thermistor R,. Rj, R2 and R3 are temperature-stable resistors. The bridge is 
first balanced with all the components at 0 dc. As the ambient 
temperature is changed away from 0 °C an imbalance voltage will appear 
across AB. This voltage is scaled by selecting R, such that the imbalance 
voltage across AB equals E(o _ a) in equation (5.4). 

Power supply 
Itemperature stable) 

Figure 5.6 Bridge circuit with cold junction compensation. 

5.2.2 Multiple Thermocouple Arrangements 

Several thermocouples may be connected in series or parallel as shown in 
figure 5.7 to achieve useful functions. The series arrangement (figure 
5.7(a» is used mainly as a means of enhancing sensitivity. All the 
measuring junctions are held at one temperature, and all the reference 
junctions at another. This arrangement is often called a thermopile, and for 
n thermocouples gives an output n times as great as that which can be 
obtained from a single couple. A typical commercially available 
chromellconstantan thermopile has 25 junctions and produces about 
0.5 mV °C-I. 

The parallel arrangement shown in figure 5.7(b) generates the same 
temperature as a single couple if all the measuring and reference junctions 
are at common temperatures. If the measuring junctions are at different 
temperatures and the thermocouples all have the same resistance, the 
output voltage is the average of the individual voltages. The temperature 

T,_r--_J~r. 
r- _ __ oT2 

r, •. ___ ~ 
_---- 'oJ; (/ ) 

T,_ :J 
.r----J T2 

T, .~. _ ___ • 

~ 
(ol (bl 

Figure 5.7 Multiple-junction thermocouples: (a) thermopile; (b) 
averaging arrangement. 
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is provided automatically by the circuit of figure 5.6 which includes g
thermistor R,. R,, R, and R, are temperature-stable resistors. The bridge js
first balanced with all the components at 0°C. As the ambient
temperature is changed away from 0 °C an imbalance voltage will appear
across AB. This voltage is scaled by selecting R, such that the imbalance
voltage across AB equals Ey - ,) in equation (5.4).

ae jCold junction Power supply4 (temperoture stable)
° Ry Vig, A,

Measuring junchon
(recy

Figure 5.6 Bridge circuit with cold junction compensation.

5.2.2 Multiple Thermocouple Arrangements

Several thermocouples may be connectedin series or parallel as shownin
figure 5.7 to achieve useful functions. The series arrangement (figure
5.7(a)) is used mainly as a means of enhancing sensitivity. All the
measuring junctions are held at one temperature, and all the reference
junctions at another. This arrangementis often called a thermopile, and for
n thermocouples gives an output n times as great as that which can be
obtained from a single couple. A typical commercially available
chromel/constantan thermopile has 25 junctions and produces about
0.8 mV °C"!,

The parallel arrangement shown in figure 5.7(b) generates the same
temperature as a single couple if all the measuring and reference junctions
are at common temperatures. If the measuring junctions are at different
temperatures and the thermocouples all have the same resistance, the
output voltage is the average of the individual voltages. The temperature

  

  
(a) (0)

Figure 5.7 Multiple-junction thermocouples: (a) thermopile; (b)
averaging arrangement.
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corresponding to the output voltage is the mean temperature (as long as 
the thermocouples are linear over the measure me nt range). 

5.3 BIMETALLIC TEI\'IPER,\TURE SENSORS 

Bimetallic strips are made by bonding together two metals with different 
coefficients of thermal expansion. Typical materials usee! are brass and 
Invar. As the temperature of the bime tallic component changes thc brass 
side expands or contracts more than the [nvar, resulting in a change of 
curvature. 

If two metal strips A and B with coefl"ici cnts of thermal expansion a/\ 

and all are bonded together as shown in figure 5.~, a temperature change 
will cause differential thermal expansion to occur. Ir it is unrestrained the 
strip will deflect to form a uniform circular arc. Analysis [5J gives the 
radius of' curvature p as 

([3(1 + m)2 + (1 + mn) (m2 + limn)] 
p = 

6(aA - all) (Tz - T1) (1 + m l 
(5.5) 

where p is the radius of curvature, 1.\, til arc the thicknesses of strips A and 
B, t is the total strip thickness, 11 is the ratio of elastic moduli, EL/ E A , In is 
the thickness ratio, tlil,,,, anci T, - TI is the temperature rise. In most 
practical cases tll/t/\ .... , 1 and (11 + 1 )/n c~ 2, giving 

p 
2t 

"" 3(a/\ - all) (T; - TI ) 

(5.6) 

Equations (5.5) or (5.6) can be combined with the appropriate strength of 
materials express ions to calculate the deflections of most shapes of 
bimetallic component, or of the forces developed by partially or 
completely restrained structures. 

Figure 5.S Bimetallic strip. 

...... .. . ....... 
. .. ...... .......... \ 

...... . .... , 
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corresponding to the output voltage is the mean temperature (as long as
the thermocouples are linear over the measurement range)

5.3 BIMETALLIC TEMPERATURE SENSORS

Bimetalhe strips are made by bonding together two metals with different
coelficients of thermal expansion. Typical materials used are brass and
Invar. As the temperature of the bimetallic component changes the brass
side expands or contracts more than the Invar, resulting in a change of
curvature.

If two metal strips A and B with coefficients of thermal expansion a,
and a, are bonded together as shown in figure 5.8, a temperature change
will cause differential thermal expansion to occur. If it is unrestramed the
strip will deflect to form a uniform circular arc. Analysis [5] gives the
radius of curvature pas

(3(1 + mt)? + (1 + mn) (en? + L/nin)] F——— ————. (5.5)
6(a, — a,) (75 - T,) 0 +my

 
AeA

wherepts the radius of curvature, ¢,. fy are the thicknesses of strips A and
B, tis the total strip thickness. 7 is the ratio of elastic moduli, Fy/F,, mis
the thickness ratio, f,/

practical cases f/f, Land (n+ L)/a
,, and 7, — 7, is the temperature rise. In most 

2, enving
“~~

f a
— a os. (5.6)
3(a,—ay) (73 f)

Equations (5.5) or (5.6) can be combined with the appropriate strength of
materials expressions to calculate the deflections of most shapes of
bimetallic component. or of the forces developed by partially or
completely restrainedstructures.

  
Figure 5.8 Bimetallic strip   
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Bimetallic devices are used for low-cost temperature sensing, and as 
'on-off' elements in temperature control systems. They are often used as 
overload cut-out switches for electric motors. Their use in combination 
with a conductive plastic potentiometer has been reported for an 
automotive temperature sensing application [6]. 

5.4 PN JUNCTION SENSORS 

PN junctions in silicon have become popular as temperature sensors due 
to their very low cost. Figure 5.9 shows the forward bias characteristic of a 
silicon diode. It is well known that a voltage Vr has to be applied across the 
junction before a current will flow. For silicon Vr (which is often termed 
the diode voltage drop) is of the order of 600-700 mY. Vr is temperature 
dependent, and is very nearly linear over the temperature range from 
- 50 to +150 0c. This covers the range of temperatures usually required 
in automotive engineering. The voltage Vr has a temperature 
characteristic which is essentially the same for all silicon devices of about 
-2mY°C.-1 

Cur rent 

Voltage 

Figure 5.9 Forward bias characteristic of a silicon diode. 

A typical circuit is shown in figure 5.10. Transistors are often used 
instead of diodes, with the base and collector terminals connected 
together. For the best performance a constant current should flow through 
the diodes, but in practice the error incurred by driving the circuit from a 
constant voltage is small. 

There is one major disadvantage to using diodes as temperature sensors 
in control applications, which is that they are not fail-safe. If a diode 
temperature sensor is used to control a heater, any breakage of the diode 
wires will be interpreted by the controller as low temperature. More 
power will then be applied to the heater, resulting in an uncontrolled 
runaway. 
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Bimetallic devices are used for low-cost temperature sensing, and as
‘on-off elements in temperature control systems. They are often used as
overload cut-out switches for electric motors, Their use in combination
with a conductive plastic potentiometer has been reported for an
automotive temperature sensing application[6].

5.4 PN JUNCTION SENSORS

PN junctionsin silicon have become popular as temperature sensors due
to their very low cost. Figure 5.9 shows the forward bias characteristic ofa
silicon diode,It is well knownthat a voltage V, has to be applied across the
junction before a current will flow. For silicon V; (which is often termed
the diode voltage drop) is of the order of 600-700 mV. V, is temperature
dependent, and is very nearly linear over the temperature range from
—50 to +150°C, This covers the range of temperatures usually required
in automotive engineering. The voltage V, has a temperature
characteristic which is essentially the same forall silicon devices of about
—2 mV °C.-!
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Figure 5.9 Forward bias characteristic ofa silicon diode.

A typical circuit is shown in figure 5.10. Transistors are often used
instead of diodes, with the base and collector terminals connected

together. For the best performance a constant current should flow through
the diodes, but in practice the error incurred by driving the circuit from a
constant voltage is small.

There is one major disadvantage to using diodes as temperature sensors
in contro] applications, which is that they are not fail-safe. If a diode
temperature sensor is used to control a heater, any breakage of the diode
wires will be interpreted by the controller as low temperature. More
powerwill then be applied to the heater, resulting in an uncontrolled
runaway.
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Figure 5.10 PN junction temperature transducing circuit. 

5.5 LIQUID CRYSTAL TEMPERATURE SENSORS 

A number of liquids (mainly organic) can be made to exhibit an orderly 
structure in which most or all of the molecules are aligned in a common 
direction. The structure can be altered by electric or magnetic fields. Most 
people are familiar with the liquid crystal displays used in watches and 
calculators which use compounds sensitive to electric fields. Less well 
known, however, is the fact that some liquid crystal materials are 
temperature sensitive [5]. One application which may be familiar is the use 
of cholestoric compounds as medical thermometers, in the form of a 
flexible plastic strip which is pressed against the skin to measure its surface 
temperature. The compounds involved have molecular structures similar 
to cholesterol, and for this reason are called 'cholestoric'. Cholestoric 
liquids form a helical structure, and this gives them their 
optical properties. The plane of polarisation of light passing through 
the compound is rotated by as much as 10000 per millimetre of path 
length. 

The structure can be enhanced by confining the cholestoric liquid 
between two parallel sheets of a suitable plastic~ The choice of polymer for 
the plastic is based on two requirements. These are first that it must be 
optically transparent, and second that it is sufficiently chemically active to 
bond to the liquid crystal molecules adjacent to the polymer and maintain 
their axes in the correct orientation. 

When used for temperature measurement the liquid crystal is confined 
between two polymer sheets as described above, a few tens of micrometres 
apart. The surface of one plastic sheet is given a reflective coating as 
shown in figure 5.11. In figure 5.11(a) a light ray enters the sandwich and is 
reflected back. Since the liquid crystal is in its ordered state the reflected 
ray interferes destructively with the incident light, and the sensor appears 
opaque. 

In figure 5.11(b) the liquid crystal has been raised to a temperature at 
which its ordered structure has broken down due to thermal agitation. The 
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Figure 5,10 PN junction temperature transducingcircuit.

5.5 LIQUID CRYSTAL TEMPERATURESENSORS

A numberof liquids (mainly organic) can be made to exhibit an orderly
structure in which mostorall of the molecules are aligned in a common
direction. The structure can be altered byelectric or magnetic fields. Most
people are familiar with the liquid crystal displays used in watches and
calculators which use compounds sensitive to electric fields. Less well

known, however, is the fact that some liquid crystal materials are
temperature sensitive [5]. One application which maybefamiliar is the use
of cholestoric compounds as medical thermometers, in the form of a
flexible plastic strip whichis pressed against the skin to measureits surface
temperature. The compounds involved have molecular structures similar
to cholesterol, and for this reason are called ‘cholestoric’, Cholestoric

liquids form a helical structure, and this gives them their
optical properties. The plane of polarisation of light passing through
the compoundis rotated by as much as 1000° per millimetre of path
length.

The structure can be enhanced by confining the cholestoric liquid
between twoparallel sheets of a suitable plastic: The choice of polymer for
the plastic is based on two requirements. These are first that it must be
optically transparent, and second that it is sufficiently chemically active to
bond to the liquid crystal molecules adjacent to the polymer and maintain
their axes in the correct orientation.

Whenused for temperature measurement the liquid crystal is confined
between two polymer sheets as described above, a fewtens of micrometres
apart. The surface of one plastic sheet is given a reflective coating as
shownin figure 5.11. In figure 5.11(a)a light ray enters the sandwich andis
reflected back. Since the liquid crystal is in its ordered state the reflected
ray interferes destructively with the incident light, and the sensor appears
opaque.

In figure 5.11(6) the liquid crystal has been raised to a temperature at
whichits orderedstructure has broken down due to thermal agitation. The
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( b) 

Figure 5.11 Liquid crystal temperature sensing: (a) destructive 
interference; (b) no interfercncc. 

temperature at which this occurs depends on the exact molecular 
structure. It is reasonably easy to create compounds tailored to specific 
temperature changes. If a ray of light enters the sandwich in this condition 
it is reflected back in the usual way, and the sensor appears to be 
transparent (the colour of the backing material is usually visible). 

If polarised light is used this technique can detect temperature changes 
as small as 10-3 dc. If ordinary white light is used the resolution is of the 
order of 0.1 dc. The advantages of liquid crystal temperature sensors are 
that they are relatively cheap and immune to electromagnetic interference. 
This last characteristic may make them suitable for automotive 
applications where RFI problems are too severe for a conventional 
electronic sensor to be used. It is possible to interrogate a liquid crystal 
temperature sensor remotely, by means of a fibre optic link. 

5.6 INFRARED EMISSION AND PYROMETRY 

Most people are familiar with the fact that the amount and the wavelength 
of radiation emitted by a body are functions of its temperature. This 
dependence on temperature of the characteristics of radiation is used as 
the basis of a non-contact temperature measurement technique in which 
the sensors used are known as radiation thermometers. Automotive 
applications of these devices have been reported, for example in tyre 
condition monitoring (see [6]). 

The total power of radiant flux of all the wavelengths R emitted by a 
black body of area A is proportional to the fourth power of the 
temperature of the body in kelvin 
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Figure 5.11 Liquid crystal temperature sensing: (a) destructive
interference; (b) no interference.

 
 

temperature at which this occurs depends on the exact molecular
structure. It is reasonably easy to create compoundstailored to specific
temperature changes. If a rayoflight enters the sandwichin this condition
it 1s reflected back in the usual way, and the sensor appears to be
transparent (the colour of the backing materialis usuallyvisible).

If polarisedlight is used this technique can detect temperature changes
as small as 10-4 °C. If ordinary white light is used the resolution is of the
order of 0.1°C. The advantages ofliquid crystal temperature sensors are
that they are relatively cheap and immune to electromagnetic interference.
This last characteristic may make them suitable for automotive
applications where RFI problems are too severe for a conventional
electronic sensor to be used. It is possible to interrogate a liquid crystal
temperature sensor remotely, by meansofafibre optic link.

 

 

5.6 INFRARED EMISSION AND PYROMETRY

 Most people are familiar with the fact that the amount andthe wavelength
of radiation emitted by a body are functions of its temperature. This
dependence on temperature of the characteristics of radiation is used as
the basis of a non-contact temperature measurement technique in which
the sensors used are known as radiation thermometers. Automotive

applications of these devices have been reported, for example in tyre
condition monitoring(see [6]).

The total powerof radiant flux ofall the wavelengths R emitted by a
black body of area A is proportional to the fourth power of the
temperature ofthe bodyin kelvin 
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(5.7) 

where a is the Stefan-Boltzmann constant, which has the value 5.67032 X 

lO-s W m -- c K- 4. Most radiation thermometers are based on this law, since 
if a sensing element of area A at a temperature T( receives radiation from 
an object at temperature T2, it will receive heat at a rate aA(T2)4 and will 
emit heat at a rate aA(T()'I. The net rate of heat gain is therefore a(T24 -

T(4). If the temperature of the sensor is small compared with that of the 
source T(4 may be neglected in comparison with 7~·1. 

The above discussion applies to perfectly black bodies with an emissivity 
e of unity. 'Real' objects have non-unity emissivities, and a correction 
must be made for this. The total radiant flux emitted by an object of area 
A and emissivity e is 

R = aeAT!. (5.8) 

The flux R is equal to that emitted by a perfect black body at a 
temperature T,,, the apparent temperature of the body 

(5.9) 

Equating (5.8) and (5.9) gives 

aeA T4 = aA T,,4 

therefore 

and therefore 

T = Tp-.Je. 

Radiation thermometers generally consist of a cylindrical body made 
from aluminium alloy or plastic. One end of the body carries a lens, which 
focuses energy from the target onto a detector within the tube. The lens 
may be made from glass, germanium, zinc sulphide, sapphire or quartz, 
depending on the wavelength. The heat detectors within the instrument 
are generally thermocouples, thermistors or PN junctions. 

5.7 SOLID AND LIQUID EXPANSION TEMPERATURE SENSORS FOR 
AUTOMOTIVE USE 

All water-cooled engines control the coolant circulation to avoid over
cooling. This is often done quite crudely, using a temperature-sensitive 
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R = cAT* (5.7)

Where ois the Stefan—Boltzmann constant, which has the value 5.670 32

10°*Wm ?K +. Most radiation thermometers are based onthis Jaw, since

if a sensing clement of area A al a temperature T, receives radiation from
an object at temperature 7%, it will receive heat at a rate oA(7>)* andwill
emit heat at a rate wA(7,)*. The net rate of heat gain is therefore o( 734
7‘). Uf the temperature of the sensor is small compared with that of the
source 7,4 maybe neglected in comparison with 7,

The abovediscussion applies to perfectly black bodies with an emissivity
e of unity. ‘Real’ objects have non-unity emissivities, and a correction
must be madeforthis. The total radiant flux emitted by an object of area
A and emissivity &is

R = oeAT". (5.8)

Che flux A is equal to that emitted by a perfect black body at a
temperature 7,, the apparent temperatureof the body

R = GATS, (5.9)

Equating (5.8) and(5.9) gives

ceAT = cAT,4

therefore

= Tile

and therefore

T= Te.

Radiation thermometers generally consist of a cylindrical body made
from aluminiumalloyor plastic. One end of the bodycarries a lens, which
focuses energy from the target onto a detector within the tube. The lens
may be made from glass, germanium, zinc sulphide, sapphire or quartz,
depending on the wavelength. The heat detectors within the instrument
are generally thermocouples, thermistors or PN junctions.

5.7 SOLID AND LIQUID EXPANSION TEMPERATURESENSORS FOR
AUTOMOTIVEUSE

All water-cooled engines control the coolant circulation to avoid over-
cooling. This is often done quite crudely, using a temperature-sensilive
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valve called a thermostat. It seems likely that in the near future automotive 
engine cooling will be placed under more sophisticated control, perhaps by 
means of a variable-speed electric drive to the water pump and one Or 
more electronic temperature sensors placed around the engine [7]. 

Although thermostats are not strictly temperature sensors they are 
worth including here, since they can be considered to be temperature 
transducers (transducing temperature to displacement). There are two 
kinds of thermostat in common use, the bellows and the wax element types. 

5.7.1 Bellows Thermostats 

The operating element is a sealed flexible metal bellows, partly filled with 
a liquid which has a lower boiling point than that of the engine coolant 
fluid. Alcohol, ether or acetone are commonly used. Air is excluded from 
the bellows, which contains only the liquid and its vapour. The pressure 
inside the bellows is therefore the vapour pressure of the liquid. This 
varies with temperature, being equal to atmospheric pressure at the 
boiling point of the liquid. The pressure is less below boiling point, and 
more at higher temperatures. The extension of the bellows is thus 
temperature dependent, and it is this which is used to control the coolant 
flow. A poppet-type valve is attached by a stem to the top of the bellows 
as shown in figure 5.12(a), and varies a circular opening in the flange to 
control the flow of water. 

Complete sealing is not necessary and indeed is undesirable, since it 
would lead to air being trapped beneath the valve when the system is 
filled. A small hole is normally drilled in the valve to act as a vent. A 
loosely fitting jiggle-pin prevents this hole becoming clogged. 

The free length of the bellows is such that when internal and external 
pressures are equal, the valve will remain open. Thus if the bellows 
develops a leak the valve will remain open, i.e. the thermostat is fail-safe . 

(bl 

) 

; ~ 

Figure 5.12 (a) Bellows thermostat. (b) Wax element thermostat. 
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valve called a thermostat. It seemslikely that in the near future automotive

enginecooling will be placed under more sophisticated control, perhaps by
means of a variable-speed electric drive to the water pump and one or
more electronic temperature sensors placed aroundthe engine[7].

Although thermostats are not strictly temperature sensors they are
worth including here, since they can be considered to be temperature
transducers (transducing temperature to displacement), There are two
kinds of thermostat in common use, the bellows and the waxelement types,

5.7.1 Bellows Thermostats

The operating element is a sealedflexible metal bellows, partly filled with
a liquid which has a lowerboiling point than that of the engine coolant
fluid. Alcohol, ether or acetone are commonlyused. Air is excluded from
the bellows, which contains only the liquid and its vapour. The pressure
inside the bellows is therefore the vapour pressure of the liquid. This
varies with temperature, being equal to atmospheric pressure at the
boiling point of the liquid. The pressure is less below boiling point, and
more at higher temperatures. The extension of the bellows is thus
temperature dependent, andit is this which is used to control the coolant
flow. A poppet-type valve is attached by a stem to the top of the bellows
as shown in figure 5.12(a@), and varies a circular opening in the flange to
control the flowof water.

Complete sealing is not necessary and indeed is undesirable, sinceit
would lead to air being trapped beneath the valve when the systemis
filled. A small hole is normally drilled in the valve to act as a vent. A
looselyfitting jiggle-pin prevents this hole becoming clogged.

The free length of the bellows is such that when internal and external
pressures are equal, the valve will remain open. Thus if the bellows
develops a leak the valve will remain open, i.e. the thermostat is fail-safe.

\

:Aq. 
Figure 5.12 (a) Bellows thermostat. (b) Wax element thermostat. 
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5.7.2 Wax Element Thermostats 

This type depends for its operation upon the considerable change in 
volume which occurs when certain types of wax melt. The operating 
element is a metal cylinder filled with such a wax, into which is inserted a 
thrust pin as shown in figure 5.12(b). A flexible rubber sleeve surrounds 
the pin and is sealed to the top of the capsule to prevent the wax escaping. 
A poppet valve is again used, and is held in the shut position by a spring 
when cold. When the thermostat is heated the wax melts and expands, 
pushing the thrust pin out of the capsule, and opening the valve. 

The useful life of this type of thermostat is claimed to be in excess of 
100000 km. The opening temperature tends to increase, however, due to 
deterioration of the rubber sleeve. 

Failure can take place in two ways. The most common mode is for a 
leak to develop, allowing the wax to escape and the valve to remain 
closed. The vehicle then overheats, so this device is not as fail-safe as the 
bellows type. Failure can also occur due to a leak developing in the rubber 
sleeve below the thrust pin. In this case the valve will stick open. 

A vent hole and jiggle-pin are also provided for the reasons given in 
section 5.7.1. 

5.8 HEAT FLUX GAUGES 

It is sometimes necessary to make local measurements of convective, 
radiative or total heat transfer rates. In automotive engineering this is 
most likely to occur in engine and cooling system research. This 
requirement has led to the development of a class of sensors known as 
heat flux gauges. 

One common type of heat flux gauge has the general form shown in 
figure 5.13. Two temperature measuring elements (usually thermocouples) 
are physically separated by a thermal insulator with known characteristics. 
When heat energy begins to pass through surface A, the thermocouple 11 
generates a small voltage. Since the heat has to pass through the thickness 
of insulating material I to reach the second thermocouple on surface B, a 
different voltage is generated by 12. The differential voltage developed 
across 11 and 12 is proportional to their temperature difference. If the 
characteristics of the insulator I are known, the heat transfer rate may be 
obtained as a function of voltage. 

Heat flux gauges of this type are fabricated as a string of thermocouples 
on a flexible backing. Up to 30 thermocouple junctions are placed on each 
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5.7.2. Wax Element Thermostats

This type depends for its operation upon the considerable change in
volume which occurs when certain types of wax melt. The operating
element is a metal cylinder filled with such a wax, into whichis inserted a
thrust pin as shownin figure 5.12(b). A Nexible rubber sleeve surrounds
the pin andis sealed to the top of the capsule to prevent the wax escaping.
A poppet valve is again used, andis held in the shut position bya spring
when cold. When the thermostat is heated the wax melts and expands,

pushing the thrust pin out of the capsule, and openingthe valve.
The usefullife of this type of thermostat is claimed to be in excess of

100000 km. The opening temperature tends to increase, however, due to
deterioration of the rubbersleeve.

Failure can take place in two ways. The most common modeis for a
leak to develop, allowing the wax to escape and the valve to remain
closed. The vehicle then overheats, so this device is not as fail-safe as the

bellows type. Failure can also occur due to a leak developing in the rubber
sleeve below the thrust pin. In this case the valve will stick open.

A vent hole and jiggle-pin are also provided for the reasons given in
section 5.7.1.

5.8 HEAT FLUX GAUGES

It is sometimes necessary to make local measurements of convective,
radiative or total heat transfer rates. In automotive engineering this is
most likely to occur in engine and cooling system research. This
requirement has led to the development of a class of sensors known as
heat flux gauges.

One commontype of heat flux gauge has the general form shownin
figure 5.13. Two temperature measuring elements (usually thermocouples)
are physically separated by a thermal insulator with known characteristics.
Whenheat energy begins to pass through surface A, the thermocouple J1
generates a small voltage. Since the heat has to pass through the thickness
of insulating material I to reach the second thermocouple on surface B, a
different voltage is generated by J2. The differential voltage developed
across J1 and J2 is proportional to their temperature difference. If the
characteristics of the insulator I are known, the heat transfer rate may be
obtained as a functionofvoltage.

Heatflux gaugesof this type are fabricated as a string of thermocouples
on a flexible backing. Up to 30 thermocouple junctions are placed on each
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Figure 5.13 Heat flux gauge. 

side of the insulator to increase the sensitivity of the device as discussed in 
section 5.2.2. Heat flux gauges of the type described in figure 5.13 
somewhat resemble strain gauges, and are bonded to the surface to be 
measured in a similar fashion. However, strain gauges are usually 
considered to be disposable since they are relatively cheap. Heat flux 
gauges currently cost from £150-£300, although the price is falling, and it is 
usual to try and remove them for reuse. A number of successful removal 
techniques have been reported [8]. 

5.9 SUMMARY AND CONCLUSIONS 

The types of temperature sensor required in the automotive industry may 
be divided into two categories: those used for research and development, 
and those fitted to production vehicles. The former category encompasses 
almost all of the temperature measurement methods available, and a 
complete treatment is beyond the scope of this book, although 
descriptions of the most commonly used devices and techniques have been 
given. The second class is of more interest to the automotive engineer 
since temperature measurement is essential for a number of control 
functions, notably that of electronic engine management, where inlet air 
temperature is required. 

Up to about a decade ago most of the temperature sensors used on road 
vehicles were of the bimetallic variety. This has gradually changed, and 
nowadays thermistors are much more common. These are usually of the 
bead type, although it seems likely that thick-film thermistors will become 
standard because of their I w~cost an thefac hat the can be integrated 
with 0 er circuitry in the orm of a thick-film h bdd. 

Anum er 0" emerging applications such a tyre condition and propshaft 
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Figure 5.13 Heat flux gauge.

side of the insulator to increase the sensitivity of the device as discussed in
section 5.2.2. Heat flux gauges of the type described in figure 5.13
somewhat resemble strain gauges, and are bonded to the surface to be
measured in a similar fashion. However, strain gauges are usually
considered to be disposable since theyare relatively cheap. Heat flux
gauges currently cost from £150-£300, althoughtheprice is falling, and it is
usual to try and remove them for reuse. A number of successful removal
techniques have been reported[8].

5.9 SUMMARY AND CONCLUSIONS

The types of temperature sensor required in the automotive industry may
be divided into two categories: those used for research and development,
and thosefitted to production vehicles. The former category encompasses
almost all of the temperature measurement methods available, and a
complete treatment is beyond the scope of this book, although
descriptions of the most commonly used devices and techniques have been
given. The second class is of more interest to the automotive engineer
since temperature measurement is essential for a number of control
functions, notably that of electronic engine management, whereinlet air
temperature is required.

Upto about a decade ago most of the temperature sensors used on road
vehicles were of the bimetallic variety. This has gradually changed, and
nowadays thermistors are much more common. These are usually of the
bead type, although it seems likely that thick-film thermistors will become
standard because oftheir lowcost andthe fact that they can be integrated
withOthercircuitry in the formofathick-filmhybrid.

A numberof emerging applicationssuchas tyre condition and propshaft
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JOInt monitoring may require non-invasive temperature measurement 
techniques, and infrared emission sensors may be the most suitable for this 
purpose. 

Silicon diode junctions exhibit useful thermal characteristics as 
discussed in section 5.4. These are likely to become common in 
applications where temperature measurement is required as part of an 
integrated silicon device. This might be the case in a micromachined 
silicon pressure sensor, where pressure and temperature measurements 
are frequently required together. If the expense of designing a custom 
silicon device is considered to be worthwhile, temperature sensing in the 
form of a PN junction can be included at very little extra cost. 

As the amount of electronics on a vehicle increases, the requirement for 
temperature sensing is also likely to increase. This may be because 
temperature data are required to control a mechanical function. It seems 
more likely, however, that temperature measurements will be increasingl 
Ileeded -io' provid~-· thermal compensation oT the el~ronic sYsiem~ 
themSeTVes.-- - --
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joint monitoring may require non-invasive temperature measurement
techniques, and infrared emission sensors may be the most suitable for this
purpose.

Silicon diode junctions exhibit useful thermal characteristics as

discussed in section 5.4. These are likely to become common in

applications where temperature measurement ts required as part of an
integrated silicon device. This might be the case in a micromachined
silicon pressure sensor, where pressure and temperature measurements
are frequently required together. Hf the expense of designing a custom
silicon device is considered to be worthwhile, temperature sensing in the
form of a PN junction can be includedal verylittle extra cost.

Asthe amount of electronics on a vehicle increases, the requirement for
temperature sensing is also likely to increase. This may be because
temperature data are required to control a mechanical function, Itseems
morelikely, however, thal temperature measurements will be increasingly
needed to provide thermal compensation of the electronic systems
themselves.
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Combustion Sensors 

Engine control systems have always required some method of measuring 
what is happening in the engine to enable control to be applied and the 
engine to be constrained to operate as required by the driver, and more 
recently by the regulatory authorities. 

In early engines control of air, fuelling and ignition was largely manual, 
with ignition timing being set by hand from the driving position and the 
fuelling range being defined by the choice of jet size in the carburettor. 
Automatic mechanical control of ignition advance appeared in the 1920s 
with the distributor being mechanically rotated by centrifugal weights to 
increase ignition advance with increasing speed, and by a lever system 
connected to a pressure sensing diaphragm which sensed inlet manifold 
vacuum pressure (a good measure of engi)le load). 

The arrival of electronic engine control in the 1960s, and the 
requirement, initially in the USA, to meet legally regulated emission 
levels, led to much more sophisticated control of fuelling and ignition 
timing based on the electronic measurement of inlet manifold mass air 
flow, engine speed and timing position. This required the use of look-up 
tables to relate these measured values at the input to the engine to the 
required fuelling and timing for 'best performance' as established on an 
engine test bed. This arrangement, however, relied entirely on the 
accuracy of the look-up tables and took no account of deterioration of the 
engine with age, changes of fuel quality, the variation between the test-bed 
engine and production engines or the difference between individual 
cylinders in the same engine. It was an open-loop system with no capacity 
to adapt. 

The advent of more severe emission controls which required the use of 
exhaust catalysts made it essential to use feedback control capable of 
maintaining the air-fuel ratio at stoichiometry, the sensor for this being 
located in the exhaust system to measure exhaust gas oxygen and hence 
air-fuel ratio (see chapter 10). The exhaust gas oxygen (EGO) sensor is, 
however, slow in response (>35 ms) and only capable of measuring 
average exhaust gas oxygen content; and in its position in the exhaust 
manifold it can only measure the average output from all cylinders 
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accuracy of the look-up tables and took no accountof deterioration of the
engine with age, changesof fuel quality, the variation between the test-bed
engine and production engines or the difference between individual
cylinders in the same engine. It was an open-loop system with no capacity
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combined. There is therefore an urgent need for a method of sensing 
much more rapidly the effectiveness and efficiency of the combustion 
process, and this can best be done by a sensor within the combustion 
chamber capable of making direct measurements on the combustion 
process. The sensor must, however, be of low cost, since for optimal 
engine control a sensor is required in each cylinder of the engine. 

This requirement for low cost has to some extent determined the 
sensing methods which have been investigated for this application. 

6.1 PRESSURE SENSORS 

The first sensor to be used to investigate in-cylinder combustion was a 
pressure sensor using the piezoelectric effect. Originally, during the 1940s, 
expensive precision instrumentation sensors using quartz sensing elements 
were used; these became widely used for engine development after the 
invention of the charge amplifier in 1950 [1]. These sensors are capable of 
accurately measuring cylinder pressure over the whole range of engine 
operation, and provide detailed information on the variation of cylinder 
pressure and its timing during the engine cycle. They can also provide 
information on the knock, misfiring and abnormal combustion conditions 
which can seriously affect engine efficiency and smoothness. 

For engine control the critical parameters are pressure amplitude and 
how the pressure variations relate in time to the engine timing cycle. The 
feedback of this information to the engine control system makes it 
possible to accurately control the engine to optimise power output while 
keeping exhaust gas emissions at a level which can be handled effectively 
by catalyst-equipped engines. 

The response time of an in-cylinder pressure sensor should also be fast 
enough to provide adequate feedback control within one cycle for each 
cylinder. This is much faster than is possible using currently available 
exhaust gas oxygen sensors for the feedback control of air-fuel ratio. 

A suitably developed powertrain management system using cylinder 
pressure feedback from each cylinder could be used to control spark 
timing, exhaust gas recirculation (EGR) rate, fuel injector pulse width and 
timing, throttle angle and transmission load matching. Such a system 
would provide excellent diagnostic information which could be used both 
for modification of engine operating conditions to permit continued 
operation under fault conditions, and for driver warning and servicing 
diagnostics. 

It is not at present certain whether, when in-cylinder pressure sensing is 

114

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

96 AUTOMOTIVE SENSORS

combined, There is therefore an urgent need for a method of sensing
much more rapidly the effectiveness and efficiency of the combustion
process, and this can best be done by a sensor within the combustion
chamber capable of making direct measurements on the combustion
process. The sensor must, however, be of low cost, since for optimal
engine control a sensoris required in each cylinderofthe engine.

This requirement for low cost has to some extent determined the
sensing methods which havebeen investigated for this application.

6.1 PRESSURE SENSORS

The first sensor to be used to investigate in-cylinder combustion was a
pressure sensor using the piezoelectric effect. Originally, during the 1940s,
expensive precision instrumentation sensors using quartz sensing elements
were used; these became widely used for engine development after the
invention of the charge amplifier in 1950 [1]. These sensors are capable of
accurately measuring cylinder pressure over the whole range of engine
operation, and provide detailed information on the variation of cylinder
pressure and its timing during the engine cycle. They can also provide
information on the knock, misfiring and abnormal combustion conditions
which canseriously affect engineefficiency and smoothness.

For engine contro] the critical parameters are pressure amplitude and
howthe pressure variations relate in time to the engine timing cycle. The
feedback of this information to the engine control system makes it
possible to accurately control the engine to optimise power output while
keeping exhaust gas emissions at a level which can be handled effectively
bycatalyst-equipped engines.

The response time of an in-cylinder pressure sensor should also be fast
enough to provide adequate feedback control within one cycle for each
cylinder. This is much faster than is possible using currently available
exhaust gas oxygen sensors for the feedback control ofair-fuel ratio.

A suitably developed powertrain management system using cylinder
pressure feedback from each cylinder could be used to contro] spark
timing, exhaust gas recirculation (EGR) rate, fuel injector pulse width and
timing, throttle angle and transmission load matching. Such a system
would provide excellent diagnostic information which could be used both
for modification of engine operating conditions to permit continued
operation under fault conditions, and for driver warning andservicing
diagnostics.
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used, it will still be necessary to have an EGO sensor to maintain the 
accurate average stoichiometric air-fuel ratio essential to permit optimal 
exhaust catalyst operation . Certainly there will be no requirement for a 
knock sensor to detect over-advanced ignition timing as this is effectively 
detected by a cylinder pressure sensor, even at high engine speeds where 
the conventional knock sensor has major problems due to the high general 
vibration level. 

A low-cost design developed by Anastasia and Pestana [2] is shown in 
figure 6.1. In this a hermetically welded, high-temperature-alloy 
diaphragm specially designed to minimise stress and deflection during 
cycling makes a flush fit at the end of the sensor which screws into the 
cylinder. This flush fit with the cylinder wall reduces the effect of the 
sensor on the combustion gas mixing to a minimum and seals the sensor 
from the combustion chamber. A ceramic pin is used to transfer the 
proportional deflection of the diaphragm under combustion pressure to 
the piezoelectric transducer element; in this way the piezoelectric device is 
isolated from the high combustion temperatures and the diaphragm is also 
rigidly supported against over-deflection and stress. The charge from the 
piezoelectric transducer element is amplified by a charge amplifie r and 
electronic signal conditioner mounted within the sensor casing, and the 
signal processed to produce a voltage output proportional to the 
instantaneous cylinder pressure. The impedance of the signal path is also 
reduced to permit the signal to be sent to the electronic control unit 
without corruption by electromagnetic interference. 

Integral 
connector 
+SV ground 
Signal 

ElectroniC 
s ignal 
condilloner 

Piezoelectric 
transducer 

Body Transfer pin 

Figure 6.1 In-cylinder pressure sensor (Texas Instruments). 

An alternative design has been described by Mock and Meixner [3] 
which uses a radially polarised piezoceramic tube (figure 6.2) instead of a 
conventional piezoelectric transducer. In this case the cylinder pressure is 
transmitted axially to the tube by a flush diaphragm at the cylinder end of 
the sensor which seals the sensor from the combustion chamber. The inner 
and outer walls of the tube are lined with electrodes to pick up the charge 
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used, it will still be necessary to have an EGO sensor to maintain the
accurate average stoichiometric air-fuel ratio essential to permil optimal
exhaust catalyst operation. Certainly there will be no requirement for a
knock sensor to detect over-advancedignition timing as this is effectively
detected by a cylinder pressure sensor, even at high engine speeds where
the conventional knock sensor has major problems due to the high general
vibration level.

A low-cost design developed by Anastasia and Pestana [2] is shownin
figure 6.1. In this a hermetically welded, high-lemperature-alloy
diaphragm specially designed to minimise stress and deflection during
cycling makes a flush fit at the end of the sensor which screws into the
cylinder. This flush fit with the cylinder wall reduces the effect of the
sensor on the combustion gas mixing to a minimum andseals the sensor
from the combustion chamber. A ceramic pin is used to transfer the
proportional deflection of the diaphragm under combustion pressure to
the piezoelectric transducer element; in this waythe piezoelectric device ts
isolated from the high combustion temperatures and the diaphragmisalso
rigidly supported against over-deflection and stress, The charge from the
piezoelectric transducer element 1s amplified by a charge amplifier and
electronic signal conditioner mounted within the sensor casing, and the

e output proportional to the signal processed to produce a_voltag
instantaneous cylinder pressure. The impedance of the signal path is also
reduced to permit the signal to be sent to the electronic control unit
without corruption byelectromagnetic interference.

  
Figure 6.1 In-cylinder pressure sensor (Texas Instruments)

An alternative design has been described by Mock and Meixner[3]
which uses a radially polarised piezoceramic tube(figure 6.2) instead ofa
conventional piezoelectric transducer. In this case the cylinder pressureis
transmitted axially to the tube bya flush diaphragmat the cylinder end of
the sensor whichseals the sensor from the combustion chamber. The inner

and outer walls of the tube are lined with electrodes to pick up the charge
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Figure 6.2 In-cylinder pressure sensor using radially polarised 
piezoceramic tube (from Mock and Meixner [3]). 

signal generated by the transverse piezoelectric effect. In this design, with 
diaphragm temperatures up to 400 °C, there is some deterioration of the 
piezoelectric properties of the portion of the tube close to the diaphragm 
as the temperature goes above the approximately 200 °C Curie point. 
However, since a maximum of only half the tube is affected by this 
deterioration, the still-active part of the tube continues to provide a charge 
signal of about 200-300 pC bar-I. Because of this high sensitivity 
compared with the conventional piezoelectric transducer, it is claimed that 
no electronics is required within the sensor and that signal processing may 
be done under low-temperature conditions away from the engine. 

180 360 

Cronkshoft ongle Ideg) 

540 

Figure 6.3 Signal output from piezoceramic tube pressure sensor 
compared with instrumentation pressure sensor output (Siemens). 
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Figure 6.2. In-cylinder pressure sensor using radially polarised
piezoceramic tube (from Mock and Meixner[3)).

signal generated bythe transverse piezoelectric effect. In this design, with
diaphragm temperatures up to 400 °C, there is some deterioration of the
piezoelectric properties of the portion of the tube close to the diaphragm
as the temperature goes above the approximately 200°C Curie point.
However, since a maximum ofonly half the tube is affected bythis
deterioration, the still-active part of the tube continues to provide a charge
signal of about 200-300 pCbar-'. Because of this high sensitivity
comparedwith the conventionalpiezoelectric transducer,it is claimed that
no electronics is required within the sensor andthat signal processing may
be done under low-temperature conditions awayfrom the engine.
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Figure 6.3 Signal output from piezoceramic tube pressure sensor
compared with instrumentation pressure sensor output (Siemens). 
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The typical signal output from this low-cost piezoelectric flush 
diaphragm sensor is shown in figure 6.3 compared with that from a Kistler 
quartz instrumentation pressure sensor, with a similar comparison under 
knocking combustion in figure 6.4. 

330 360 390 420 450 

Crankshaft angle ldeg) 

Figure 6.4 Signal output from piezoceramic tube pressure sensor 
compared with instrumentation pressure sensor output under engine 
knock conditions (Siemens). 

A further alternative sensor has been described by Sasayama et at [4]. 
This makes use of a 0.3 mm X 4 mm flush silicon diaphragm in the 
combustion chamber and uses optical rather than piezoelectric methods to 
measure its deflection under pressure (figure 6.5). In this arrangement 
light from an LED is injected down half of a bundle of 400 multimode 
optical fibres; this produces small cones of light on the polished silicon 
diaphragm as shown in figure 6.5. The other half of the fibre bundle is 
used to transmit the light reflected to a photosensor. As the diaphragm is 

ilL 
Displacement 

Combustion pressure 

Figure 6.5 Optically sensed diaphragm pressure sensor (from 
Sasayama et at [4]): PD, photodiode; In, input; Re, reflected, xo, zero 
position of diaphragm; Ill, deflection of diaphragm under pressure. 
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The typical signal output from this low-cost piezoelectric flush
diaphragmsensoris shown in figure 6.3 compared with that from a Kistler
quartz instrumentation pressure sensor, with a similar comparison under
knocking combustionin figure 6.4.
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Figure 6.4 Signal output from piezoceramic tube pressure sensor
compared with instrumentation pressure sensor output under engine
knock conditions (Siemens).

A further alternative sensor has been described by Sasayamaeral [4].
This makes use of a 0.3mm X 4mm flush silicon diaphragm in the
combustion chamber and usesoptical rather than piezoelectric methods to
measure its deflection under pressure (figure 6.5). In this arrangement
light from an LEDis injected down half of a bundle of 400 multimode
optical fibres; this produces small cones of light on the polished silicon
diaphragm as shown in figure 6.5. The other half of the fibre bundle is
used to transmit the light reflected to a photosensor. As the diaphragm is
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Figure 6.5 Optically sensed diaphragm pressure sensor (from
Sasayamaet al [4]): pb, photodiode; In, input; Re, reflected, xy, zero
position of diaphragm; Ax, deflection of diaphragm underpressure.

 



100 AUTOMOTIVE SENSORS 

deflected towards the optical fibre under increased pressure, the overlap 
between the transmitting and receiving optical cones changes and the light 
reflected and reaching the photosensor also changes, giving the curve of 
intensity versus displacement shown in figure 6.5. 

With the distance between the end of the 'optical fibres and the 
diaphragm optimised, a high sensitivity is possible. The characteristic 
resonance frequency of the diaphragm is more than 50 kHz and 
temperatures up to 500°C can be handled, but compensation for 
temperature changes is required if pressure is to be accurately measured. 

Finally, a sensor can be used which consists of a piezoelectric ceramic 
ring which can be clamped under the spark plug in place of the normally 
used washer (as shown in figure 6.6). Such a sensor was described by 
Kondo et at [5] and also by Randall [6]. The small movements of the spark 
plug under cylinder combustion change the compression of the ring and 
produce a voltage signal which can be processed as required. 

In his work on this type of sensor Randall used the piezoelectric ceramic 
PZT-5a which is a composition of lead, zirconia and titanium. This ceramic 
has a Curie point of 365°C and in ring transducer form a mechanical 
resonant frequency of over 2 MHz. The factor determining the frequency 
response of the sensor is therefore that of the spark plug. Vibrating as a 
free body its mechanical resonance has been calculated to be about 90 
kHz; however, when installed in the engine significant damping is to be 
expected which would cause a reduction in sensor output at higher 
frequencies. The sensor should have adequate frequency response to 

Figure 6.6 Spark plug washer ring pressure sensor. 
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deflected towards the optical fibre under increased pressure, the overlap
between the transmitting and receiving optical cones changesand thelight
reflected and reaching the photosensoralso changes, giving the curve of
intensity versus displacement shownin figure 6.5,

With the distance between the end of the ‘optical fibres and the
diaphragm optimised, a high sensitivity is possible. The characteristic
resonance frequency of the diaphragm is more than 50kHz and
temperatures up to 500°C can be handled, but compensation for
temperature changesis requiredif pressure is to be accurately measured.

Finally, a sensor can be used which consists of a piezoelectric ceramic
ring which can be clamped under the spark plug in place of the normally
used washer (as shownin figure 6.6). Such a sensor was described by
Kondoet al [5] and also by Randall [6]. The small movementsofthe spark
plug under cylinder combustion change the compression ofthe ring and
produce a voltage signal which can be processed as required.

In his work onthis type of sensor Randall used the piezoelectric ceramic
PZT-5a which is a composition of lead, zirconia and titanium. This ceramic
has a Curie point of 365°Candin ring transducer form a mechanical
resonant frequencyof over 2 MHz. The factor determining the frequency
response of the sensor is therefore that of the spark plug. Vibrating as a
free body its mechanical resonance has been calculated to be about 90
kHz; however, when installed in the engine significant damping is to be
expected which would cause a reduction in sensor output at higher
frequencies. The sensor should have adequate frequency response to
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Figure 6.6 Spark plug washer ring pressure sensor. 
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detect detonation frequencies up to 15 kHz. There is a loss of sensitivity 
when the sensor is heated to the 200-300 DC temperature range found at 
the spark plug thread under high-speed engine operation and this has to 
be allowed for in the associated amplifier circuitry. 

If possible, sensors with flush diaphragms at cylinder wall level are 
preferred to spark plug ring sensors because of the risk of unexpected 
resonances in the transmission of the pressure pulse to the spark plug and 
the vulnerability of the spark plug ring sensor to damage by incorrect 
spark plug tightening. However, the convenience of its application makes 
the spark plug ring sensor popular for engine development use. 

6.2 OPTICAL SENSORS 

A cylinder pressure sensor which uses optical methods to detect the 
deflection of a diaphragm was described in the previous section, but it is 
also possible to use optical methods to look directly at the combustion 
process as it happens. The method has a number of attractions: several 
parameters can be measured directly and could be easily multiplexed on 
multicylinder engines and the sensor system is immune from the very high 
level of electromagnetic interference present in the engine environment. It 
also has a number of disadvantages, chief among which is the need to 
provide optical access for a narrow-bore probe. This can either be 
provided by specially drilled holes, where this is possible, or by the use of a 
silicon rod down the centre of a spark plug. 

Most experimental work has been done with specially drilled holes [7] 
which were designed to take both optical sensors and interchangeable 
piezoelectric pressure sensors to permit comparative measurement of 
optical radiation and cylinder pressure. 

A silicon or silicon-clad glass rod is used as the initial transmission 
medium from the cylinder, and this is interfaced with an optical glass fibre 
bundle immediately outside the engine block which is then led to a large
area silicon photodiode in a cooler part of the engine compartment. Figure 
6.7 shows the optical intensity of combustion measured in a gasoline 
engine compared with a cylinder pressure signal from a piezoelectric 
sensor mounted in an adjacent access hole. The optical signal is seen to be 
present only when fuel burning is actually in progress, while the pressure 
signal is also affected by the pressure changes caused by motoring the 
engine during non-combustion periods, but otherwise the characteristics of 
optical radiation and pressure during combustion are closely comparable. 
Figure 6.7 also shows that the rapid in-cylinder pressure variations 
(ringing) caused by 'knock', which is seen to be present as an oscillatory 
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detect detonation frequencies up to 15 kHz. Thereis a loss of sensitivity
when the sensor is heated to the 200-300 °C temperature range found at
the spark plug thread under high-speed engine operation and this has to
be allowed for in the associated amplifier circuitry.

If possible, sensors with flush diaphragms at cylinder wall level are
preferred to spark plug ring sensors because of the risk of unexpected
resonancesin the transmission of the pressure pulse to the spark plug and
the vulnerability of the spark plug ring sensor to damage by incorrect
spark plug tightening. However, the convenience of its application makes
the spark plug ring sensor popularfor engine developmentuse.

6.2 OPTICAL SENSORS

A cylinder pressure sensor which uses optical methods to detect the
deflection of a diaphragm was described in the previoussection, butit is
also possible to use optical methods to look directly at the combustion
process as it happens. The method has a numberofattractions: several
parameters can be measured directly and could be easily multiplexed on
multicylinder engines and the sensor system is immune from the very high
level of electromagnetic interference present in the engine environment.It
also has a number of disadvantages, chief among which is the need to
provide optical access for a narrow-bore probe. This can either be
provided byspecially drilled holes, wherethis is possible, or by the use of a
silicon rod downthe centre of a spark plug.

Most experimental work has been done with speciallydrilled holes [7]
which were designed to take both optical sensors and interchangeable
piezoelectric pressure sensors to permit comparative measurement of
optical radiation and cylinder pressure.

A. silicon orsilicon-clad glass rod is used as the initial transmission
medium fromthe cylinder, and this is interfaced with an optical glass fibre
bundle immediately outside the engine block which is then led to a large-
area silicon photodiode in a cooler part of the engine compartment. Figure
6.7 shows the optical intensity of combustion measured in a gasoline
engine compared with a cylinder pressure signal from a piezoelectric
sensor mounted in an adjacent access hole, The opticalsignal is seen to be
present only when fuel burningis actually in progress, while the pressure
signal is also affected by the pressure changes caused by motoring the
engine during non-combustion periods, but otherwise the characteristics of
optical radiation and pressure during combustion are closely comparable.
Figure 6.7 also shows that the rapid in-cylinder pressure variations
(ringing) caused by ‘knock’, which is seen to be present as an oscillatory
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Figure 6.7 In-cylinder optical intensity vanatlOn during the 
combustion cycle compared with cylinder pressure variation (from 
Pinnock et at [7]). 

trace on the pressure signal from maximum pressure onward , is also 
reproduced as a ringing signal on the optical intensity trace, indicating that 
this pressure variation has a direct effect on the optical radiation 
mea UTed. High-pass filters can be used to extract this knock information, 
and in production vehicles this could avoid the need for special block
mounted kn ck en ors (accelerometers). In fact the signal obtained 
continues to be easy to separate out even at maximum engine speed 
which is not the case with either accelerometers or pressure sensors due to 
the high vibration levels in the engine. 

Ignition timing and cylinder pressure can be directly derived from the 
optical signal and can be used for engine feedback control, as can the 
information from a pressure sensor. In the case of the optical sensor, 
however, flame temperature information can also be obtained from flame 
colour by the use of optical filters, and this technique may be useful in 
future for engine measurement and c:ontrol when operating conditions are 
critical and a sophisticated analysis of the gas content is required. 

It is interesting to note that none of these short-period measurements 
require knowledge of the degree of contamination of the Iront window 
face, provided that it is not sufficient to totally obscure the optical signal. 
In practice it has been found that contamination increases and decreases 
depending on engine operating conditions but that the optical face 
remain sufficiently clear for adequate optical transmission under all 
normal engine conditions. 

The pos ible use of a ilicon rod down the centre of the spark plug has 
already been suggested and could also make it possible to view the ignition 
process as well a combustion. This may give valuable additional 
information which can be used either for control or analys.is of the critical 
early period of flame growth which is so crucial to an engine's 
performance and emissions. 
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Figure 6.7 In-cylinder optical intensity variation during the
combustion cycle compared with cylinder pressure variation (from
Pinnock etal [7]).

trace on the pressure signal from maximumpressure onwards, is also
reproduced as a ringing signal on the optical intensity trace, indicating that
this pressure variation has a direct effect on the optical radiation
measured. High-passfilters can be used to extract this knock information,
and in production vehicles this could avoid the need for special block-
mounted knock sensors (accelerometers). In fact the signal obtained
continues to be easy to separate out even at maximum engine speed,
whichis not the case with either accelerometers or pressure sensors due to
the high vibration levels in the engine.

Ignition timing and cylinder pressure can be directly derived from the
optical signal and can be used for engine feedback control, as can the
information from a pressure sensor. In the case of the optical sensor,
however, flame temperature information can also be obtained from flame
colour by the use of optical filters, and this technique may be useful in
future for engine measurement andcontrol whenoperating conditions are
critical and a sophisticated analysis of the gas content is required.

It is interesting to note that none ofthese short-period measurements
require knowledge of the degree of contamination of the front window
face, provided that it is not sufficient to totally obscure the optical signal.
In practice it has been found that contamination increases and decreases
depending on engine operating conditions but that the optical face
remains sufficiently clear for adequate optical transmission under all
normal engine conditions.

The possible use ofa silicon rod downthe centre of the spark plug has
already been suggested and could also make it possible to viewthe ignition
process as well as combustion. This may give valuable additional
information which can be used either for control or analysis ofthe critical
early period of flame growth which ts so crucial to an engine’s
performance and emissions.
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It has been proposed that such a sensor could be used to fine-tune the 
position of the spark plug electrode and gap, and to study the effect that 
electrode erosion and air-fuel turbulence has on performance and 
emissions. 

Recently Witze and Hall [8] have experimented with a standard spark 
plug instrumented with eight equispaced peripheral optical fibres inserted 
as shown in figure 6.8. These serve as 'eyes' looking at the developing 
flame kernel after ignition. The fibres are 200 mm in diameter and each 
fibre transmits flame emissions which originate within a 23° acceptance 
cone. The spatial resolution of the probe is complex and varies from about 
10 to 50% of the detection circle radius, depending on where the flame 
kernel enters the acceptance cone of the optical fibre. 

Figure 6.8 Spark plug instrumented with eight peripheral optical 
fibres (from Witze and Hall [8]). 

In experimental use to determine the shape and path of the flame kernel 
after ignition, the light collected by the fibres is transmitted to 
photodetectors in a specially built signal processor which produces a 
digital signal if the light level is greater than a predetermined level. From 
these signals it is believed that definitive trends of the shape and path of 
the flame kernel can be obtained by statistical analysis. 

Among other conclusions, Witze and Hall consider that the probe may 
be useful as a gas velocity diagnostic device in unmodified production 
engines. However, it seems unlikely that there is any useful role for the 
device beyond its use for the research and development of in-cylinder 
combustion technology. 

6.3 IONISATION SENSORS 

Another method of measuring combustion parameters makes use of an 
ionisation sensor in the combustion chamber. Ionisation sensors have been 
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It has been proposed that such a sensor could be usedto fine-tune the
position of the spark plug electrode and gap, and to study the effect that
electrode erosion and air-fuel turbulence has on performance and
emissions.

Recently Witze and Hall [8] have experimented with a standard spark
plug instrumented with eight equispaced peripheral optical fibres inserted
as shown in figure 6.8. These serve as ‘eyes’ looking at the developing
flame kernel after ignition, The fibres are 200 mm in diameter and each
fibre transmits flame emissions which originate within a 23° acceptance
cone. The spatial resolution of the probe is complex and varies from about
10 to 50% of the detection circle radius, depending on where the flame
kernel enters the acceptance coneof the opticalfibre.

 
Figure 6.8 Spark plug instrumented with eight peripheral optical
fibres (from Witze and Hall [8}).

In experimental use to determine the shapeand pathofthe flame kernel
after ignition, the light collected by the fibres is transmitted to
photodetectors in a specially built signal processor which produces a
digital signal if the light level is greater than a predetermined level. From
these signals it is believed that definitive trends of the shape and path of
the flame kernel can be obtainedbystatistical analysis.

Amongother conclusions, Witze and Hall consider that the probe may
be useful as a gas velocity diagnostic device in unmodified production
engines. However, it seems unlikely that there is any useful role for the
device beyond its use for the research and developmentof in-cylinder
combustiontechnology.

63 IONISATION SENSORS

Another method of measuring combustion parameters makes use of an
ionisation sensor in the combustion chamber. Ionisation sensors have been
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used for many years to detect the pre ence or absence f the flame in 
automatic central beating boiler. Tbey rely on tbe fact that large numbers 
of ion are produced in the flam e when hydrocarbon fuels are burning, 
and if a simple insulated electrode connected to a low-voltage supply 
(usually between 10 and 300 V) is pLaced in the combuslion chamber then 
a low resislance to the surrounding metal will be een in the presence of 
the flame, and a high re i tance when the flam e is absent. 

Bray and Colling [91 quote the experimental use of three different 
types of ionisation mea urement in internal combustio,n engines. These 
are: 

(i) in-cylinder measurement of flame arrival and pre-ignition; 
(ii) in-cylinder measurement of po t-flame ionisation levels; 
(iii) exhaust manifold measurement of ionisation levels. 

6.3.1 In-cylinder Measurement of Flame Arrival and Pre-ignition 

In the case of this first type of measurement, the object is to detect the 
arrival of the flame front of the combusting air-fuel mixture on the far 
side of the combustion chamber from the point of ignition. This is done by 
the insertion into the combustion chamber of a metallic electrode which is 
insulated from the surrounding metal as shown in figure 6,9, and supplied 
with a low voltage through a resistor across which any change in ionisation 
gap impedance can be measured as a voltage change. The arrival of the 
flame front at this electrode produces a rapid increase in ionisation which 
in turn attracts electrons to the normally biased ionisation electrode and 
ions to the surrounding metal. This produces a large step current in the 
external circuit. 

In 1984 May [10] proposed the use of an ionisation sensor of this type to 
measure the time of flame arrival as the basis for feedback engine control. 
He was looking for two items of information which could be used in the 
feedback control of ignition timing and fuelling in engines. Firstly, the 
time it takes for the flame to arrive at the far side of the chamber after the 
firing of the spark plug, a measurement which provides information on the 
suitability of the ignition timing for the engine operating conditions and 
which can therefore be used as a feedback signal to correct that timing. 
Secondly, the scatter of arrival times between successive firings, a 
measurement which provides information on the air-fuel ratio because a 
weak mixture produces greater variation in the arrival times of the flame 
front than a richer mixture. When the arrival times are integrated over a 
sufficient number of engine cycles they can be used as a feedback signal to 
control that parameter. 

Experimental engines have been built using these control inputs and 
have been shown to be capable of optimising ignition timing and fuelling 
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used for many years to detect the presence or absence of the flame in
automatic central heating boilers. They rely on thefact that large numbers
of ions are produced in the flame when hydrocarbonfuels are burning,
and if a simple insulated electrode connected to a low-voltage supply
(usually between 10 and 300 V)is placed in the combustion chamberthen
a lowresistance to the surrounding metal will be seen in the presence of
the flame, and a high resistance whenthe flame is absent.

Bray and Collings [9] quote the experimental use of three different
types of ionisation measurement in internal combustion engines. These
are:

(i) in-cylinder measurementofflamearrival and pre-ignition;
(ii) in-cylinder measurementof post-flame ionisation levels;
(iii) exhaust manifold measurementofionisation levels.

6.3.1 In-cylinder Measurement of Flame Arrival and Pre-ignition

In the case of this first type of measurement, the object is to detect the
arrival of the flame front of the combusting air-fuel mixture on the far
side of the combustion chamberfromthe point ofignition. This is done by
the insertion into the combustion chamberofa metallic electrode whichis

insulated from the surrounding metal as shownin figure 6.9, and supplied
with a low voltage through a resistor across which any changein ionisation
gap impedance can be measured as a voltage change. The arrival of the
flame front at this electrode produces a rapid increase in ionisation which
in turn attracts electrons to the normally biased !onisation electrode and
ions to the surrounding metal. This produces a large step current in the
external circuit.

In 1984 May[10] proposed the use ofan ionisation sensorofthis type to
measure the time of flame arrival as the basis for feedback engine control.
He was looking for two items of information which could be used in the
feedback control of ignition timing and fuelling in engines. Firstly, the
time it takes for the flametoarrive at the far side of the chamberafter the

firing of the spark plug, a measurement whichprovides information on the
suitability of the ignition timing for the engine operating conditions and
which can therefore be used as a feedback signal to correct that timing.
Secondly, the scatter of arrival times between successive firings, a
measurement which provides information on the air-fuel ratio because a
weak mixture produces greater variation in the arrival times of the flame
front than a richer mixture. When the arrival times are integrated over a
sufficient number of engine cycles they can be used as a feedbacksignal to
control that parameter.

Experimental engines have been built using these control inputs and
have been showntobe capable of optimising ignition timing and fuelling
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Figure 6.9 In-cylinder ionisation probe and its current. 
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under steady and slowly varying conditions. However, the long integration 
time required to obtain air-fuel ratio feedback information makes the use 
of the system impractical under real-life dynamic operating conditions. 

6.3.2 In-cylinder Measurement of Post-flame Ionisation Levels 

The use of the spark plug itself as an ionisation sensor after the ignition 
spark has been fired was first suggested by Blauhaut et at [11] in 1983, the 
circuit arrangement being as shown in figure 6.10. 

In the post-ignition spark period the ion level in the spark plug gap decays 
slowly, its concentration being directly affected by the interrelated levels of 
cylinder pressure and temperature. In particular the rapid pressure rise in 
the cylinder caused by knock can be easily detected as it causes a rapid 
concentration of the ionised gas and a consequent reduction in spark plug 
gap resistance, and this information can be used to retard ignition timing to 
remove knock. However, slower changes in pressure are extremely difficult 
to separate from the variations caused by the many other disturbing effects. 
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(b) Cylinder wall Signal out

  
 

Cylinder a ,
/ ie “/7\ Insulator

lonisation ane
probe supply

Figure 6.9 [n-cylinder ionisation probe and its current.

under steady and slowly varying conditions. However, the long integration
time required to obtain air—fuel ratio feedback information makes the use
of the system impractical underreal-life dynamic operating conditions.

6.3.2 In-cylinder Measurementof Post-flame Ionisation Levels

The use of the spark plug itself as an ionisation sensor after the ignition
spark has been fired was first suggested by Blauhautef al [11] in 1983, the
circuit arrangement being as shownin figure 6.10.

In the post-ignition spark period the ion level in the spark plug gap decays
slowly, its concentration being directly affected by the interrelated levels of
cylinder pressure and temperature. In particular the rapid pressure rise in
the cylinder caused by knock can be easily detected as it causes a rapid
concentration of the ionised gas and a consequent reduction in spark plug
gap resistance, and this information can be used to retard ignition timing to
remove knock. However, slower changes in pressure are extremelydifficult
to separate from the variations caused by the many otherdisturbingeffects.
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Ignition voltage 
from distributor 

200 V floating power 
supply 

I-------<!r---_ Signal out 

Figure 6.10 Circuit for spark plug ionisation sensor. 

Not unexpectedly, electrical interference from other parts of the ignition 
system can cause severe interference and the method is not practical with 
distributorless ignition systems as sparks of both polarities are used. 

If the voltage across the spark plug after the main spark event is 
maintained at a high enough level (a few hundred volts) and the current 
uitability limited it is possible to maintain a controlled cunent arc between 

the plug electrodes in the remaining ionised gas. Under these conditions any 
gas movement across the plug electrode will blow the arc into a curve 
instead of it taking the hortest path between th electrodes. Because of the 
consequent increase in arc length of the curved path and the accompanying 
increase in its resistance, it is possible to make measurements of gas velocity 
across the spark plug electrodes by measuring arc resistance, a potentially 
useful measurement in engine research. 

6.3.3 Exhaust Manifold Measurement of Ionisation Levels 

Ionisation sensors can be used in the exhaust manifold to detect the 
presence of a burning air-fuel mixtme in the manifold, thi being an 
indicator of late burning in the cylinder under exce sively 1 an engine 
operation. The s nsor can rus warn of a misiiTe if no ionisation i detected 
immediately after v .. hat should have been a [iring stroke. A circuit 
arrangement similar to that for the in-cylinder measurement described in 
eCLlon 6.3.1 would be uitable for this application of the ionisation sensor. 

6.4 KNOCK SENSORS 

Accelerometers will be covered comprehensively in chapter 9, but there is 
one particular type of accelerometer which is relevant to combustion 
sensing, and this is the knock sensor. 
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Ignition voltagefrom distributor

 200 V floating power
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 High-voltagediode

 Spark plug  
Figure 6.10 Circuit for spark plug ionisation sensor.

Not unexpectedly, electrical interference fromother parts of the ignition
system can cause severe interference and the methodis not practical with
distributorless ignition systems as sparks of both polarities are used,

If the voltage across the spark plug after the main spark event is
maintained at a high enoughlevel (a few hundred volts) and the current
suitability limited, it is possible to maintain a controlled current are between
the plug electrodes in the remaining ionised gas. Under these conditions any
gas movement across the plug electrodes will blow the arc into a curve
instead ofit taking the shortest path between the electrodes. Because ofthe
consequent increase in arc length of the curved path and the accompanying
increaseinits resistance, it is possible to make measurements ofgas velocity
across the spark plug electrodes by measuring arc resistance, a potentially
useful measurementin engine research.

 

   

   
    
  
   
  
 
 
 
 

 6.3.3. Exhaust Manifold Measurementof Ionisation Levels

Ionisation sensors can be used in the exhaust manifold to detect the

presence of a burning air-fuel mixture in the manifold, this being an
indicator of late burning in the cylinder under excessively lean engine
operation. The sensor can also warn ofa misfire if no ionisation is detected
immediately after what should have been afiring stroke. A circuit
arrangement similar to that for the in-cylinder measurement describedin
section 6.3.1 would be suitable for this application of the ionisation sensor.

 

 
   
  
  

 
 64 KNOCK SENSORS 
 
 
 Accelerometers will be covered comprehensivelyin chapter 9, but there is

one particular type of accelerometer which is relevant to combustion
sensing, and this is the knock sensor.  
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When an ignition system with electronic advance control is optimised 
for best performance and economy, it can, under some conditions, be set 
sufficiently far advanced to cause a condition known as 'knocking'. Under 
these conditions premature high-rate combustion takes place which, 
because of the rapid pressure increase, can quickly cause physical damage 
to vulnerable structures within the combustion chamber, such as the piston 
crown. In an engine with conventional ignition timing the advance angle is 
retarded sufficiently to avoid this condition; however, loss of efficiency 
results, so that it is highly desirable to operate the electronically controlled 
advance ignition as close to the knock limit as possible, but with the ability 
to retard the ignition within one or two engine cycles to a safe level. 
Operation in this mode requires a method of rapidly sensing the knock 
condition, and at present this is conventionally achieved by detecting the 
presence of knock by the use of an accelerometer, known, not surprisingly, 
as a knock sensor (see figure 6.11). This device is usually mechanically 
tuned to be sensitive to the characteristic knock ringing frequency, which 
in normal-size engines is in the region of 8 kHz. The knock sensor is 
placed on the engine block in a position chosen in an extensive vibration 
survey as the one at which approximately equal knock signals are received 
from all the engine cylinders. 

Developments in in-cylinder measurements have made it possible to 
detect knock by any of the methods described earlier in this chapter, since 
knock is initiated by a rapid rise in pressure followed by acoustic ringing. 
Figure 6.4 shows this ringing superimposed on a cylinder pressure trace 
and figure 6.7 shows ringing superimposed on an optical trace. However, 
in the case of ionisation of the combustion flame front, the sensor on the 
far side of the combustion chamber from the spark plug does not detect 
the phenomenon, since it is lost within the variations which normally exist 
in the flame front arrival time. However, as described in section 6.3.2, it is 

'erminal (2) 

lead wires 

crys,al 

~~~~"-LaIlOY disc 

Figure 6.11 Knock sensor. 
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Whenan ignition system with electronic advance control is optimised
for best performance and economy,it can, under some conditions, be set
sufficiently far advanced to cause a condition knownas ‘knocking’. Under
these conditions premature high-rate combustion takes place which,
because of the rapid pressure increase, can quickly cause physical damage
to vulnerable structures within the combustion chamber,such as the piston
crown. In an engine with conventional ignition timing the advance angle is
retarded sufficiently to avoid this condition; however, loss of efficiency
results, so that it is highly desirable to operate the electronically controlled
advance ignition as close to the knock limit as possible, but with the ability
to retard the ignition within one or two engine cycles to a safe level.
Operation in this mode requires a method of rapidly sensing the knock
condition, and at present this is conventionally achieved bydetecting the
presence of knock bythe use of an accelerometer, known,notsurprisingly,
as a knock sensor (see figure 6.11). This device is usually mechanically
tuned to be sensitive to the characteristic knock ringing frequency, which
in normal-size engines is in the region of 8 kHz. The knock sensoris
placed on the engine block in a position chosen in an extensive vibration
surveyas the one at which approximately equal knock signals are received
from all the engine cylinders.

Developments in in-cylinder measurements have made it possible to
detect knock by any of the methods described earlier in this chapter, since
knockis initiated by a rapid rise in pressure followed byacoustic ringing.
Figure 6.4 shows this ringing superimposed on a cylinder pressure trace
andfigure 6.7 shows ringing superimposed on an optical trace. However,
in the case of ionisation of the combustion flame front, the sensor on the

far side of the combustion chamber from the spark plug does not detect
the phenomenon,sinceit is lost within the variations which normally exist
in the flame front arrival time. However, as described in section 6.3.2,it is
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possible to use ionisation sensing methods to detect knock if 
measurements are made of the ionisation current across the spark plug 
after normal firing. 

6.5 SUMMARY 

Of all the methods developed for the measurement of combustion 
conditions in the cylinder it eems likely that the oldest - pressure 
measurement - has the Illost promise' for production use in engine 
control feedback systems provided that low-cosl reliable devices can be 
made available. 

Whether the benefits to be gained from the use of combustion sensors in 
sophisticated forms of 'feedback contTol can be justified for production 
vehicle depend on the improvements in economy and emissions that can 
be obtained compared with those already obtainable by the use of exhaust 
gas oxygen sensors in catalyst equipped engines. 

There is no doubt, however, that many of the devices described in this 
chapter will continue to have wide application in engine research and 
development. 
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possible to use ionisation sensing methods to detect knock if
measurements are made ofthe ionisation current across the spark plug
after normalfiring.

6.5 SUMMARY

Of all the methods developed for the measurement of combustion
conditions in the cylinder it seems likely that the oldest — pressure
measurement — has the most promise for production use in engine
control feedback systems, provided that low-cost reliable devices can be
made available.

Whetherthe benefits to be gained fromthe use of combustion sensorsin
sophisticated forms of feedback control can be justified for production
vehicles depends on the improvements in economy and emissions that can
be obtained comparedwith those already obtainable bythe use of exhaust
gas oxygen sensorsin catalyst equippedengines.

There is no doubt, however, that many of the devices described in this
chapter will continue to have wide application in engine research and
development.
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Torque Sensors 

Torque seems to be the subject of some confusion, even 
experienced engineers. Statements such as 'the torque is the amount 
twist in a shaft or 'torque is a measure of the wind-up are often heard. 
is sensible therefore to begin with a formal definition of torque, 
moving on to consider methods by which it can be measured. 

Torque can be defined as a measure of the tendency of a force to rota 
the body on which it acts about an axis. Everyday experience tells us 
the 'rotating effectiveness ' of a force increases with its perpendicuJ 
distance from the pivot. For example, when opening a door it is normal 
push or pull as far as possible from the hinges, and we attempt to keep 
direction of the pull or push perpendicular to the door. 

The magnitude of the torque acting in a plane perpendicular to an 
is obtained by mUltiplying the force (or the component of the force in 
plane perpendicular to the axis of rotation), by the perpendicular 
from the axis to the line of action of the force, as shown in figure 7.1. 
SI unit of torque is newton metre (N m). 

The discussion above applies to both static problems where, 
example, a structural member is subjected to a moment) , and to the 
important case (for engineers) of rotating shafts in torsion. For 
automotive engineer, torque in a rotating shaft is important since it is 

Figure 7.1 Definition of torque. Force F acting on body C tends to 
rotate C about O. Torque T = Fb = Fr sin 8. In vector notation torque 
T=rXF. 
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Torque Sensors

Torque seems to be the subject of some confusion, even aMones
experienced engineers. Statements such as ‘the torque is the amountof
twist in a shaft’ or ‘torque is a measure of the wind-up’are often heard, I
is sensible therefore to begin with a formal definition of torque, before
moving on to consider methods by whichit can be measured.

Torque can be defined as a measure ofthe tendencyof a forceto rotate
the bodyon whichit acts about an axis. Everydayexperiencetells us that
the ‘rotating effectiveness’ of a force increases with its perpendiculg
distance from the pivot. For example, when opening a doorit is normal t
pushorpullas far as possible fromthe hinges, and we attempt to keep the
direction ofthe pull or push perpendicular to the door.

The magnitude of the torque acting in a plane perpendicular to an axis
is obtained by multiplying the force (orthe component of the forcein q
plane perpendicular to the axis ofrotation), by the perpendiculardistane
from the axis to the line ofaction ofthe force, as shown in figure 7.1. The
SI unit of torque is newton metre (N m).

The discussion above applies to both static problems (where, for
example, a structural member is subjected to a moment), and to the more
Important case (for engineers) of rotating shafts in torsion, For the
automotive engineer, torque in a rotating shaft is important sinceit is the

Figure 7.1 Definition of torque. Force F acting on body Ctends to
rotate C about 0. Torque t = Fb = Fr sin @, In vector notation torqueT=rx F. 
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limiting factor in determining how much power the shaft can transmit. A 
shaft rotating with angular velocity wand carrying power P will undergo a 
torque T, where 

T = 
P 

(7.1) 
w 

A shaft of length I, polar moment of inertia J and modulus of rigidity G, 
subjected to a torque T, will experience an angle of twist e given by 

e = ~. 
JG 

The maximum shear stress T occurs at the surface of the shaft and is 

T = Tr 

J 

(7.2) 

(7.3) 

where r is the shaft radius as shown in figure 7.2. For a solid circular shaft 
the polar moment of inertia J = Trr4/2, so by substitution we have 

2Tl e and T 
2T 

(7.4) 

Equations for the strains produced by torsion in shafts of other than 
circular cross section are readily derived [1]. 

The most importanl application of torque measurement in automotive 
engineering is in the a sessment 0f engine power. Equation (7.1) shows 
how power can be readily calculated from measurements of rotational 
speed and torque. Engine speed measurement is relatively easy - often a 
white paint mark on the flywbeel and a simple optical reflectance sensor 
will uffice. Torque measurement is more difficuJt to arrange, and for this 
reason it is still in the main the preserve of research and development 

1"~- ~ : T 
1" ) -_. ----- --- --j- ---

J 

I 
I 

'I 

Figure 7.2 Circular shaft (radius r) under torsion. T = shear stress. 
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limiting factor in determining how much powerthe shaft can transmit. A
shaft rotating with angular velocity w and carrying power P will undergo a
torque 7, where

-P
w-T = (7.1)

A shaft of length /, polar moment of inertia J and modulus of rigidity G,
subjected to a torque T, will experiencean angle of twist 0 given by

a: = oe (7.2)
IG

The maximumshear stress 7 occurs at the surface of the shaft andis

T= — (7.3)

where ris the shaft radius as showninfigure7.2. Fora solid circular shaft
the polar moment ofinertia J = mr*/2, so by substitution we have

 

6 = —— andt = ——., (7.4)

Equations for the strains produced bytorsion in shafts of other than
circular cross section are readily derived [1].

The most important application of torque measurement in automotive
engineering is in the assessment of engine power. Equation (7.1) shows
how power can be readily calculated from measurements of rotational
speed and torque. Engine speed measurement ts relatively easy — often a
white paint mark on the flywheel and a simple optical reflectance sensor
will suffice. Torque measurement is moredifficult to arrange, and for this
reasonit is still in the main the preserve of research and development

 
Figure 7.2 Circularshaft (radius r) under torsion, + = shear stress.
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laboratorie . However, there are signs that this situation may be about to 
change, and torque sensors may soon become commonplace 0 

production vehicles. n 
¥it The designers of powertrain management systems would find a direct 

measurement of torque very useful. Strain-gauged torque sensor 
(see eclion 7.1 ) are available for use in development work but are fa; 
loo expenslve (and unreliable in the long term) for use in production 
vehicles. 
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Figure 7.3 Typical engine torque-speed curves. 

The utility of a reliable torque measurement device is apparent from 
consideration of the torque-speed characteristics of an engine and 
gearbox in combination. The gearbox is fitted between the engine and the 
road wheels of a vehicle, and serves purely as an impedance matching 
device. With a conventional manual gearbox the driver acts as the 
feedback loop, sensing speed and load and adjusting the transmission ratio 
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laboratories. However, there are signs that this situation may be about to
change, and torque sensors may soon become commonplace on
production vehicles.

The designers of powertrain management systems would find a direg
measurement of torque very useful. Strain-gauged torque Sensor,
(see section 7.1) are available for use in development work, but are far
too expensive (and unreliable in the long term) for use in Productionvehicles.
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Figure 7.3. Typical engine torque-speed curves.

The utility of a reliable torque measurement device is apparent from
consideration of the torque-speed characteristics of an engine and
gearbox in combination. The gearboxis fitted between the engine and the
road wheels of a vehicle, and serves purely as an impedance matching
device. With a conventional manual gearbox the driver acts as the
feedback loop, sensing speed and load and adjusting the transmission ratio 
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to what appears to be the optimum setting. The main sensory input used to 
achieve optimisation is engine speed, perceived in the form of noise. 
Unfortunately the pitch and noise level of an engine are poorly correlated 
with its power output Or efficiency, so although gear changing controlled 
by acoustic stimuJi may optimise the subjective acceleration and 
drive ability. it gives poor economy and performance [2]. Figure 7.3 shows 
the torque~speed curve for a typical engine, and is taken from [2]. From 
these curves it is apparent that the optimum economy is obtained by 
keeping the engine at as Iowa speed as possible during acceleration (Line 
A-B on figure 7.3), while using the gears to increase vehicle speed. The 
engine speed is only raised to increase the vehicle speed when the final 
gear ratio is reached at point B. Subsequently the powertrain is controlled 
for optimum fuel economy, and operates along line B-C. Good 
acceleration performance of course requires a somewhat different 
strategy. 

7.1 MECHANICAL METHODS OF TORQUE MEASUREMENT 

One of the earliest (and still very u efU!) methods of measuring the torque 
produced by an engine uses a device known a an absorption 
dynamometer in which aU the power prodnced by the engine is ab orbed 
by friction in a brake. This is the origin of the phrase brake horsepower, 
although shaft power is a less misleading term. The engine is fitted with a 
rope or belt brake wrapped around the flywheel, which is often water
cooled. The rope passes once around the flywheel and is attached to a 
mass M at the bottom as shown in figure 7.4. The other end of the rope is 
connected to a spring balance which measures the tension in the rope, T. 
The force in the lower end of the rope arises from the weight and is Mg. 
If the spring balance reading is T the difference in tension between the 
ends of the rope is Mg - T. If the radius of the flywheel is R, the torque 
will be 

torque = (Mg - T)R 
and the power 

power = 2'ITN(Mg - T)R (watts (W» 

(where N is the number of flywheel revolutions per second). 
The danger inherent in this arrangement is that the brake may jam, 

throwing the weight over the top of the flywheel. To avoid this alarming 
possibility a strong safety rope or chain is always used as shown in figure 
7.4, which prevents the weight being lifted more than a few centimetres. 
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to what appears to be the optimum setting. The main sensoryinput usedto
achieve optimisation is engine speed, perceived in the form ofnoise.
Unfortunately the pitch and noise level of an engine are poorly correlated
with its power output or efficiency, so although gear changing controlled
by acoustic stimuli may optimise the subjective acceleration and
driveability, it gives poor economyand performance [2]. Figure 7.3 shows
the torque—speed curves for a typical engine, and is taken from [2]. From
these curves it is apparent that the optimum economyis obtained by
keeping the engine at as low a speed as possible during acceleration (line
A-Bon figure 7.3), while using the gears to increase vehicle speed. The
engine speed is only raised to increase the vehicle speed whenthe final
gear ratio is reached at point B. Subsequently the powertrain is controlled
for optimum fuel economy, and operates along line B-C. Good
acceleration performance of course requires a somewhat different
strategy.

7.1 MECHANICAL METHODS OF TORQUE MEASUREMENT

Oneofthe earliest (and still very useful) methods of measuring the torque
produced by an engine uses a device known as an absorption
dynamometer, in which all the power produced by the engine is absorbed
byfriction in a brake. This is the origin of the phrase brake horsepower,
although shaft power is a less misleading term. The engineis fitted with a
rope or belt brake wrapped around the flywheel, which is often water-
cooled, The rope passes once around the flywheel and is attached to a
mass M at the bottom as shownin figure 7.4. The other end of the rope is
connected to a spring balance which measures the tensionin the rope, 7.
The force in the lower end of the rope arises from the weight, and is Mg.
If the spring balance reading is 7, the difference in tension between the
ends of the rope is Mg — T. If the radius of the flywheel is R, the torque
will be

torque = (Mg—T)R
and the power

power = 27N(Mg — T)R (watts (W))

(where N is the numberofflywheel revolutions per second),
The danger inherent in this arrangement is that the brake may jam,

throwing the weight over the top of the flywheel. To avoid this alarming
possibility a strong safety rope or chain is always used as shownin figure
7.4, which prevents the weight beinglifted more than a fewcentimetres.
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TensIon balance 

Safety chaIn 

Figure 7.4 Brake dynamomet~r. 

A more sophisticated brake dynamometer frequently used for torque 
measurement in automotive powertrain research is the hydraulic type, 
originally invented by W Froude. In a Froude dynamometer the energy 
from a rotating shaft is transferred to water, which is then brought to rest. 
The torque required to restrain the device is measured by (usually) a 
spring balance. The advantage of a Froude dynamometer is that unlike a 
rope brake device there is no possibility of it 'snatching'. However, Froude 
dynamometers are more expensive than rope brakes. 

It is interesting to note in passing that the automotive fluid flywheel was 
almost certainly developed from the Froude dynamometer. 

An entirely mechanical method of torque measurement is based on a 
measurement of the force required to restrain a gearbox. As far as the 
authors are aware it has not been applied in automotive engineering, 
although there seems to be no reason why it should not be successful. Any 
gearbox which changes the rotational speed of a shaft will change the 
torque in inverse proportion (assuming friction can be neglected). The 
ratio of the input torque Tin to output torque TouL is equal to the reciprocal 
of the speed ratio, and the difference between the input and output 
torques is the torque needed to restrain the gearbox. Thus 

and 

By measuring the input and output speeds, and the restraining torque, Jill 
and Toul can be calculated. This approach has been found to be very useful 
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Figure 7.4 Brake dynamometer

A more sophisticated brake dynamometerfrequently used for torque
measurement in automotive powertrain research is the hydraulic type,
originally invented by WFroude. In a Froude dynamometer the energy
froma rotating shaft is transferred to water, whichis then brought torest.
The torque required to restrain the device is measured by (usually) a
spring balance. The advantage of a Froude dynamometer is that unlike a
rope brake device there is no possibility ofit ‘snatching’, However, Froude
dynamometers are more expensive than rope brakes.

It is interesting to note in passing that the automotive fluid flywheel was
almost certainly developed from the Froude dynamometer,

An entirely mechanical method of torque measurement is based on a
measurement of the force required to restrain a gearbox. As far as the
authors are aware it has not been applied in automotive engineering,
although there seemsto be no reason whyit should not be successful. Any
gearbox which changes the rotational speed of a shaft will change the
torque in inverse proportion (assuming friction can be neglected). The
ratio of the input torque 7,, to output torque 7,,,, is equal to the reciprocal
of the speed ratio, and the difference between the input and output
torquesis the torque neededtorestrain the gearbox. Thus

and

BG Tc al oesniaings

Bymeasuring the input and output speeds, and the restraining torque, Ti,
and T,,,, can be calculated. This approach has been found tobe veryusefuloul 
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in university laboratories, where costs are of overriding importance, since 
it allow a torque measuring system to be improvi ed cheaply using a scrap 
back axle f roOl a rea r-wheel-drive vehicle. The engine is connected to one 
wheeJ haft aud the load to the other. Tbe propeller baft coupling is 
I cked to the djffe rential housing. Tbe torque required to restrain the 
bou ing is measured with a spring balance or electronic force transducer 
and is twice the torque beiog transmitted through the system since the 
input and output sbafts revolve in opposite directions. 

7.2 STRAIN GAUGE TORQUE TRANSDUCERS 

Strain gauge torque transducers are created by applying strain gauges to a 
shaft to measure the shear strain caused by torsion, as shown in figure 7.2 
and discussed in the introduction to this chapter. They are very widely 
used in re earch laboratories, and are probably the most common form of 
torque ensor. T heir major disadvantage is that they require additional 
equipment to transmit power to the rotating shaft, and to retrieve data 
from it. This can take the form of a set of slip rings, rotary transformers or 
battery-powered radio telemetry equipment. Regardless of which of these 
is chosen, the need for ome form of power andlor data transmission 
system and the consequential costs incurred probably rules out strain 
gauge based torque sensors for use on volume-produced vehicles. In 
addition slip rings (and to some extent rotary transformers) can be 
w1reliable wben operated in a dirty environment and may be prone to 
radio-frequency interference (Rr l . 

The shear stresse illustrated in figure 7.2 cause strains to appear at 45° 
to the longi tudinal axis of the baft. T be conve'nti oal arrangement of 
strain gauges for torque measurement is shown in figure 7.5. The gauges 
must be placed precisely at 45° to the shaft axis, otherwise the 
arrangement is sensitive to bending and axial stresses in addition to those 

E 

i<uiilng , 
potential 

Figure 7.5 Strain gauges for shaft torque measurement. 
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in university laboratories, where costs are of overriding importance, since
it allows a torque measuring system to be improvised cheaply using a scrap
back axle from a rear-wheel-drive vehicle. The engine is connected to one
wheel shaft and the load to the other, The propeller shaft coupling is
locked to the differential housing. The torque required to restrain the
housing is measured with a spring balance or electronic force transducer,
and is twice the torque being transmitted through the system since the
inpul and output shafts revolve in opposite directions

7.2 STRAIN GAUGE TORQUE TRANSDUCERS

Strain gauge torque transducers are created by applying strain gauges to a
shaft to measure the shear strain caused bytorsion, as shown infigure 7.2
and discussed in the introduction to this chapter. They are very widely
used in research laboratories, and are probably the most commonformof
torque sensor. Their major disadvantage is that they require additional
equipment to transmit power to the rotating shaft, and to retrieve data
from it. This can take the form ofa set ofslip rings, rotary transformers or

battery-poweredradio telemetry equipment. Regardless of which of these
is chosen, the need for some form of power and/or data transmission
system and the consequential costs incurred probably rules out strain
gauge based torque sensors for use on volume-produced vehicles. In
addition slip rings (and to some extent rotary transformers) can be
unreliable when operated in a dirty environment and may be prone to
radio-frequencyinterference(RFI)

The shear stresses illustrated in figure 7.2 cause strains to appearat 45°
to the longitudinal axis of the shaft. The conventional arrangement of
strain gauges for torque measurement is shownin figure 7.5. The gauges
must be placed precisely at 45° to the shaft axis, otherwise the
arrangement is sensitive to bending andaxial stresses in addition to those

 
“3

Figure 7.5  Strain gauges for shaft torque measurement.
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caused by torsion. Accurate gauge placement is facilitated by the 
availability of special 'rosettes' in which two gauges are precisely 
positioned on a common backing. The use of four active strain gauges in a 
bridge arrangement gives complete thermal compensation [3]. Figure 7.5 
shows an arrangement of strain gauges on a solid circular shaft. The same 
gauge positioning can be used on a hollow circular shaft, such as the 
propeller shaft on a rear-wheel-drive vehicle. When torque is applied to a 
thin-walled cylinder, such as a rear-wheel-driveshaft, the shear stress is 
assumed to be constant throughout the wall [4]. In such cases it is often 
convenient to place the strain gauges on the inner surface of the driveshaft 
where they are afforded a degree of mechanical protection. 

Shafts of other than circular cross section are sometimes used for torque 
measurement, as shown in figure 7.6. For measuring low levels of torque 
the cruciform or hollow cruciform configuration is sometimes used. A 
solid square shaft is suitable for larger torque values, and has a number of 
advantages over the circular shaft of figure 7.5. The strain gauges are more 
easily aligned and attached to a flat surface, and since the corners of a 
square section in torsion are stress free [5] they provide a good location 
for the solder joints between leads and strain gauges. These joints are 
often a source of unreliability due to fatigue failure if they are located in a 
high-stress region. Finally, a square shaft is much stiffer in bending than a 
circular one of equivalent torsional stiffness, so the effects of bending 
(which will appear if the gauges are misaligned) are reduced. 

I T 
C,) 

Figure 7.6 Torque sensor designs. 

7.3 TORSION BARS 

Torque in a shaft leads to elastic deflection. The resulting strain can be 
measured at a point as described in the preceding section, or alternatively 
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caused by torsion. Accurate gauge placement is facilitated by the

availability of special ‘rosettes’ in which two gauges are precisely
positioned on a commonbacking. The use of four active strain gauges in a
bridge arrangement gives complete thermal compensation [3]. Figure 7.5
shows an arrangementofstrain gauges onasolid circular shaft. The same
gauge positioning can be used on a hollow circular shaft, such as the
propeller shaft on a rear-wheel-drive vehicle. When torque is applied to a
thin-walled cylinder, such as a rear-wheel-driveshaft, the shear stress is
assumed to be constant throughout the wall [4]. In such cases it is often
convenient to place the strain gauges on the inner surface of the driveshaft
where theyare afforded a degree of mechanical protection.

Shafts of other than circular cross section are sometimesused for torque
measurement, as shownin figure 7.6. For measuring low levels of torque
the cruciform or hollow cruciform configuration is sometimes used, A
solid square shaft is suitable for larger torque values, and has a numberof
advantagesoverthe circular shaft of figure 7.5. The strain gauges are more
easily aligned and attached to a flat surface, and since the corners of a
square section in torsion are stress free [5] they provide a good location
for the solder joints between leads and strain gauges. These joints are
often a source of unreliability due to fatigue failure if they are located in a
high-stress region. Finally, a square shaft is much stiffer in bending than a
circular one of equivalent torsional stiffness, so the effects of bending
(which will appearif the gauges are misaligned) are reduced.

Figure 7.6 Torque sensor designs.

7.3 TORSION BARS

Torque in a shaft leads to elastic deflection. The resulting strain can be
measured at a point as described in the preceding section, or alternatively
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the gross relative motion between the ends of the shaft may be used to 
incticate the torque. Just as in the case of strain gauge systems, a major 
difficulty is the necessity of being able to measure the deflection while the 
shaft is rotating. However, there are advantages in using shaft deflection. 
Firstly, the need for precise location and orientation of the strain sensors is 
avoided. Secondly, since the effect of an applied torque is integrated along 
the length of the shaft, the influence of any local variation in material 
properties or shaft geometry is reduced. Thirdly, the (relatively) larger 
displacements availabJe when movements of the two ends of a shaft are 
compared make it possible to design a variety of non-contact torque 
measurement systems which avoid the need for slip rings. 

Figure 7.7 shows a typical torsion-bar torquemeter using an optical 
method for deflection measurement. The relative angular displacement 
between the ends of the torque-transmitting member is read from the 
position of the pointer on disc 2 relative to the calibrated scale fixed to disc 
1. The 'persistence' of human vision and the stroboscopic effect of 
intermittent viewing make it possible to operate this system from about 600 
rev min-l (10 Hz) upwards. 

Light source 211 1 Observer 

TC ~----________ ~ 

Figure 7.7 Torsion-bar torquemetcr. 

A torsion-bar system using capacitive torque sensing has been 
demonstrated for automotive use [6]. An automotive driveshaft was fitted 
with a concentric sleeve of dielectric material as shown in figure 7.8. The 
sleeve is fixed to the shaft at one end, and rests on a rubbing bearing at the 
other end. When torque is applied to the shaft it causes relative motion 
between the surface of the shaft and the free end of the concentric tube. 
This motion is used to vary the capacitance between two opposing patterns 
of conducting strips, one of which was applied to the shaft and one to the 
tube. 

The capacitive torque sensor was connected to an inductor coil wound 
around the shaft. The resulting passive circuit has a resonance frequency 
which depends on the applied torque. 
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the gross relative motion between the ends of the shaft may be used to
indicate the torque. Just as in the case of strain gauge systems, a major
difficulty is the necessity of being able to measure the deflection while the
shaft is rotating. However, there are advantages in using shaft deflection.
Firstly, the need for precise location andorientation of the strain sensorsis
avoided. Secondly, since the effect of an applied torqueis integrated along
the length of the shaft, the influence of any local variation in material
properties or shaft geometry is reduced. Thirdly, the (relatively) larger
displacements available when movements of the two ends ofa shaft are
compared make it possible to design a variety of non-contact torque
measurement systems which avoid the needfor slip rings.

Figure 7.7 shows a typical torsion-bar torquemeter using an optical
method for deflection measurement. The relative angular displacement
between the ends of the torque-transmitting member is read from the
position of the pointer on disc2 relative to the calibrated scale fixed to disc
1. The ‘persistence’ of human vision and the stroboscopic effect of
intermittent viewing makeit possible to operate this system from about 600
rev min! (10 Hz) upwards.

Light source 2 1 Observer

(*7

Figure 7.7 Torsion-bar torquemeter.

A torsion-bar system using capacitive torque sensing has been
demonstrated for automotive use [6]. An automotive driveshaft wasfitted
with a concentric sleeve of dielectric material as shownin figure 7.8. The
sleeveis fixed to the shaft at one end, and rests on a rubbing bearing at the
other end. When torque is applied to the shaft it causes relative motion
between the surface of the shaft and the free end of the concentric tube.

This motionis used to vary the capacitance between two opposing patterns
of conducting strips, one of which was applied to the shaft and one to the
tube,

The capacitive torque sensor was connected to an inductor coil wound
around the shaft. The resulting passive circuil has a resonance frequency
which depends onthe applied torque. 
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Figure 7.8 Construction of torque sensor: (a) cross section through 
shaft and sensor; (b) longitudinal section. 

The passive resonant circuit rotates with the drives haft, and is excited 
from an adjacent stationary location by inductive coupling using a second 
inductor coil driven by an oscillator as shown in figure 7.9. The problem of 
torque measurement then becomes one of measuring the frequency at 
which resonance occurs. When the oscillator frequency is the same as that 
at which resonance occurs in the passive circuit an increased current is 
drawn. If the frequency at which this occurs is measured it can be used to 
indicate the torque. The advantage of this arrangement for automotive 
applications is that no physical connection between the rotating shaft and 
the vehicle body is required. 

Rotating shalt 

CapaCitive 
tronsd ucer 

Variable 
frequency 
generator 
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Figure 7.9 Rotating resonant circuit excited by inductive coupling. 

Figure 7.10 shows a disassembled prototype device. The sensors were 
manufactured by thick-film printing and were found to be reasonably 
robust. In the prototype signal conditioning system the torque sensor was 
inductively coupled into a capacitive bridge as shown in figure 7.11. With 
this arrangement the output was found to vary as shown in figure 7.12. It 
can be seen that it is reasonably linear, and is probably adequate for 
automotive applications such as engine management or automatic gearbOX 
control. 
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Figure 7.8 Construction of torque sensor: (a) cross section through
shaft and sensor; (b) longitudinalsection.

The passive resonant circuit rotates with the driveshaft, and is excited
from an adjacent stationarylocation by inductive coupling using a second
inductor coil driven by anoscillator as shownin figure 7.9. The problem of
torque measurement then becomes one of measuring the frequencyat
which resonance occurs. Whentheoscillator frequency is the sameasthat
at which resonance occurs in the passive circuit an increased currentjs
drawn. If the frequency at which this occurs is measured it can be used to
indicate the torque. The advantage of this arrangement for automotive
applications is that no physical connection between the rotating shaft and
the vehicle bodyis required.

Rotating shaft

Capacitive ~~] Variable
transducer frequency

ty “generator
500-5000 kHz

Figure 7.9 Rotating resonantcircuit excited by inductive coupling.

Figure 7.10 shows a disassembled prototype device. The sensors were
manufactured by thick-film printing and were found to be reasonably
robust. In the prototype signal conditioning system the torque sensor was
inductively coupled into a capacitive bridge as shownin figure 7.11. With
this arrangement the output was found to vary as shownin figure 7.12.It
can be seen that it is reasonably linear, and is probably adequate for
automotive applications such as engine managementor automatic gearbox
control. 
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Figure 7.10 Disassembled capacitive non-contact torque sensor. 
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Figure 7.11 Bridge circuit for telemetry. 
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Figure 7.12 Output from bridge telemetry. 

119 

137

 

 
  

TORQUE SENSORS 119

F =
aey

Figure 7.10 Disassembled capacitive non-contact torque sensor.

Rotating
circuit , 

 
 

 
Cr

20 40 60 80 100 120 140 160180 200
Torque {N m)

Figure 7.12 Output from bridge telemetry, 



120 AUTOMOTIVE SENSORS 

The prototype used a relatively short driveshaft from a front-wheel_ 
drive vehicle (a Ford Escort). There is no reason why the same technique 
could not be applied to rear-wheel-drive vehicles, and in fact it may be 
easier since the driveshafts used tend to be longer and will have a larger 
'wind-up'. 

An optical torsion-bar sensor intended for use as part of an electric 
power-assisted steering (EPAS) system has been proposed by the Lucas 
Advanced Engineering Centre [7]. The optical sensor uses a pair of slotted 
discs positioned at the ends of a torsion bar as shown in figure 7.13. Light 
from a light-emitting diode (LED) passes through the slots in the discs and 
is received by a photodetector. Torque variations cause the amount of 
overlap between the discs to vary, and hence the output from the 
photodetector. However, the Lucas system exhibits a number of 
refinements which are intended to make it more suitable for automotive 
use. The most important of these is the use of a ratiometric technique to 
cancel out the effect of any variation in the source illumination intensity. 
The slotted discs are illuminated by a common LED as shown in figure 7.13. 
The amount of light emitted by the diode will vary if the supply voltage 
changes. Even if a well regulated supply is available, the light output from 
an LED reduces by up to 40% as the device ages. The ratiometric effect is 
achieved by arranging for each slotted disc to carry two tracks of slots, 
positioned so that as torque is applied in one direction the light intensity 
transmitted through the outer track (A) increases, while that passing 
through the inner track (B) decreases. The light passing through each 
track is measured by a pair of photodiodes as shown in figure 7.13. The 
torque is calculated by measuring the outputs from photodiodes A and B 
and then evaluating the expression 

torque 
A-B 
A+B 

The magnitude of the result gives the torque, and the sign of the direction 

( LED ) :> Pholodeteclors 

),1 
7 

TorSion bar 

Discs 

Figure 7.13 Lucas EPAS ratiometric torque sensor. 
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The prototype used arelatively short driveshaft from a front-whee.
drive vehicle (a Ford Escort). There is no reason why the same technique
could not be applied to rear-wheel-drive vehicles, and in fact it may be
easier since the driveshafts used tend to be longer and will have alarge;
‘wind-up’.

An optical torsion-bar sensor intended for use as part of an electric
power-assisted steering (EPAS) system has been proposed by the Lucas
Advanced Engineering Centre [7]. The optical sensor uses apairofslotteg
discs positioned at the ends of a torsion bar as shownin figure 7.13. Light
from a light-emitting diode (LED) passes through the slots in the discs ang J
is received by a photodetector. Torque variations cause the amountof
overlap between the discs to vary, and hence the output from the
photodetector. However, the Lucas system exhibits a number of
refinements which are intended to make it more suitable for automotive

use. The most important ofthese is the use of a ratiometric technique to
cancel out the effect of any variation in the source illumination intensity,
Theslotted discs are illuminated by a commonLED as showninfigure 7.13,
The amountoflight emitted by the diode will vary if the supply voltage
changes. Even if a well regulated supply is available, the light output from
an LED reduces by up to 40%as the device ages. The ratiometric effectis
achieved byarranging for each slotted disc to carry twotracks ofslots,
positioned so that as torque is applied in one direction the light intensity
transmitted through the outer track (A) increases, while that passing
through the inner track (B) decreases. The light passing through each J
track is measured by a pair of photodiodes as shown in figure 7.13. The
torque is calculated by measuring the outputs from photodiodes A and B
and then evaluating the expression

A-B
torque = A+B

The magnitudeofthe result gives the torque, and the sign ofthe direction

hotedetectors

<Torsion bar

Figure 7.13 Lucas EPAS ratiometric torque sensor,
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(i.e. clockwise or anticlockwise) in which it is applied. Provided both 
channels are affected equally, this technique ensures that the torque 
measuremenl is independent of the source intensity. Furthermore, for a 
given source intensity the quantity A + B should be a constant which is 
independent of torque, and this value can be used to check that the sensor 
i operating correctly. If A + B moves outside preset limits an appropriate 
warning may be given. A elf-test facility of this kind is obviously essential 
in a safety-critical system uch as vehi.cle steering. 

The main problem with the Lucas system appears to be that the 
geometry of the photodetectors and their location with respect to the slot 
on the discs, i clitical if ripple in the sensor output is to be prevented as 
the discs rotate. Variations in the output can only be avoided if the 
sensitive area of the light detectors corresponds exactly to an even 
mUltiple of the slot area. Reference [7] proposes the use of masks to give 
the correct detection area and to collimate the light source. The ripple 
amplitUde after these improvements i reported to be better than 10% of 
the full-scale measurement range. Although this level of accuracy would 
not be acceptable for a laboratory torque sensor, it is probably adequate 
for power-steering applications. 

Work on measuring the twist or 'wind-up' along the crankshaft of an 
engine using slotted discs at each end has also been reported [8]. However 
the very high levels of torque variation which result from multicylinder 
operation are alleged to make it difficult to obtain accurate re ults. 

7.4 NON-CONTACT MAGNETIC METHODS 

A number of torque sensors utilising the magnetostrictive effect have been 
reported. A good example of this approach is a device described by 
Spectrol Electronics [8] and shown in figure 7.14. Magnetostriction is an 
effect which occurs in ferromagnetic materials such as steel, where the 
magnetic permeability is affected by stress. Equation (7.3) shows that the 
stress in a shaft is proportional to the applied torque, and it follows that 
torque must change the permeability of the shaft if it is made of a 
magnetic material such as steel. The effect is small but can be measured by 
an arrangement such as that shown in figure 7.14. The torque sensor 
consists of five coils arranged as shown, wound on to a common five-armed 
core. The centre coil can be thought of as the primary winding of a 
transformer, and the four circumferentially positioned coils act as 
secondaries. Magnetic coupling between the primary and the secondaries 
is provided by the steel shaft which is positioned close to the sensor as 
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(i.e. clockwise or anticlockwise) in which it is applied. Provided both
channels are affected equally, this technique ensures that the torque
measurement is independent of the source intensity. Furthermore, for a
given source intensity the quantity A + B should be a constant which is
independent of torque, and this value can be used to check that the sensor
is operating correctly. If A + B moves outside preset limits an appropriate
warning maybe given. A self-test facility of this kind is obviouslyessential
in a safety-critical system such as vehicle steering.

The main problem with the Lucas system appears to be that the
geometryof the photodetectors, and their location with respect to the slots
onthe discs, is critical if ripple in the sensor output is to be prevented as
the discs rotate. Variations in the output can only be avoided if the
sensitive area of the light detectors corresponds exactly to an even
multiple of the slot area. Reference [7] proposes the use of masks to give
the correct detection area and to collimate the light source. The ripple
amplitude after these improvements is reported to be better than 10%of
the full-scale measurement range. Although this level of accuracy would
not be acceptable for a laboratory torque sensor, it is probably adequate
for power-steering applications.

Work on measuring the twist or ‘wind-up’ along the crankshaft of an
engine using slotted discs at each end has also been reported [8]. However,
the very high levels of torque variation which result from multicylinder
operation are alleged to makeit difficult to obtain accurate results.

7.4. NON-CONTACT MAGNETIC METHODS

A numberoftorque sensorsutilising the magnetostrictive effect have been
reported. A good example of this approach is a device described by
Spectrol Electronics [8] and shown in figure 7.14. Magnetostriction is an
effect which occurs in ferromagnetic materials such as steel, where the
magnetic permeability is affected by stress. Equation (7.3) showsthat the
stress in a shaft is proportional to the applied torque, and it follows that
torque must change the permeability of the shaft if it is made of a
magnetic material such as steel. The effect is small but can be measured by
an arrangement such as that shown in figure 7.14. The torque sensor
consists of five coils arranged as shown, wound onto a commonfive-armed
core. The centre coil can be thought of as the primary winding of a
transformer, and the four circumferentially positioned coils act as
secondaries. Magnetic coupling between the primary and the secondaries
is provided bythe steel] shaft, which is positioned close to the sensor as



122 AUTOMOTiVE SENSORS 

Figure 7.14 Magnetostrictive torque sensor (courtesy Spectral 
Electronics ). 

shown. The primary coil is e 'cited by an AC current and produces an 
oscillating magnetic field within the baft. The four secondary coi ls are 
connected together in a Wheatstone bridg arrangement and are 
positioned so thal they lie over the line of principal tres , which follow a 
helical path at 45° for a cylinder ill lof'ion. When the haft is not under 
torsion equal currents are illduced in. the four econdarie and the bridge 
out-of-balance voltage is zero. When torque i applied to the haft the 
permeability in the tension and compression directions will change by 
equal but opposite amounts, and the amplitude of the resulting bridge 
output voltage is proportional to the applied torque. 

There are four main problems with this type of torque sensor. They 
are: 

(i) inhomogeneity of the shaft material; 
(ii) sensitivity to changes in the sensor/shaft gap; 
(iii) thermal effects; and 
(iv) variations in the sensor output due to changes in the shaft rotation 

speed. 

The first of these effects is the most serious. The permeability of the 
material from which the shaft is made can vary by up to 50% around the 
circumference of the shaft. For a constant torque the output signal from 
the sensor can 'ripple' as a result at a frequency equivalent to the rotation 
rate. This characteristic makes it very difficult to measure instantaneous 
torque levels around a rotating shaft. However, the use of smoothing 
circuits allows the device to be used for measuring the average torque in 
the haft by integrating over several revolu ion. 

Variable-permeability torque sensors of this type are probably not 
suitable for u e as part of a high- 'peed real-time engine management 
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Figure 7.14 Magnetostrictive torque sensor (courtesy Spectrol
Electronics).

 
shown. The primary coil is excited by an Ac current, and produces an
oscillating magnetic field within the shaft. The four secondary coils are
connected together in a Wheatstone bridge arrangement, and are
positioned so that they lie over the lines of principal stress, which followa
helical path at 45° for a cylinder in torsion. When the shaft is not under
torsion equal currents are inducedin the four secondaries and the bridge
out-of-balance voltage is zero. When torque is applied to the shaft the
permeability in the tension and compression directions will change by
equal but opposite amounts, and the amplitude of the resulting bridge
outpul voltage is proportional to the applied torque.

There are four main problems with this type of torque sensor. They
are:

(i) inhomogeneityof the shaft material;
(1i) sensitivity to changes in the sensor/shaft gap;
(11) thermal effects; and

(iv) variations in the sensor output due to changes in the shaft rotation
speed.

The first of these effects is the most serious. The permeability of the
material from which the shaft is made can vary by up to 50% aroundthe
circumference of the shaft. For a constant torque the output signal from
the sensor can ‘ripple’ as a result at a frequency equivalent to the rotation
rate. This characteristic makes it very difficult to measure instantaneous
torque levels around a rotating shaft. However, the use of smoothing
circuits allows the device to be used for measuring the average torque in
the shaft by integrating over several revolutions.

Variable-permeability torque sensors of this type are probably not
suitable for use as part of a high-speed real-time engine management
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system, where instantaneous torque measurement is required, but they 
may be u eful for less demanding tasks such as automatic transmission 
control. 

7.5 SUMMARY 

In conclusion it appear that althougb automotive powertrain engineers 
would find a low-cost, reliable torque sensor very useful for engine and 
transmission control, on has yet to be produced which meets enough of 
the requirements to gain widespread acceptance. While strain gauge 
system using sliding contacts or telemetry are adequate for development 
work lhey are prohibitively expen ive for use on production vehicles. The 
torsion-bar systems described in section 7.3 have a uitable performance, 
can be low-cost, and avoid tbe need for telemetry. However the optical 
ver ion ru'e liable to dirt problems, which may prohibit their use for 
powertntin applications. It is probably feasible, however to use optical 
systems in 'clean applications such a steering torque measurement (7]. 
The capacitive torque sensor described in [6) does not need to be kept as 
clean a an optical system, but is at present rather labour-intensive to 
construct and requires careful setting up. It is hoped that further 
development will reduce these disadvantages. 

The magnetostrictive system described in section 7.4 also avoids the 
need for telemetry or an electrical connection to the rotating shaft, but 
uffers (Tom the drawbacks di CllS ed earlier. In addition an experimental 

version con tructed for evaluation purpo es was fonnd to be very seusitive 
to temperature. 

To sum up, it appears that torque sensing is a real need in automotive 
engineering, but to date no practical low-cost systems have been 
developed which are suitable for widespread use. 
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 stem, where instantaneous torque measurement is required, but they

may be useful for less demanding tasks such as automatic transmission
control,

75 SUMMARY

In conclusion, it appears that although automotive powertrain engineers
would find a low-cost, reliable torque sensor very useful for engine and
transmission control, one has yet to be produced which meets enoughof
the requirements to gain widespread acceptance. While strain gauge
systems using sliding contacts or telemetry are adequate for development
work, theyare prohibitively expensive for use on production vehicles. The
torsion-bar systems described in section 7.3 have a suitable performance,
can be low-cost, and avoid the need for telemetry. However, the optical
versions are liable to dirt problems, which may prohibit their use for
powertrain applications. It is probably feasible, however, to use optical
systems in ‘clean’ applications such as steering lorque measurement [7].
[he capacitive torque sensor described in [6] does not need to be kept as
clean as an optical system, but is at present rather labour-intensive to
construct and requires careful setting up. It is hoped that further
development will reduce these disadvantages.

The magnetostrictive system described in section 7.4 also avoids the
need for telemetry or an electrical connection to the rotating shaft, but
suffers from the drawbacks discussed earlier. In addition an experimental
version constructed for evaluation purposes was foundto be verysensitive
to lémperature.

To sumup, it appears that torque sensing is a real need in automotive
engineering, but to date no practical low-cost systems have been
developedwhicharesuitable for widespreaduse.

REFERENCES

{1 Roark R J and Young WC1984 Formulasfor Stress and Strain (New
York: McGrawHill) ISBN 0 07 085983 3

[2] Westbrook M H 1988 Automotive transducers: an overview Proc. [EE
D 135 339-47



124 AUTOMOTIVE SENSORS 

[3] Turner J D 1988 Instrumentation for Engineers (London: Macmillan) 
ISBN 0 333 44551 1 

[4] Benham P P and Crawford R J 1987 Mechanics of Engineering 
Materials (London: Longman) ISBN 0 582 28640 9 

[5] Timoshenko S P and Goodier J N 1982 Theory of Elasticity 3rd edn 
(New York: McGraw-Hill) ISBN 0 07 085805 5 

[6] Turner J D 1989 The development of a thick-film non-contact shaft 
torque sensor for automotive applications 1. Phys. E: Sci. Instrum. 22 
82-8 

[7] Hazelden R J 1992 AppLication of an optical torque senSor to a vehicle 
power steering system Proc. lEE Coli. C12: 19921107 May 

[8] Westbrook M H 19 5 Sensors for automotive application 1. Phys. E: 
Sci. Instrum. 18751-8 

[9] Wells R F 1988 Non-contacting sensors for automotive applications 
Society of Automotive Engineers Paper 880407 

142

 
124 AUTOMOTIVESENSORS

[3] Turner J D 1988 Instrumentation for Engineers (London: Macmillan)
ISBN 0 333 44551 1

[4] Benham P P and Crawford R J 1987 Mechanics of Engineering
Materials (London: Longman) ISBN 0582 28640 9

[5] Timoshenko S$ P and Goodier J N 1982 Theory of Elasticity 3rd edn
(New York: McGraw-Hill) ISBN 0 07 085805 5

[6] Turner J D 1989 The developmentofa thick-film non-contact shaft
torque sensor for automotive applications J. Phys. E- Sci. Instrum. 22
82-8

[7] Hazelden R J 1992 Application of an optical torque sensor to a vehicle
powersteering system Proc. [EEColl. C12: 1992/107 May

[8] Westbrook M H1985 Sensors for automotive applications J. Phys. E:
Sci. Instrum. 18 751-8

[9] Wells R F 1988 Non-contacting sensors for automotive applications
Society of Automotive Engineers Paper 880407   



8 

Position, Displacement and Velocity 
Sensors 

Displacement sensors are probably the most widely used type in l 
automotive engineering. Resistive position detectors seem to have been 
the earliest form of electronic sensor to be incorporated into a production 
vehicle. By the late 1920s remotely operated petrol gauges were becoming 
standard, in which a float on a lever arm in the petrol tank moved the 
wiper of a wire-wound potentiometer. This in turn controlled a remote 
(dashboard-mounted) voltmeter, which was provided with a pair of 
windings known as the deflection and control windings. The control coil 
replaced the hairspring found in an ordinary voltmeter. The two windings 
were interconnected in such a way that changes in the battery voltage did 
not affect the reading. For example, a decrease in battery voltage 
decreased the deflecting force, but also decreased the c ntrolling force. 
The meter reading which resulted was a function of the ratio of the two 
forces, and was independent of battery voltage. 

Modern fuel gauges are not usually voltmeters, since these have too fast 
a response and give a reading which fluctuates due to the fuel sloshing on \ 
hills and when cornering. Instead a meter is used which contains a 
bimetallic component and a heating coil. The deflection of the pointer 
depends on the current in the heating coil, which is in turn controlled by 
the resistance of the float sensor in the fuel tank. A voltage regulator is 
usually fitted to remove the effect of supply voltage variations. The 
thermal inertia of the system is made sufficiently large to smooth out most 
of the effects of fuel slosh. 

Other automotive potentiometer applications followed later. In the late 
1950s Bendix developed and patented their 'electro-injector' fuel injection 
system, in which the throttle position was sensed by a potentiometer. This 
was subsequently refined by Bosch to form the basis of the well known 'D
Jetronic' system, used extensively by Volkswagen and others in the 1960s. 

Potentiometer sensors are now frequently used for sensing throttle and 
brake pedal position, steering wheel motion, suspension displacement, for 
automatic gearbox control, and are often provided in the form of controls 
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Position, Displacement and Velocity
Sensors

 

Displacement sensors are probably the most widely used type in
automotive engineering. Resistive position detectors seem to have been
the earliest form of electronic sensor to be incorporated into a production
vehicle. By the late 1920s remotely operated petrol gauges were becoming
standard, in which a float on a lever arm in the petrol tank moved the
wiper of a wire-wound potentiometer. This in turn controlled a remote
(dashboard-mounted) voltmeter, which was provided with a pair of
windings known as the deflection and control windings. The control coil
replaced the hairspring found in an ordinary voltmeter. The two windings
were interconnected in such a waythat changes in the battery voltage did
not affect the reading. For example, a decrease in battery voltage
decreased the deflecting force, but also decreased the controlling force,
The meter reading which resulted was a function of the ratio of the two
forces, and was independentofbatteryvoltage.

Modernfuel gauges are not usually voltmeters, since these have too fast
a response and give a reading which fluctuates due to the fuel sloshing on
hills and when cornering. Instead a meter is used which contains a
bimetallic component and a heating coil. The deflection of the pointer
dependson the current in the heating coil, which is in turn controlled by
the resistance of the float sensor in the fuel tank. A voltage regulatoris
usually fitted to remove the effect of supply voltage variations. The
thermalinertia of the system is madesufficiently large to smooth out most
of the effects of fuel slosh.

Other automotive potentiometer applications followedlater. In thelate
1950s Bendix developed and patented their ‘electro-injector’ fuel injection
system, in which the throttle position was sensed by a potentiometer. This
was subsequently refined by Boschto form the basis of the well known *D-
Jetronic’ system, used extensively by Volkswagen and othersin the 1960s.

Potentiometer sensors are now frequently used for sensing throttle and
brake pedal position, steering wheel motion, suspension displacement, for
automatic gearbox control, and are often provided in the form of controls
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to allow the level of dashboard illumination or the frequency of 
intermittent windscreen wiper operation to be adjusted. Both rotary and 
linear versions are available, as discussed in section 8.1. In-car 
entertainment systems are probably the most frequent users of 
potentiometers for control. However, these systems lie outside the scope 
of this book. 

1 Potentiometers are cheap and reasonably reliable for many applications 
but suffer from the major disadvantage common to all devices which rei; 
on a sliding contact, namely wear. While they may be adequate for, say, 
throttle position transduction, they tend to give rise to problems if used for 
applications such as shock absorber motion sensing. This is because a car 
body tends to remain close to one position relative to the wheels 
throughout a journey, but undergoes large numbers of small excursions 
around the 'mean' position. This phenomenon is known as dither, and 
unless special precautions are taken it can cause parts of the 
potentiometer track to become badly worn or even destroyed locally. For 
this reason many users are beginning to consider alternative, non-contact 
forms of displacement sensor, such as the inductive, capacitive or optical 
types discussed in detail in sections 8.2 to 8.4. 

An eddy current probe consists essentially of a coil which is placed close 
to a conducting target. The coil is excited by a high-frequency (typically 1 
MHz) signal, which induces eddy currents in the conducting target. If the 
distance between the target and probe changes the eddy currents vary, 
which alters the impedance of the coil. A bridge circuit is often used 
together with a second 'balance' coil, which provides temperature 
compensation. The bridge imbalance voltage is demodulated, low-pass 
filtered and linearised to produce a DC output proportional to target 
distance. Only a few applications of this technique have been reported in 
production road vehicles, but it is quite common in laboratory and 
development work. Section 8.2 contains details of this type of device. 

Section 8.5 contains a description of ultrasonic displacement 
transducers. These are becoming quite common, and in automotive 
engineering have been used for applications such as ride height sensing in 
adaptive-suspension control, as well as for short-range collision warning in 
the form of parking and reversing aids. Ultrasound is also used in some 
aircraft for fuel-tank level sensing, and this practice may spread to include 
automotive applications. 

The Hall effect occurs in semiconductors, and leads to an output voltage 
which depends on the strength of a transverse magnetic field [1]. Proximity 
or distance measuring systems based on this principle may use a 
permanent magnet fixed to the displaced object, or else require a ferrous 
target, the approach of which changes the reluctance of an internal 
magnetic circuit whose flux is measured by the Hall sensor. In automotive 
applications Hall sensors are often used to sense rotation rate, for example 
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to allow the level of dashboard illumination or the frequency of
intermittent windscreen wiper operation to be adjusted. Both rotary ang
linear versions are available, as discussed in section 8.1. In-car
entertainment systems are probably the most frequent users of
potentiometers for control. However, these systemslie outside the scope
ofthis book.

Potentiometers are cheap and reasonablyreliable for many applications,
but suffer from the major disadvantage commonto all devices whichrely
on a sliding contact, namely wear. While they may be adequate for, say,
throttle position transduction, they tend togive rise to problemsifused for
applications such as shock absorber motion sensing. This is because a cay
body tends to remain close to one position relative to the wheels
throughout a journey, but undergoes large numbers of small excursions
around the ‘mean’ position. This phenomenon is known as dither, and
unless special precautions are taken it can cause parts of the
potentiometer track to become badly worn or even destroyed locally. For
this reason many users are beginning to consider alternative, non-contact
forms of displacement sensor, such as the inductive, capacitive or optica]
types discussed in detail in sections 8.2 to 8.4.

An eddycurrent probe consists essentially of a coil which is placed close
to a conducting target. The coil is excited by a high-frequency (typically 1
MHz) signal, which induces eddy currents in the conducting target. If the
distance between the target and probe changes the eddycurrents vary,
which alters the impedance of the coil. A bridge circuit is often used
together with a second ‘balance’ coil, which provides temperature
compensation. The bridge imbalance voltage is demodulated, low-pass
filtered and linearised to produce a DC output proportional to target
distance. Only a fewapplications of this technique have been reported in
production road vehicles, but it is quite common in laboratory and
development work. Section 8.2 contains details of this type of device.

Section 8.5 contains a description of ultrasonic displacement
transducers. These are becoming quite common, and in automotive
engineering have been used for applications such as ride height sensing in
adaptive-suspension control, as well as for short-range collision warning in
the form of parking and reversing aids. Ultrasound is also used in some
aircraft for fuel-tank level sensing, and this practice mayspread toinclude
automotive applications.

The Hall effect occurs in semiconductors, and leads to an output voltage
which depends onthe strength of a transverse magneticfield [1]. Proximity
or distance measuring systems based on this principle may use a
permanent magnet fixed to the displaced object, or else require a ferrous
target, the approach of which changes the reluctance of an internal
magnetic circuit whose flux is measured bythe Hall sensor. In automotive
applications Hall sensors are often used to sense rotation rate, for example 
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in anti-lock braking systems (ABS), where a Hall probe is placed close to a 
toothed wheel. Section 8.6 gives a detailed discussion of the Hall effect 
and shows how it may be applied in a variety of sensor applications. 

This chapter is brought to a conclusion by a discussion of brake-pad and 
clutch-plate wear sensors. These often consist of an embedded wire link, 
which is broken when the component wears down. They can therefore be 
considered as a crude form of displacement sensor. 

8.1 POTENTIOMETERS 

A potentiometer consists essentially of a resistIve element which is 
provided with a movable contact. In the earliest forms of potentiometer 
the resistive element or 'track' was made from high-resistance wire such as 
Nichrome, wound onto an insulating former of suitable shape. The contact 
consists of a springy conducting arm, which is arranged so that it can be 
moved along the potentiometer track. The contact motion can be linear, 
rotary or a combination of the two such as helical movement. 

Translational (also called line art) potentiometers are available with 
strokes from about 5 to 1000 mm. Rotary versions range from about 100 to 
as much as 60 turns. 

8.1.1 Linearity 

If the resistance of a potentiometer is linear with respect to its travel, the 
output voltage eo (see figure 8.1) is a linear function of displacement Xi 

when the terminals are open-circuit and no current is drawn. However, all 
circuit inputs draw some current, so any signal conditioning arrangement 
connected to the potentiometer will degrade its linearity to some extent. 
Figure 8.2 shows the usual arrangement, and from simple circuit analysis it 

tThe term 'linear'; is used somewhat confusingly with respect to potentiometers, and can 
have two meanings. It is often used to denote a device in which the contact motion is 
translational. However, it is also frequently used to describe a device in which the resistance 
is proportional to displacement (rather than being, say, logarithmic). Such a 'linear' 
potentiometer can of course have a contact which undergoes circular, helical or translational 
motion, and hence the confusion arises. 
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in anti-lock braking systems (ABS), where a Hall probe is placed close toa
toothed wheel. Section 8.6 gives a detailed discussion of the Hall effect
and shows howit maybeapplied in a variety of sensor applications.

This chapter is brought to a conclusion bya discussion of brake-pad and
clutch-plate wear sensors. These often consist of an embeddedwirelink,
which is broken when the component wears down. Theycan therefore be
considered as a crude formof displacement sensor.

8.1 POTENTIOMETERS

A potentiometer consists essentially of a resistive element which 1s
provided with a movable contact. In the earliest forms of potentiometer
the resistive elementor ‘track’ was made from high-resistance wire such as
Nichrome, wound ontoaninsulating former ofsuitable shape. The contact
consists of a springy conducting arm, whichis arranged so that it can be
movedalong the potentiometer track. The contact motion can be linear,
rotary or a combination ofthe two suchas helicalmovement.

Translational (also called lineart) potentiometers are available with
strokes from about 5 to 1000 mm. Rotaryversions range from about 10° to
as much as 60 turns.

8.1.1 Linearity

If the resistance of a potentiometeris linear with respect toits travel, the
output voltage e, (see figure 8.1) is a linear function of displacement x,
whenthe terminals are open-circuit and no current is drawn. However,all
circuit inputs draw some current, so anysignal conditioning arrangement
connected to the potentiometer will degrade its linearity to some extent.
Figure 8.2 shows the usual arrangement, and from simple circuit analysisit

*The term ‘linear’; is used somewhal confusingly with respect to potentiometers, and can
have two meanings. It is often used to denote a device in which the contact motion is
translational. However, it is also frequently used to describe a device in which the resistance
is proportional to displacement (rather than being, say, logarithmic), Such a ‘linear’
potentiometer can of course have a contact which undergoes circular, helical or translational
motion, and hence the confusionarises,
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Figure 8.1 Potentiometric displacement sensor. 

can be shown that 

1 (8.1) = 

Under ideal conditions RplRm = 0 for an open circuit, and equation (8.1) 
becomes 

\ 1 e 
o ,:ecx ~ -x . ';\ 

I I 

(8.2) 

Thus when no current is drawn the input-output relationship is a straight 
line. In practice Rm "* co and as shown in figure .8.3 there is a nonlinear 
relationship between eo and X i. U Rp = Rm, the maximum deviation from 
linearity i about 12% . U Rp = 10% of Rm the error drops to about 1.5% . 
For value of RplRm < 0.1 the position of maximum error is in the region 
where XI/XI, "'" 0.67, and the maximum error is approximately 15 R/Rm % of 
full scale. 

To achieve good linearity, therefore, the input impedance Rm of any 
circuit connected to a potentiometer should be high compared with the 
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Figure 8.2 Potentiometer connected to input impedance Rm· 
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can be shown that

24 1
e, 2 (8.1)
€ (x,/x;) + (R,/Ru) ( b= X/X,)
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Underideal conditions R,/R,, = 0 for an open circuit, and equation (8.1)
becomes

 
= ot, (8.2)

Thus whenno current is drawn the input-output relationshipis a straight
line. In practice R,, #™, and as shown in figure 8.3 there is a nonlinear
relationship between e, and x; If R, = R,, the maximum deviation from
linearity is about 12%. If R, = 10%of R,,, the error dropsto about 1.5%.
Forvalues of R,/R,, < 0.1 the position of maximumerroris in the region
where x/x, ~ 0.67, and the maximumerroris approximately15 R,/R,.%of
full scale.

To achieve good linearity, therefore, the input impedance R,, of any
circuit connected to a potentiometer should be high compared with the
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Figure 8.3 Potentiometer loading effects. 

potentiometer impedance R p, which should be kept as low as possible. 
Unfortunate ly this requirement conflicts with the almost invariable need 
for high sensitivity. Since the output eo is directly proportional to eex> it 
appears to be possible to get any desired output simply by increasing ecx• 

However, potentiometers have a fixed power rating, which is determined 
by their heat-dissipating capability. If the limiting heat dissipation is H W, 
the maximum allowable excitation voltage is 

\', ecx (max) = ...JHRp. (8.3) 

Thus, a low value of Rp allows only a small ew and therefore a reduced 
sensitivity. The choice of Rp must be a compromise between 
consid rations of loading and sensitivity. 

8.1.2 Resolution 

The resolution of a potentiometer depends on its construction. In a wire
wound type the variation in resistance proceeds in small steps as the wiper 
moves from one turn of resistance ~ire to the next, as shown in figure 8.4. 

Resistance wire 

Wire spacing 

Figure 8.4 Wire-wound potentiometer resolution depends on wire spacing. 
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Figure 8.3. Potentiometer loadingeffects.

potentiometer impedance R,, which should be kept as low as possible.
Unfortunately this requirement conflicts with the almost invariable need
for high sensitivity. Since the output e, is directly proportional to e,,, it
appears to be possible to get any desired output simply by increasing e,,.
However, potentiometers have a fixed power rating, which is determined
by their heat-dissipating capability. If the limiting heat dissipation is H W,
the maximum allowable excitation voltage is

i €.,(max) = VHR,, (8.3)
Thus, a low value of R, allows only a small e,,, and therefore a reduced
sensitivity. The choice of R, must be a compromise between
considerations of loading andsensitivity.

8.1.2 Resolution

The resolution of a potentiometer dependsonits construction. In a wire-
woundtype the variation in resistance proceeds in small steps as the wiper
moves from one turn of resistance wire to the next, as shownin figure 8.4.

Wiper\ge —————de000e
Wire spacing

Resistance wire

Figure 8.4 Wire-wound potentiometer resolution depends on wire spacing.
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The finest wire spacing that can be achieved is around 25 turns/mm, and 
thus for wire-wound translational devices the best resolution that can be 
achieved is about ±40 f.Lm. 

The resolution of carbon film, cermet (a mixture of ceramic and metallic 
materials) or conductive plastic (a mixture of plastic resin and a conducting 
powder) resistance elements is higher than that of wire-wound devices, but 
they are not so hard-wearing. This type of potentiometer is often 
described as having infinite resolution, since the resistance element 
presents a smooth surface to the wiper. The resolution cannot actually be 
measured and quantified, since the deviations of ell from the ideal straight 
line are random (in contrast to the repeatable output 'steps' of a wire
wound device). The quantity usually cited in an attempt to specify the 
output smoothness is the ratio of the peak amplitude of the random 
variations to ecX' with 0.1 % being a typical value. 

A further problem with non-wire-wound resistance elements is that they 
cannot tolerate high excitation currents. As we have seen in section 8.1.1, 
this leads to a reduction in sensitivity. 

A compromise solution is offered by the so-called hybrid potentiometer, 
in which a layer of conductive plastic is applied on top of a wire-wound 
track. This approach combines the best features of both types of 

_potentiometer, but at anjncreased cost. 

8.1.3 Noise 

Electrical noise in a potentiometer arises from output voltage fluctuations 
due to contact slider bounce, dirt and contact or track wear. In dynamic 
applications a potentiometer can cause significant mechanical loading due 
to the inertia and friction of its moving parts. This can affect the 
characteristics of the motion being measured. 

In a wire-wound potentiometer the sliding contact may 'bounce' at 
certain speeds as it passes over the turns of wire, causing intermittent 
contacting. This effect can be particularly severe if the speed and wire 
spacing are such that an exciting force occurs at or close to the 
fundamental frequency of the spring-loaded contact arm. A solution to 
this problem which is sometimes adopted is to use a contact divided into 
two or more parts, each with a different resonance frequency, so that if 
one part is resonating the other still makes a good contact. 

8.2.4 Examples of Automotive Potentiometric Displacement Sensors 

Automotive sensors have to withstand severe environmental conditions, 
including temperatures from -40 to +140 dc. For applications such as 
throttle position sensing, where very high temperature operation is 
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 The finest wire spacing that can be achieved is around 25 turns/mm, and

thus for wire-wound translational devices the best resolution that can be

achieved is about +40 p.m.
The resolution of carbonfilm, cermet (a mixture of ceramic and metallic

materials) or conductive plastic (a mixture ofplastic resin and a conducting
powder) resistance elements is higherthan that of wire-wound devices, but
they are not so hard-wearing. This type of potentiometer is often
described as having infinite resolution, since the resistance element
presents a smooth surface to the wiper. The resolution cannot actually be
measured and quantified, since the deviations ofe, from the ideal straight
line are random (in contrast to the repeatable output ‘steps’ of a wire-
wound device). The quantity usually cited in an attempt to specify the
output smoothness is the ratio of the peak amplitude of the random
variationsto e,,, With 0.1% being a typical value.

A further problem with non-wire-woundresistance elements is that they
cannottolerate high excitation currents. As we have seenin section 8.1.1,
this leads to a reductionin sensitivity.

A compromise solution is offered by the so-called hybrid potentiometer,
in which a layer of conductive plastic is applied on top of a wire-wound
track. This approach combines the best-features of both types of
potentiometer, but at an increasedcost.

  
  
  

   
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

 
 
 
 

 

8.1.3 Noise

 Electrical noise in a potentiometer arises from output voltage fluctuations
due to contact slider bounce, dirt and contact or track wear. In dynamic
applications a potentiometer can cause significant mechanical loading due
to the inertia and friction of its moving parts. This can affect the
characteristics of the motion being measured.

In a wire-wound potentiometer the sliding contact may ‘bounce’ at
certain speeds as it passes over the turns of wire, causing intermittent
contacting. This effect can be particularly severe if the speed and wire
spacing are such that an exciting force occurs at or close to the
fundamental frequency of the spring-loaded contact arm. A solution to
this problem which is sometimes adopted is to use a contact divided into
two or more parts, each with a different resonance frequency, so that if
one part is resonating the otherstill makes a good contact.

 

   
  
  
  
  
  
  
  
  
  
 
 
 

8.2.4 Examples of Automotive Potentiometric Displacement Sensors 
 

Automotive sensors have to withstand severe environmental conditions,

including temperatures from —40 to +140 °C. For applications such as
throttle position sensing, where very high temperature operation is
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unlikely, conductive polymer tracks are frequently used. The conductor 
material is usually screen-printed onto a substrate moulded from 
thermosetting plastic. The substrate material is selected to have a thermal 
coefficient of expansion (TeE) similar to that of the resistor track. If 
prolonged operation at the high end of the temperature range given above 
is likely, a hybrid (wire-wound/conductive plastic) design may be required. 

The slider contacts are usually multifingered to ensure good 
performance under vibration, and are normally designed to withstand 
vibration levels up to SOg. The contacts are usually made from precious 
metals such as gold, silver or platinum, welded onto a base metal carrier. 

Automotive potentiometers are sealed to a higher standard than similar 
devices intended for purely electronic use. An automotive potentiometer has 
to be able to withstand petrol, oil, hydraulic fluid, steam, boiling water and in 
some cases even battery acid without damage. Figure 8.S shows a selection of 
automotive potentiometric sensors, and figure 8.6 a potentiometer throttle 
position sensor used on a Ford Formula 1 racing engine. 

Figure 8.S Typical potentiometric position sensors for automotive usc (courtesy 
Colvern Autosensors). 

8.2 INDUCTIVE DISPLACEMENT TRANSDUCERS 

Inductive position transducers do not suffer from the problems associated 
with a sliding contact, since they are inherently non-contact devices. The 

149

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 

 

POSITION, DISPLACEMENT AND VELOCITYSENSORS 131

unlikely, conductive polymer tracks are frequently used. The conductor
material is usually screen-printed onto a substrate moulded from
thermosetting plastic. The substrate material is selected to have a thermal!
coefficient of expansion (TCE) similar to that of the resistor track. If
prolongedoperation at the high end of the temperature range given above
is likely, a hybrid (wire-wound/conductive plastic) design maybe required.

The slider contacts are usually multifingered to ensure good
performance under vibration, and are normally designed to withstand
vibration levels up to 50g. The contacts are usually made from precious
metals such as gold,silver or platinum, welded onto a base metal carrier.

Automotive potentiometers are sealed to a higher standard than similar
devices intended for purely electronic use. An automotive potentiometer has
to be able to withstand petrol, oil, hydraulic fluid, steam, boiling water and in
some cases even battery acid without damage. Figure 8.5 showsaselection of
automotive potentiometric sensors, and figure 8.6 a potentiometer throttle
position sensor used on a Ford Formula J racing engine.

 
Figure 8.5 Typical potentiometric position sensors for automotiveuse (courtesy
Colvern Autosensors).

82 INDUCTIVE DISPLACEMENT TRANSDUCERS

Inductive position transducers do not suffer from the problems associated
with asliding contact, since they are inherently non-contact devices. The
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Figure 8.6 Ford racing engine fitted with potentiometer throttle sensor (courtesy 

Colvern Autosensors). 

resolntion available from a good"qual ily LVDT is equal to that obtained 
from a p tentiomeler. However for automotiv applications indue ive 
sensors suffer from one inherent eli advantage: they are essentially A 

devices, and since vehicle electrical ystem are almost invariably D at 
present 'ome inconvenienc and added co t is generaUy associated WiUl 

their use. 

8.2.1 Variable-reluctance Transducers 

To understand how inductive displacement transducers work the concept 
of a magnetic circuit is required. In an electric circuit an electromotive 
force or voltage V drives current I through a resistance R. From Ohm's 
law the magnitude of the current is 

V == IR. (8.4) 

In a magnetic circuit, such as the example shown in f igW"e 8.7(a), a current 
i pa ses through a coil of n turns, which is wound onto a loop of 
ferromagnetic material. By analogy we can regard the coil as a ouree of 
magnetomotive force (MMF) which drives a flux <p through the magnetic 

150

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

132 AUTOMOTIVESENSORS

 
Figure 8.6 Ford racing engine fitted with potentiometer throttle sensor (courtesy
Colvern Autosensors).

resolution available from a good-quality LvpT is equal to that obtained
from a potentiometer. However, for automotive applications inductive
sensors suffer from one inherent disadvantage: they are essentially AC
devices, and since vehicle electrical systems are almost in jariably DC al
present some inconvenience and addedcost is generally associated with
their use.

8.2.1 Variable-reluctance Transducers

To understand howinductive displacement transducers work the concept
of a magnetic circuit is required. In an electric circuit an electromotive
force or voltage Vdrives current / through a resistance R. From Obm’s
law the magnitudeof the current is

V = IR. (8.4)

In a magnetic circuit, such as the example shown in figure 8.7(a@), a current
i passes through a coil of n turns, which is wound onto a loop of
ferromagnetic material. By analogy we can regard the coil as a source of
magnetomotive force (MMF) which drives a flux @ through the magnetic
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(Q) ( b) Air 
gop 
~ :.-

Figure 8.7 Variable-reluctance sensing: (a) simple magnetic circuit; 
(b) typical reluctance sensor. 

circuit. The corresponding equation is 

MMF = flux X reluctance = <!> m (8.5) 

where m is the reluctance which limits the flux in the magnetic circuit, just 
as resistance limits the current in an electric circuit. In the example shown 
in figure 8.7 the MMF is ni, so in this case the magnetic circuit flux <!> linked 
by a single turn of the coil is 

<!> = ni (Wb). 
m 

The total flux N linked by the entire coil of n turns is 

(8.6) 

By definition the self-inductance L of the coil is the total flux per unit 
current [2]. Therefore 

N n2 

L = T = m' (8.7) 

Equation (8.7) allows us to calculate the inductance of a sensing element 
given the reluctance of the magnetic circuit. The reluctance m of a 
magnetic circuit is given by 

f.Lf.LoA 
(8.8) 

where :e is the total length of the flux path, f.L is the relative permeability 
of the magnetic circuit material, f.Lo is the permeability of free space (= 41T 
X 10-7 H m - J), and A is the cross-sectional area of the flux path. 
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la) () Air
gap—_— oe

 
 

n turns  
Figure 8.7 Variable-reluctance sensing: (a) simple magnetic circuit;
(6) typical reluctance sensor.

circuit. The corresponding equationis

MMF = flux X reluctance = OR (8.5)

where is the reluctance whichlimits the flux in the magneticcircuit, just
as resistance limits the current in an electric circuit. In the example shown
in figure 8.7 the MMFis ni, so in this case the magnetic circuit flux linked
by a single turn of the coil is

ni

 

= — (Wb). 8.6b a | ) (8.6)
Thetotal flux N linked by the entire coil of n turnsis

2

oe nl
hi

By definition the self-inductance L of the coil is the total flux per unit
current[2]. Therefore

tw oe 2. (8.7)

Equation (8.7) allows us to calculate the inductance of a sensing element
given the reluctance of the magnetic circuit. The reluctance ® of a
magnetic circuit is given by

~

= — (8.8)
Be BoA

where ~? is the total length of the flux path, is the relative permeability
of the magnetic circuit material, j1y is the permeability of free space (= 4m
x 10-7 Hm’), and A is the cross-sectional area of the flux path.
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Figure 8.7(b) shows an arrangement similar to that of figure 8.7(a), 
except that the magnetic core has been separated into two parts by an air 
gap of variable width. The total reluctance of the circuit is now the sum of 
the reluctances of the two parts of the core, and of the air gap. The relative 
permeability of air (/-Lair) is close to unity, while that of the core material 
can be several thousand times greater. Thus, the presence of the air gap 
causes a large increase in the circuit reluctance, and a corresponding 
decrease in flux and inductance. It is this effect which is used in sensor 
construction, since a small change in the width of the air gap causes an 
easily measurable variation in inductance. In automotive engineering 
variable-reluctance sensors are most frequently used for sensing rotation 
rate, where (as shown in figure 8.8) the sensor is placed close to a toothed 
wheel. Movement of the ferromagnetic teeth past the device causes a 
variation in the coupling between the coils. After suitable signal 
conditioning the output signal is produced with a frequency which is 
linearly related to rotation rate. 

Rotating toothed wheel 

Figure 8.8 Variable-reluctance rotation rate sensor. 

8.2.2 Variable-coupling Transformers: LDTS and LVDTS 

A simple form of inductive displacement 'transducer known as a linear 
di.$placem ent transducer or LDT may be made by winding a pair of coils (or 
a single centre-lapp d coil onto a 1101Iow cylindrical former and al10wing 
a ferromagnetic plunger to move along the axis as shown in figure 8.9(a). 
The plunger and coils have the same length d. A the plunger is moved the 
induclances vary. The two i.nductances L , and ~ are normally connected 
in a bridge circuil with a pair of balancing re istor R, followed by an 
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Figure 8.7(b) shows an arrangementsimilar to that of figure 8.7(a),
except that the magnetic core has been separated into two parts by an air
gap of variable width. The total reluctance ofthe circuit is now the sum of
the reluctancesof the two parts of the core, and ofthe air gap. The relative
permeability of air (1,;,) is close to unity, while that of the core material
can be several thousand times greater. Thus, the presence of the air gap
causes a large increase in the circuit reluctance, and a corresponding
decrease in flux and inductance. It is this effect which is used in sensor

construction, since a small change in the width of the air gap causes an
easily measurable variation in inductance. In automotive engineering
variable-reluctance sensors are most frequently used for sensing rotation
rate, where (as shownin figure 8.8) the sensor is placed close to a toothed
wheel. Movement of the ferromagnetic teeth past the device causes a
variation in the coupling between the coils. After suitable signal
conditioning the output signal is produced with a frequency which is
linearly related to rotation rate.

 
Rotating toothed wheel

Figure 8.8 Variable-reluctance rotation rate sensor.

8.2.2. Variable-coupling Transformers: LDTs and LVDTs

A simple form ofinductive displacement transducer known as alinear
displacement transducer or LDT may be made by windinga pairof coils (or
a single centre-tapped coil) onto a hollow cylindrical former, and allowing
a ferromagnetic plunger to move along the axis as shownin figure 8.9(a).
The plungerandcoils have the same length d. As the plunger is movedthe
inductances vary. The two inductances L, and L, are normally connected
in a bridge circuit with a pair of balancing resistors R, followed by an

 



POSITION, DISPLACEMENT AND VELOCITY SENSORS 13S 

amplifier as shown in figure 8.9(b) . If the inductances are both L when the 
plunger is in the central position, and if the plunger and coil lengths are all 
d, a displacement of od will produce opposing inductance changes +oL and 
-oL. Ideally therefore oLiL = od/(d/2), and the corresponding bridge 
output will be (Vj2)(oLlL). 

I b) 

Ferromagnetic 
L, plunger 

J] : I Displacement V" 

Ll 

1] Ferromagnehc 
plunger 

Figure 8.9 Linear differential transformer used as a displacement 
sensor: (a) linear displacement transducer; (b) linear differential 
transformer connected to bridge circuit. 

A problem with the device described above is that the output is only 
linear over a limited region, when the plunger is close to the centre. An 
improved performance is obtained from the slightly more complex device 
known as a linear variable differelltial transformer or L VDT. 

An LVDT is a transformer with a single primary winding and two 
secondaries, wound end-to-end on a tubular former as shown in figure 8.10. 
A ferromagnetic plunger (often a ferrite rod) moves inside the former, and 
varies the coupling between the primary and the secondaries. Both linear 
and rotational displacements can be sensed as shown in figure 8.10. 

The centre (primary) coil is fed from an AC excitation supply, and 
induces voltage across the two outer (secondary) coils. The induced 
voltages have equal magnitudes when the plunger is positioned 
symmetrically. If the excitation voltage ecx is V,sin(21Tf,t), the output eo is 
given by the difference VI - V2 of the voltages induced in the two 
secondaries. The secondaries are normally connected in series opposition, 
as shown in figure 8.10, so that the output voltage is 

eo = VI - V2 = Vou, sin(21Tfst+<1». 
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amplifier as showninfigure 8.9(6). If the inductances are both L when the
plunger is in the central position, and if the plungerandcoil lengths areall
d, a displacementof dd will produce opposing inductance changes +61and

éL. Ideally therefore 6L/L = éd/(d/2), and the corresponding bridge
output will be (V,/2)(6L/L).

 
Ferromagneti
plunger  

| Displacement 
Figure 8.9 Linear differential transformer used as a displacement
sensor: (@) linear displacement transducer; () linear differential
transformer connectedto bridge circuit.

A problem with the device described above is that the output is only
linear over a limited region, when the plungeris close to the centre. An
improved performance is obtained fromthe slightly more complex device
knownasa linear variable differential transformer or LVDT.

An LVpDT is a transformer with a single primary winding and two
secondaries, wound end-to-end ona tubular former as shownin figure 8.10.
A ferromagnetic plunger (often a ferrite rod) moves inside the former, and
varies the coupling between the primary and the secondaries. Bothlinear
and rotational displacements can be sensedas shownin figure 8.10.

The centre (primary) coil is fed from an Ac excitation supply, and
induces voltage across the two outer (secondary) coils. The induced
voltages have equal magnitudes when the plunger is positioned
symmetrically. If the excitation voltage e,, is V.sin(27f,t), the outpute, is
given by the difference V, — V, of the voltages induced in the two
secondaries. The secondaries are normally connectedin series opposition,
as shownin figure 8.10, so that the output voltageis

V,-Vv; = V
oul

sin(2af.t + db).  
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Figure 8.10 Linea r variable differential transformer (t.VDT) . 

An LVDT is usually excited by a sinusoid of up to 24 V in amplitude, with 
a frequency in the range 50 Hz to 25 kHz. With the series opposition 
arrangement a null position exists when the plunger is centrally placed for 
which the output eo .... O. A d isplacement of the plunger away [rom the null 
position increases the coupling (mutual inductance) between the primary 
and one secondary, while decreasing the coupling for the other secondary. 
The amplitude of eo is almost li near with respect to displacement for n 
considerable range eithe r side of the central 'null ' position as shown in 
figure 8. 11 . 

.. "-... DIsplacement 

_.' 1----~-fT.;;=""--... - ((null pOlnt1 

/ 
" [I( tharll( t~r lSl"s ((lller ccn:l' \ IOO,oQl 

Figure S.U Amplitude of LVDT output voltage as a funct io n of 
displacement . 
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Rotary (240%) wor

Figure 8.10 Linear variable differential transformer (LVDT).

An LVDTis usually excited bya sinusoid of up to 24 V in amplitude, with
a frequency in the range 50 Hz to 25 kHz, With the series opposition
arrangementanull position exists when the plungeris centrally placed for
which the output e, ~ 0. A displacementofthe plunger away fromthe null
position increases the coupling (mutual inductance) between the primary
and one secondary, while decreasing the coupling for the other secondary.
The amplitude of e,is almost linear with respect to displacement for a
considerable range either side of the central ‘null’ position as shown in
figure 8.11.

ac characteristics

Displacement
= 

C (null point)

~N ot chartcteristi¢s (after conditioning)

Figure 8.11 Amplitude of LVDT output voltage as a function of
displacement. 
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eo also undergoes a 1800 phaseshift when the plunger is moved past the 
central position. An LVDT is usually used in conjunction with a signal 
conditioning circuit which converts the output signal into DC. The 
conversion is carried out in such a way that the regions A and B on figure 
8.11 are distinguished, where the amplitude is the same but the phase 
difference is 180°. A phase-sensitive demodulator is used [3] to sense the 
phase difference, and gives a negative output voltage for displacements in 
the A region and a positive output for B. These signal conditioning circuits 
are sometimes incorporated within the casing of the LVDT, and the 
operation of the device is then 'transparent' to the user: a DC supply 
voltage is used to energise the device, and a DC position signal is returned. 

Nonlinear effects occur at the extremes of travel as shown by regions D 
and E on figure 8.11. A typical nonlinearity figure for an LVDT is 1 % over 
the whole range of the device. 

LVDTS are available to cover ranges from :to.25 mm to :t500 mm. The 
useful frequency range is limited by the inertia of the moving parts of the 
device. For automotive applications the main problem with an LVDT is the 
cost, which has so far precluded their use on production vehicles. 
However, LVDTS are very frequently used in laboratory and prototype 
development work. 

8.2.3 Eddy Current Displacement Transducers 

In appearance an eddy current transducer resembles a variable-reluctance 
sensor, but with one important difference: the 'target' used by a variable
reluctance device has to be ferromagnetic, while the object being sensed 
by an eddy current probe simply has to be electrically conducting. Thus, 
eddy current probes can be used in more situations than variable
reluctance devices. 

An eddy current probe consists of a pair of coils, one active, which is 
influenced by the proximity of a conducting. target, and a second balance 
coil which is included to complete a bridge circuit and provide 
temperature compensation. 

The bridge is excited by a high-frequency (typically 1 MHz) AC signal, 
and magnetic flux lines from the active coil pass into the surface of the 
conducting target. Eddy currents are produced, largely at the surface, and 
diminish away from it. They are negligibly small a short distance below the 
surface. 

As the target moves with respect to the probe the eddy currents vary, 
which changes the impedance of the active coil. A bridge imbalance results 
which is related to the distance between the active coil and the target. This 
imbalance signal is filtered and rectified to provide a DC voltage signal. 
The signal is inherently nonlinear, and linearisation circuits are sometimes 
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e, also undergoes a 180° phaseshift when the plunger is moved past the
central position. An LvVDTis usually used in conjunction with a signal
conditioning circuit which converts the output signal into Dc. The
conversion is carried out in such a waythat the regions A and B onfigure
8.11 are distinguished, where the amplitude is the same but the phase
difference is 180°. A phase-sensitive demodulatoris used [3] to sense the
phase difference, and gives a negative output vollage for displacementsin
the A region and a positive output for B. These signal conditioning circuits
are sometimes incorporated within the casing of the LvpT, and the
operation of the device is then ‘transparent’ to the user: a DC supply
voltage is used to energise the device, and a Dcposilionsignal is returned.

Nonlinear effects occur at the extremes oftravel as shown by regions D
and E on figure 8.11, A typical nonlinearity figure for an LVDT is 1%over
the whole range ofthe device.

LVDTs are available to cover ranges from +£0.25 mm to +500 mm. The
useful frequency rangeis limited bythe inertia of the moving parts of the
device. For automotive applications the main problem with an LvDTis the
cost, which has so far precluded their use on production vehicles.
However, LVDTs are very frequently used in laboratory and prototype
development work.

8.2.3 Eddy Current Displacement Transducers

In appearance an eddycurrent transducer resembles a variable-reluctance
sensor, but with one important difference: the ‘target’ used by a variable-
reluctance device has to be ferromagnetic, while the object being sensed
by an eddy current probe simplyhas to be electrically conducting. Thus,
eddy current probes can be used in more situations than variable-
reluctance devices.

An eddy current probe consists of a pair of coils, one active, whichis
influenced by the proximity of a conducting target, and a second balance
coil which is included to complete a bridge circuit and provide
temperature compensation.

The bridge is excited by a high-frequency(typically 1 MHz) Acsignal,
and magnetic flux lines from the active coil pass into the surface of the
conducting target. Eddy currents are produced, largely at the surface, and
diminish awayfromit. Theyare negligibly small a short distance belowthe
surface.

As the target moves with respect to the probe the eddy currents vary,
which changes the impedanceofthe activecoil. A bridge imbalanceresults
whichis related to the distance betweenthe active coil and the target. This
imbalance signal is filtered and rectified to provide a Dcvoltage signal.
Thesignal is inherently nonlinear, and linearisation circuits are sometimes
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employed to remedy this defect. 
Probes are commercially available to cover the ranges from ± 0.25 mm 

to ± 30 mm, with a maximum resolution of 10- 4 mm. The rec mmended 
measuring range for a given prob begins at a 'standoff' distance which is 
normally about 25% of the range. Thus, a probe with a ± 1 mm range is 
mounted with a sta tic target/probe distance of between 0.5 and 1.5 mm. 

Targets are not uppJied with eddy current probes, since an existing 
machine part is normally used. The motion of a non-conducting target can 
be sensed if a piece of conducting foil is fixed to the surface. Adhesive
backed aluminium foil tape is commercially available for this purpose. 

Flat targets should be the . ame diameter as the probe, or larger if 
possible. Curved target (such a circular shafts behave like flat urfaces if 
the shaJt diameter exceed five transducer diameters. Special Cour-probe 
sy tern are available for measuring the rbital motion of rotating shaft . 

Eddy currents transducers have not been reported in use on a 
production vehicle probably due to the rather complex and expensive 
signal conditioning arrangements required. However, systems of this type 
are in frequent use in laboratories concerned with rotating machine 
dynamics and are c_ommonly used for engine development work where 
their good high-frequency response is essential. 

8.3 CAPACITIVE DISPLACEMENT TRANSDUCERS 

A capacitor consists of two electrically conducting components separated 
by a dielectric (non-conducting) medium. When a voltage V is applied 
acro s the capacitor equal and oppo ite charges ±Q appear on the two 
conducting components. The ratio of charge to voltage defines the 
capacitance of the device 

c = Q 
v 

If the capacitor consists of two parallel conducting plates of area A, 
separated by a distance d, then the capacitance C is 

C 0 e"~A (Iacad (F)) (8.9) I 
where eo is the permittivity of free pace (a vacuum) which has a value of 
8.85 x 10- 12 F m- I, and er is the relative permittivity of the dielectric 
material separating the conducting plates. For dry air er = 1. 
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employed to remedythis defect.
Probes are commercially available to cover the ranges from +£0.25 mm

to +30 mm, with a maximumresolution of 10°4mm. The recommended

measuring range for a given probe begins at a ‘standoff’ distance which is
normally about 25%of the range. Thus, a probe with a +1 mmrange is
mountedwith astatic target/probe distance of between 0.5 and 1.5 mm.

Targets are not supplied with eddy current probes, since an existing
machine part is normally used. The motion of a non-conducting target can
be sensed if a piece of conducting foil is fixed to the surface. Adhesive-
backed aluminiumfoil tape is commercially available for this purpose.

Flat targets should be the same diameter as the probe, or larger if
possible. Curvedtargets (suchas circular shafts) behavelike flat surfaces if
the shaft diameter exceeds five transducer diameters. Special four-probe
systems are available for measuring the orbital motionofrotating shafts.

Eddy currents transducers have not been reported in use on a
production vehicle, probably due to the rather complex and expensive
signal conditioning arrangements required. However, systems of this type
are in frequent use tn laboratories concerned with rotating machine
dynamics, and are commonly used for engine development work where
their good high-frequency responseis essential.

8.3 CAPACITIVE DISPLACEMENT TRANSDUCERS

A capacitor consists of two electrically conducting components separated
by a dielectric (non-conducting) medium. When a voltage V is applied
across the capacitor, equal and opposite charges +Q appear on the two
conducting components. The ratio of charge to voltage defines the
capacitance of the device

If the capacitor consists of two parallel! conducting plates of area A,
separated bya distance d, then the capacitance Cis

a EEA
Cc = = (farad (F)) (8.9)d

where é, is the permittivity of free space (a vacuum) whichhas a value of
8.85 x 10-'*Fm™“'!, and e«, is the relative permittivity of the dielectric
material separating the conducting plates. For dryair e, = 1.
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Capacitance is therefore a function of geometrical parameters (A and d) 
as well as the material property E r• Any change in A, d or Er causes a 
corresponding change in the capacitance as shown by equation (8.9). This 
fact is used in the design of capacitive displacement sensors, several 
versions of which are shown in figure 8.12. Capacitive sensing is common 
where accurate measurement of small displacements is required, such as in 
pressure and acceleration sensing (see chapters 3 and 9). 

Single 
output 

[ 

Oi fferentin{ 
outputs 
[Ul[ 

and 
c./', [ 

GEOMETRICAL VARIATION PERMITTIVITY VARIATION 
Distance between plates Area between plates 

Ie 1 Ie 1 

{b 1 {dl If) 

Figure 8.12 Capacitive displacement transducers: (a) single pair of plates; (b) 
three-plate arrangement; (c) concentric tubes; (d) differential concentric tubes; (e) 
liquid level gauge; (J) movable dielectric ring. 

Single or differential outputs can be used, although in practice it is often 
inconvenient to employ only two plates since the output is nonlinear as 
discussed below. A three-plate differential arrangement is normally used. 
There are several common geometries for both tran lational and rotary 
di placement sensing, some of which are shown in figure 8.12. The 
nominal capacitance of this type of sensor is generally below 1000 pF (1 
nF). To rednce the impedance levels and to allow the determination of 
high-speed movement, the frequency of the signal used for measurement 
is usually 100 kHz or greater. The transducer impedance at this frequency 
is still quite high, so the insulation resistance must al 0 be high to avoid 
'shunting' the transducer Llnd"uly and reducing its sen itivity. A charge 
amplifier is almost invariably used (ee chapter 9). Capacitive 
displacement transdul>ers are normally used to mea life displacements of 
less than J rom. 

Capacitive sensors are often unreliable when used in conditions where 
the humidity may vary. This is probably why their use in automotive 
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Capacitance is therefore a function of geometrical parameters (A and d)
as well as the material property e,. Any change in A, d or e&, causes a
corresponding change in the capacitance as shown byequation(8.9). This
fact is used in the design of capacitive displacement sensors, several
versions of which are shown in figure 8.12. Capacitive sensing is common
where accurate measurementofsmall displacements is required, suchas in
pressure andacceleration sensing (see chapters 3 and9).
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Figure 8.12 Capacitive displacement transducers: (a) single pair of plates; (b)
three-plate arrangement; (c) concentric tubes; (d@) differential concentric tubes; (¢)
hquid level gauge; (/) movabledielectric ring.

Single ordifferentia] outputs can be used, althoughin practiceit is often
inconvenient to employ only two plates since the output is nonlinear as
discussed below, A three-plate differential arrangement is normally used.
There are several common geometries for both translational and rotary
displacement sensing, some of which are shown in figure 8.12. The
nominal capacitance of this type of sensoris generally below 1000pF (1
nF). To reduce the impedancelevels and to allow the determination of
high-speed movement, the frequencyofthe signal used for measurement
is usually 100 kHz or greater, The transducer impedance at this frequency
is still quite high, so the insulation resistance must also be high to avoid
‘shunting’ the transducer unduly and reducing its sensitivity. A charge
amplifier is almost invariably used (see chapter 9). Capacitive
displacement transducers are normally used to measure displacements of
less than | mm.

Capacitive sensors are often unreliable when used in conditions where
the humidity may vary. This is probably why their use in automotive
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engineering is largely confined to pressure and acceleration sensors, wher~\ 
the capacitive element can be sealed in a vacuum or enclosed in an 
atmosphere of dry gas. 

A sensor in which the plate area A or separation d is varied requires a 
physical connection between the motion being sensed and the moving part 
of the capacitor (see figure 8.12). Transducers based on permittivity 
variation er on the other hand do not, aI1d this has led to their use being \ 
preferred in some circumstances. :....; 

8.3.1 Linearity 

In a simple two-plate arrangement such as that shown in figure 8.12(a), the- ' 
variation of C as d alters is hyperbolic and can only be treated as linear for I 
small excursions. In this case the sensitivity 6.C/6.d is proportional to lId}. ; 

If a three-plate differential arrangement such as that shown in figure -' 
8.12(b) is used, a linear output can be obtained. Referring to the diagram, 
it is apparent that the fixed plates A and B and the movable plate M form 
a pair of capacitors with values C1 and Ce. When M is centrally positioned 
midway between A and B, a distance d from each, C1 = C2. If M is moved 
a distance x towards A the capacitances become 

(8.10) 

If a voltage Vex is applied across AB, the output VOUl is given by 

= 

The three-plate arrangement is therefore linear, with VOUl proportional to 
x, while the sensitivity VouJx is inversely proportional to d. 

8.4 OPTICAL MOTION SENSORS 

Angular and translational (linear) motion are often measured optically 
using pUlse-counting methods. Optical position transducers show signs of 
becoming popular in automotive applications for the following reasons: 

(i) pulse counting is inherently digital; 
(ii) optical devices are immune from electrical interference; 
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engineeringis largely confined to pressure and acceleration sensors, Where }
the capacitive element can be sealed in a vacuum or enclosed in an
atmosphereofdry gas.

A sensorin which the plate area A or separation d is varied requires a
physical connection between the motion being sensed and the movingpart
of the capacitor (see figure 8.12). Transducers based on permittivity
variation e, on the other hand do not, and this has led to their use being
preferred in some circumstances.

8.3.1 Linearity

In a simple two-plate arrangement such as that shownin figure 8.12(a), the _
variation of C as dalters is hyperbolic and canonlybe treated as linear for
small excursions. In this case the sensitivity AC/Adis proportionalto I/d?.

If a three-plate differential arrangement such as that shownin figure |
8.12(b) is used, a linear output can be obtained. Referring to the diagram,
it is apparent that the fixed plates A and B and the movable plate M form
a pair of capacitors with values C, and C,, When M ts centrally positioned
midway between A and B, adistance d from each, C, = C,. If M is moved
a distance x towards A the capacitances become

  £96,A _ EE ;Cc, = : and C; = A ; (8.10)
d+x d-x

If a voltage V,,is applied across AB, the outputV,,,, is given by

Vai = V,- V; = Vix ise i oe = Mi =\CQ4C, C+ i d

The three-plate arrangement is therefore linear, with V,,,, proportional to
x, while the sensitivity V,,,/x is inversely proportionalto d.

84 OPTICAL MOTION SENSORS

Angular andtranslational (linear) motion are often measured optically
using pulse-counting methods. Optical position transducers show signs of
becoming popular in automotive applications for the following reasons:

(i) pulse counting is inherently digital;
(ii) optical devices are immune from electrical interference; 
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(iii) no mechanical connection to the sensing element is made; 
(iv) they can be of low cost, especially if plastic optical components are 

used. 

Their main drawbacks are that they are relatively fragile, and that their 
performance suffers badly if dirt is allowed to get onto the optical 
components. For these reasons they have so far largely been restricted to 
applications such as steering-wheel position and velocity detection, where 
the sensor can be mounted in a relatively clean environment and does not 
experience the extremes of temperature found in the engine compartment. 
Examples of this kind of use are described in [4] and [5]. 

8.4.1 Angular Encoders 

The simplest form of angular encoder consists of a slotted or striped disc, a 
light source and a photosensitive detector. The slots in the former 'chop' 
the light falling on the detector. If a reflective disc with matt segments is 
used, light is either reflected or not. With a reflective system the light 
source and detector can be placed on the same side of the disc, and if a 
slotted version is used they are placed on either side. The resulting pulse 
train indicates rotational speed. If the disc rotates at n revolutions per 
minute, the output pulse rate is nSI60 Hz, where S is the number of slots in 
the disc. Simple devices such as this cannot give any indication of the 
direction of rotation, nor in general can they measure angular position 
unless a starting reference point is provided and pulse-counting techniques 
used. 

The difficulty over sensing the direction of rotation may be overcome if 
two tracks and two sensing heads are used. The tracks are positioned so 
that their electrical outputs have a phase displacement which lags or leads, 
depending on the direction of rotation. 

The transducers described above are usually referred to as incremental 
angular encoders, since unless the start-up point is known it is very difficult 
to estimate the absolute position. This difficulty is overcome by absolute 
angular encoders such as the four-bit examples shown in figure 8.13. These 
devices consist of a number of concentric tracks containing a pattern of 
opaque and transparent (or reflective) sections, such that a unique binary 
code can be read from the patterns for any angle. The patterns are read by 
means of photocells as before. 

If natural binary coding is used, as on the disc shown in figure 8.13(a), 
a potentially large error can occur if a readout is attempted when the 
photocells lie along a line midway between two sectors of the disc. It can 
be seen from the diagram that, for some positions, a number of tracks 
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(iii) no mechanical connection to the sensing element is made;
(iv) they can be of low cost, especially if plastic optical components are

used.

Their main drawbacks are that they are relatively fragile, and that their
performance suffers badly if dirt is allowed to get onto the optical
components. For these reasons they have so far largely been restricted to
applications such as steering-wheel position and velocity detection, where
the sensor can be mounted in a relatively clean environment and does not
experience the extremes of temperature found in the engine compartment.
Examplesofthis kind of use are described in [4] and[5].

8.4.1 Angular Encoders

The simplest form of angular encoderconsists of a slotted or striped disc, a
light source and a photosensitive detector. The slots in the former ‘chop’
the light falling on the detector. If a reflective disc with matt segmentsis
used, light is either reflected or not. With a reflective system the light
source and detector can be placed on the sameside of the disc, and if a
slotted version is used they are placed oneither side. The resulting pulse
train indicates rotational speed. If the disc rotates at n revolutions per
minute, the output pulse rate is 18/60 Hz, where S is the numberofslots in
the disc. Simple devices such as this cannot give any indication of the
direction of rotation, nor in general can they measure angular position
unless a starting reference point is provided and pulse-counting techniques
used.

The difficulty over sensing the direction of rotation may be overcomeif
two tracks and two sensing heads are used. The tracks are positioned so
that their electrical outputs have a phase displacement whichlagsorleads,
depending on the direction ofrotation.

The transducers described above are usually referred to as incremental
angular encoders, since unless the start-up point is known itis verydifficult
to estimate the absolute position. This difficulty is overcome by absolute
angular encoders such as the four-bit examples shownin figure 8.13. These
devices consist of a number of concentric tracks containing a pattern of
opaque and transparent (or reflective) sections, such that a unique binary
code can be read from the patterns for any angle. The patterns are read by
means of photocells as before.

If natural binarycoding is used, as on the disc shownin figure 8.13(a),
a potentially large error can occur if a readout is attempted when the
photocells lie along a line midway between twosectors ofthe disc. It can
be seen from the diagram that, for some positions, a number of tracks
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Figure 8.13 Binary (a) and Gray code (b) absolute encoders. 

change state simultaneously (these are known as the cardinal 
transitions). This problem does not arise if Gray code is used, as shown 
on figure 8.13(b), since only one bit changes state at each sector. It is 
therefore impossible to generate an output which is in error by more 
than one bit. 

Absolute encoders are available with 8, 10, 12 or 16 tracks, but they 
become increasingly expensive and inconveniently large as the number 
of tracks increases. The resolution obtained from an n-track absolute 
encoder is 360/(2")°. Thus, an eight-track device for example is divided 
into 256 (= 2H) sectors, and can resolve to within 360/256 = 1.41°. 

Binary sequence 

Figure 8.14 Absolute encoder with four-bit maximal-length binary 
sequence. 

An alternative approach which dispenses with the need for n tracks to 
obtain an accuracy of 360/(2,,)° is to use a single track containing a 
maximal-length binary sequence of 2" digits for 11 bits. Such a sequence 
contains all the possible combinations of n bits exactly once, and every 
angular readout (determined by n adjacent bits) is unique. A separate 
clock track is often used with this scheme. Figure 8.14 shows a simple four
bit version of this arrangement. 
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Figure 8.13 Binary (a) and Gray code (b) absolute encoders.

change state simultaneously (these are known as the carding]
transitions). This problem does notarise if Gray code is used, as shown
on figure 8.13(b), since only one bit changes state at each sector. It js
therefore impossible to generate an output whichis in error by more
than onebit.

Absolute encodersare available with 8, 10, 12 or 16 tracks, but they
become increasingly expensive and inconveniently large as the number
of tracks increases. The resolution obtained from an a-track absolute

encoder is 360/(2")°. Thus, an eight-track device for example is divided
into 256 (= 2*) sectors, and can resolve to within 360/256 = 1.41°.

Binary sequence

Figure 8.14 Absolute encoder with four-bit maximal-length binary
sequence,

Analternative approach which dispenses with the needfor n tracks to
obtain an accuracy of 36(0/(2”)° is to use a single track containing a
maximal-length binary sequence of 2" digits for n bits. Such a sequence
contains all the possible combinations of n bits exactly once, and every
angular readout (determined by n adjacent bits) is unique. A separate
clock track is often used with this scheme. Figure 8.14 shows a simple four-
bit version of this arrangement. 
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8.4.2 Translational Encoders 

The arrangements described above for angular displacement sensing can also 
be applied to translational motion. A device commonly used in high
precision displacement sensing, which has yet to find an automotive 
application, consists of two diffraction gratings as shown in figure 8.l5(a). 
One part (the scale grating) is fixed, while the other (the index grating) is 
attached to the moving object and slides over the fixed grating. As the index 
grating moves the appearance of the device alternates between light and 
dark, and this change is readily sensed by means of a photocell. The photocell 
does not have to be the same size as the lines on the grating, and indeed there 
are advantages in making it much larger, since any errors introduced by 
imperfections in individual lines are automatically averaged out. 

I a) Ib) 

Index r' - 1 Photodetector 
grullng ~ - ' I 

~9 
_ Fixed 

Sen Ie 
gruhng rf!!!!!!A Light 

~ source 

Figure 8.15 Translational optical sensors: (a) grating displacement 
sensor; (b) two-phase index grating. 

Just as for angular position sensing, a single photocell feeding a counting 
or frequency measuring system gives no indication of the direction of 
movement. If this is required the index grating is made in two parts as 
shown in figure 8.15(b), where the two sets of lines are displaced by one
quarter of a line spacing. The resulting quadrature signals are often used 
to feed a direction detector and an up/down counter. 

Absolute translational encoders are also available. These operate in 
much the same way as the angular versions, and consist of a number of 
parallel tracks containing a pattern of opaque and transparent (or 
reflective) sections, such that a unique binary code can be read from the 
patterns for any angle. Once again Gray code is used to reduce errors. 

8.5 ULTRASONIC DISPLACEMENT TRANSDUCERS 

The term ultrasound refers to sound waves generated at frequencies 
higher than the human ear can detect, i.e. at frequencies above about 18 
kHz. Ultrasonic waves obey the same basic laws of wave motion as lower
frequency acoustic waves [6]. They have, however, the following 
advantages: 
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8.4.2 Translational Encoders

The arrangements described abovefor angular displacement sensing can also
be applied to translational motion. A device commonly used in high-
precision displacement sensing, which has yet to find an automotive
application, consists of two diffraction gratings as shown in figure 8.15(a).
Onepart (the scale grating) is fixed, while the other (the index grating) is
attached to the moving object and slides over the fixed grating. As the index
grating moves the appearance of the device alternates between light and
dark, and this change is readily sensed by means of a photocell. The photocell
does not have to be the samesize as the lines on the grating, and indeed there
are advantages in making it much larger, since any errors introduced by
imperfections in individual lines are automatically averaged out.
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Figure 8.15 Translational optical sensors: (a) grating displacement
sensor; (b) two-phase index grating,

 

Just as for angular position sensing, a single photocell feeding a counting
or frequency measuring system gives no indication of the direction of
movement. If this is required the index grating is made in two parts as
shown in figure 8.15(5), where the twosets of lines are displaced by one-
quarterof a line spacing. The resulting quadrature signals are often used
to feed a direction detector and an up/down counter.

Absolute translational encoders are also available. These operate in
much the same wayas the angular versions, and consist of a number of
parallel tracks containing a pattern of opaque and transparent (or
reflective) sections, such that a unique binary code can be read from the
patterns for any angle. Once again Graycodeis used to reduceerrors.
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 The term witrasound refers to sound waves generated at frequencies
higher than the human ear can detect, i.e. at frequencies above about 18
kHz. Ultrasonic waves obey the same basic laws of wave motion as lower-
frequency acoustic waves [6]. They have, however, the following
advantages:
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(i) Higher frequencies imply shorter wavelengths, which means that 
diffraction does not occur so readily. It is easier to produce a 
directed and focused beam of ultrasound than it is for 'ordinary' 
sound. 

(ii) Ultrasound waves pass easily through the metal walls of a 
structure. This means that for applications such as fuel-tank level 
sensing the measurement system may be mounted externally. 

Ultrasound has been used for distance measurement or rangefinding for 
many years. Examples with which the reader will be familiar include 
marine sonars, medical ultrasound imaging equipment and defect location 
systems for use in structural materials such as steel and concrete. In each 
case brief pulses of ultrasound are emitted, and the range of the object 
under investigation is deduced by timing the echo. 

The possibility of using an ultrasonic echo method for obstacle detection 
was first suggested by L F Richardson at the time of the Titanic disaster in 
1912 [6]. The idea was developed intensively during the First World War 
with the aim of detecting enemy submarines, and the first practical system 
was developed by P Langevin. Figure 8.16 shows a diagram of Langevin's 
quartz ultras'onic transducer, which was used both as a transmitter and 
receiver. A beam of ultrasound was propagated vertically downwards into 
the sea and reflects from the bottom, or from any intervening object such 
as a submarine. Langevin's work forms the basis of all modern sonar 
(sound navigation and ranging) systems, both for military uses and for 
applications such as navigation and fish detection. 

Outer electrode 

To he oscillator 
and receiver 

.. =0= 

Inner 
electrode 

Watertight 
container 

Layer of quartz slabs 

Figure 8.16 Langevin 's ultrasound transducer. 
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(i) Higher frequencies imply shorter wavelengths, which means that
diffraction does not occur so readily. It is easier to produce g
directed and focused beamofultrasound than it is for ‘ordinary’
sound,

(ii) Ultrasound waves pass easily through the metal walls of g
structure. This means that for applications such as fuel-tank leve]
sensing the measurement system may be mounted externally.

Ultrasoundhas been usedfor distance measurementorrangefinding for
many years. Examples with which the reader will be familiar include
marine sonars, medical ultrasound imaging equipment and defect location
systems for use in structural materials such as steel and concrete. In cach
case brief pulses of ultrasound are emitted, and the range of the object
under investigation is deduced bytiming the echo.

The possibility of using an ultrasonic echo methodforobstacle detection
wasfirst suggested by L F Richardsonat the time ofthe Tiranicdisaster in
1912 [6]. The idea was developed intensively during the First World War
with the aim of detecting enemy submarines, and thefirst practical system
was developed by P Langevin. Figure §.16 shows a diagram of Langevin’s
quartz ultrasonic transducer, which was used both as a transmitter and
receiver. A beam ofultrasound was propagated vertically downwardsinto
the sea and reflects from the bottom,or from any intervening object such
as a submarine. Langevin’s work forms the basis of all modern sonar
(sound navigation and ranging) systems, both for military uses and for
applications such as navigation andfish detection.
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Sonar was the first engineering application of ultrasound, and its 
development preceded that of radar by more than 30 years. The 
development of radar led to a number of improvements in electronic 
technology, many of which were in turn applied to ultrasound systems. 
One of the most important of these developments was the possibility of 
using a phased array [8] to control the direction of the ultrasound beam. 

Radar cannot be used underwater because (since seawater is 
conducting) electromagnetic waves are very rapidly attenuated. The 
attenuation of compression waves in water, however, is very low, and 
submarine sonars can operate over distances of several kilometres. The 
attenuation of ultrasound in air is much greater than in water, but practical 
ultrasonic ranging systems can still be built which operate satisfactorily 
over ranges of tens of metres. The attenuation of ultrasound in air is 
greatest at high frequencies, so in airborne applications frequencies of the 
order of tens of kHz are used. For example, airborne ultrasound is used to 
provide automatic focusing in some cameras, and for this application tone 
bursts with a frequency between 20 and 25 kHz are used. 

It automotive engineering ultrasound has been used to measure the ride 
height of a vehicle for adaptive-suspension control, to monitor the road 
profile of a vehicle in advance of the wheels, again for adaptive-suspension 
control, and for local collision warning and avoidance systems (often 
called parking or reversing aids). 

A number of aircraft fuel gauging systems use ultrasound for tank level 
sensing. This development was introduced because it offers the possibility 
of non-invasively (and therefore safely) measuring the amount of liquid in 
a fuel tank. Sophisticated systems have been developed in which 
measurements from a number of transducers are integrated to give a 
reading which is independent of the motion of the fuel 'sloshing'. It seems 
likely that, as has happened before, a technology originally developed for 
aerospace will eventually be used in automotive engineering. 

To date the only commercial application of ultrasound on a production 
vehicle has been for measuring the ride height as part of an adaptive
suspension system. Ultrasonic transducers for this purpose have been 
fitted to some Japanese and US vehicles, but have not so far made a 
widespread appearance on those manufactured in Europe. 

8.6 HALL EFFECT SENSORS 

If a conducting or semiconducting material carrying a current is placed in a 
magnetic field B, which is normal to the direction of current flow I as 
shown in figure 8.17, a voltage V is produced across the width of the 
conductor. The effect is greatest in semiconductors, and these are 
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Sonar was the first engineering application of ultrasound, and its
development preceded that of radar by more than 30 years. The
development of radar led to a number of improvements in electronic
technology, many of which were in turn applied to ultrasound systems.
One of the most important of these developments was the possibility of
using a phased array [8] to control the direction ofthe ultrasound beam.

Radar cannot be used underwater because (since seawater is
conducting) electromagnetic waves are very rapidly attenuated. The
attenuation of compression waves in water, however, is very low, and
submarine sonars can operate over distances of several kilometres, The
attenuation of ultrasoundin air is much greater than in water, but practical
ultrasonic ranging systems can still be built which operate satisfactorily
over ranges of tens of metres. The attenuation of ultrasound in air is
greatest at high frequencies, so in airborne applications frequencies of the
order of tens of kHz are used. For example, airborne ultrasound is used to
provide automatic focusing in some cameras, and for this application tone
bursts with a frequency between 20 and 25 kHzare used.

It automotive engineering ultrasound has been used to measure the ride
height of a vehicle for adaptive-suspension control, to monitor the road
profile of a vehicle in advance of the wheels, again for adaptive-suspension
control, and for Jocal collision warning and avoidance systems (often
called parking or reversing aids).

A numberofaircraft fuel gauging systems use ultrasound for tank level
sensing. This development was introduced becauseit offers the possibility
of non-invasively (and therefore safely) measuring the amountofliquid in
a fue] tank. Sophisticated systems have been developed in which
measurements from a number of transducers are integrated to give a
reading whichis independent of the motion ofthe fuel ‘sloshing’. It seems
likely that, as has happened before, a technology originally developed for
aerospace will eventually be used in automotive engineering.

To date the only commercial application of ultrasound on a production
vehicle has been for measuring the ride height as part of an adaptive-
suspension system. Ultrasonic transducers for this purpose have been
fitted to some Japanese and US vehicles, but have not so far madea
widespread appearance on those manufactured in Europe,

8.6 HALL EFFECT SENSORS

If a conducting or semiconducting material carrying a currentis placed in a
magnetic field B, which is normal to the direction of current flow / as
shown in figure 8.17, a voltage V is produced across the width of the
conductor. The effect is greatest in semiconductors, and these are
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normally used in commercial Hall effect devices. Briefly, the Hall voltage 
appears because the magnetic field causes the current carriers to follow a 
curved path as shown in the diagram. An excess of current carriers 
appears along one edge of the device, while a shortage occurs at the 
opposite side. This charge imbalance gives rise to the Hal l voltage, which 
remains as long as the magnetic field is present and a long as the current 
is maintained. For a rectangular (semi)conductor of thickness l the Hal! 
voltage V is given by 

v = (8.11) 

where KH is the Hall coefficient for the material, which depends on the 
charge mobility and resistivity of the conductor. Iridium antimonide is 
widely used in Hall effect devices, for which KH = 20 VT- l. 

Hall effect transducers may be used for non-invasive current 
measurement, for magnetic field measurementt, or for inferred distance, 
velocity or proximity sensing. This last group of applications are the most 
common in automotive engineering, where Hall probes are often used to 
sense rotation rate by means of a toothed wheel. 

B 

8 negative carriers {electrons 1 

Figure 8.17 The Hall effect in a (semi)conductor. 

8.6.1 Hall Probe Rotation Rate Sensors 

Hall pick-ups for sensing rotation rate sometimes use a permanent magnet 
fixed to the moving object, such as in the tyre pressure sensing system 
mentioned in chapter 3 and discussed in detail in [8]. More frequently a 

tHaJ l effect solid slale compasses are available. These may have applicaliOLrs in the area of 
in-car navigation systems. However, just as for other magnetic fo rms of compass, care has to 
be taken to eliminate the effects of non-terrestrial magnetic fields arising from, for example, 
overhead power cables. 

164

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 

146 AUTOMOTIVE SENSORS

normally used in commercial Hall effect devices. Briefly, the Hall Voltage
appears because the magnetic field causes the current carriers to follow ,
curved path as shown in the diagram. An excess of current carrier,
appears along one edge of the device, while a shortage occurs at the
opposite side. This charge imbalance gives rise to the Hall voltage, which
remains as long as the magneticfield is present and as long as the current
is maintained. For a rectangular (semi)conductor of thickness / the Hal]
voltage V is given by

t

where K,, is the Hall coefficient for the material, which depends on the
charge mobility and resistivity of the conductor. Iridium antimonide js
widely used in Hall effect devices, for which K,, = 20 VT-'.

Hall effect transducers may be used for non-invasive current
measurement, for magnetic field measurementf, orfor inferred distance,
velocity or proximity sensing. This last group of applications are the most
commonin automotive engineering, where Hall probes are often usedto
sense rotation rate by meansof a toothed wheel.
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Figure 8.17 The Hall effect in a (semi)conductor

8.6.1 Hall Probe Rotation Rate Sensors

Hall pick-ups for sensing rotation rate sometimes use a permanent magnet
fixed to the moving object, such as in the tyre pressure sensing system
mentioned in chapter 3 and discussed in detail in [8]. More frequently a

+Hall effect solid state compasses are available. These may have applications in the area of
in-car navigation systems. However, just as for other magnetic forms of compass, care has to
be takentoeliminate the effects of non-terrestrial magnetic fields arising from, for example.
overhead power cables.
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Ferromagnetic teeth 

Figure 8.18 Hall probe used to measure the rate of rotation of a toothed wheel. 

ferrous target ( uch a a toothed wheel) is used, whose approach changes the 
reluctance of an internal magnetic circuit which controls the Hall probe 
output. This kind of ystem is frequently used to ense wheel peed for ABS 

and traction control y terns [9]. A typical arrangement is shown in figure 8.18. 

8.6.2 Hall Probe Distance Measurement 

Hall effect transducers give an output voltage which is linearly and 
repeatably related to the magnetic field intensity. If a suitably shaped 
permanent magnet is used the Hall probe output can be made inversely 
proportional to the distance from the permanent magnet. This effect can 
be exploited to give a non-contact displacement sensor which is reasonably 
accurate (typically ± 1 %). A permanent magnet is fixed to the moving 
object as shown in figure 8.19, while the Hall probe is fixed. Distance 
measurements can be carried out using this approach within the range 
0-20 mm. However care should be taken to provide adequate magnetic 
shielding since errors will be introduced if the sensor is exposed to 
transient magnetic fields. This is probably the reason why only a few 
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Figure 8.19 Hall transducer used for measurement of displacement. 
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 Ferromagnetic teeth
Hall probe

Figure 8.18 Hall probe used to measuretherate of rotation of a toothed wheel.

ferrous target (such as a toothed wheel) is used, whose approach changes the
reluctance of an internal magnetic circuit which controls the Hall probe
output. This kind of systemis frequently used to sense wheel speed for ABS
and traction control systems[9]. A typical arrangementis showninfigure 8.18.

8.6.2 Hall Probe Distance Measurement

Hall effect transducers give an output. voltage which is linearly and
repeatably related to the magnetic field intensity. If a suitably shaped
permanent magnetis used the Hall probe output can be made inversely
proportional to the distance from the permanent magnet. This effect can
be exploited to give a non-contact displacement sensor which is reasonably
accurate (typically +1%). A permanent magnetis fixed to the moving
object as shown in figure 8.19, while the Hall probe is fixed. Distance
measurements can be carried out using this approach within the range
0-20 mm. However, care should be taken to provide adequate magnetic
shielding, since errors will be introduced if the sensor is exposed to
transient magnetic fields. This is probably the reason why only a few

Moving object

: aq Hall probe
f Sy (fixed)

 
HallvoltageV

Permanent magnet  
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Figure 8.19 Hall transducer used for measurementof displacement.
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a~tomotiv~ uses o~ this .technique have been reported. ?ne example. 
dIscussed In [10], In whIch a Hall effect accelerometer LS described 
permanent magnet acts as the seismic rna in Lhi device and the . 
probe senses its motion. 

8.7 BRAKE-PAD AND CLUTCH WEAR SENSORS 

A number of automotive components rely upon dry friction for 
operation. The most well known examples are in clutch and 
systems, where pads or shoes of a composite material (formerly d1S[I f'.~t·"n". 

are forced together or against a steel surface by hydraulic pressure. Since 
large amount of friction results the component wears away, and 
replacement of these parts was formerly a regular feature of 
vehicle maintenance. 

Improvements in materials and design have extended the life of, 
example, brake pads, to the point at which they can now last for Se\'f'.Toll. 

years. One consequence of this improved life is that failure of 
component due to wear is often unexpected, since it happens 
infrequently. A means of warning the operator when, say, 90% of 
material has been abraded is therefore necessary, to ensure that rernecliall. 
action is taken before it becomes critical or damage has occurred. 

The problem is essentially one of sensing a displacement, since as 
brake shoe or clutch plate wears away its metal backing moves 
nearer the abrasion surface. The approach normally adopted for 
pads and shoes is to embed a network of fine wires within the aonlOablet. 
material. These wires carry a small current, which is used to test 
continuity. When the component is worn away to the point where 
wires become broken the current is interrupted, and an appropri 
dashboard warning lamp can be illuminated. 

Clutch plates present a slightly more difficult problem, since they rot 
which makes it difficult to use the broken-wire technique. A nOll-contale!. 
technique is probably the most appropriate in this case. A method 
has been successfully demonstrated [11] uses a stationary Hall probe and 
permanent magnet fixed to the rim of the clutch plate. As the clutch 
rotates the Hall probe output appears as a series of pulses, with the . 
speed determining the frequency. The pulse amplitude, however, 
inversely proportional to the distance between the Hall probe and 
magnet, and this fact can be used to trigger an alarm when the a 
threshold amplitude is exceeded. A subsidiary benefi t of this ystem is 
the pulse rate can be used to give an electronic indication of engine speed. 
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automotive uses of this technique have been reported. One eXample
discussed in [10], in which a Hall effect accelerometer is describeg .
permanent magnet acts as the seismic mass in this device, and the Halt
probe sensesits motion.

8.7 BRAKE-PAD AND CLUTCH WEAR SENSORS

 
 A number of automotive components rely upon dryfriction for the

operation. The most well known examples are in clutch and braking
systems, where pads or shoes of a composite material (formerly ashbestggy
are forced togetheror against a steel surface by hydraulic pressure. Since y
large amount of friction results the component wears away, and tha
replacement of these parts was formerly a regular feature of routing
vehicle maintenance.

Improvements in materials and design have extendedthelife of, fog
example, brake pads, to the point at which they can nowlast forsevergj
years. One consequence of this improved life is that failure of the
component due to wear is often unexpected, since it happens very
infrequently. A means of warning the operator when, say, 90%ofthe
material has been abraded ts therefore necessary, to ensure that remedial
action is taken before it becomescritical or damage has occurred.

The problem is essentially one of sensing a displacement, since as the
brake shoe or clutch plate wears away its metal backing movessteadil
nearer the abrasion surface. The approach normally adopted for brake
pads andshoes is to embed a network of fine wires within the abradablg
material, These wires carry a small current, which is used totest fo
continuity. When the component is worn awayto the point where the
wires become broken the current is interrupted, and an appropriate
dashboard warning lamp canbeilluminated.

Clutch plates present a slightly more difficult problem, since theyrotate
which makesit difficult to use the broken-wire technique. A non-contact
technique is probably the most appropriate in this case. A method which
has been successfully demonstrated [11] uses a stationary Hall probe anda
permanent magnet fixed to the rim of the clutch plate. As the clutch
rotates the Hall probe output appearsas a series of pulses, with the engine
speed determining the frequency. The pulse amplitude, however, }
inversely proportional to the distance between the Hall probe and the
magnet, and this fact can be used to trigger an alarm when the approprialt
threshold amplitude is exceeded. A subsidiarybenefit of this systemis that
the pulse rate can be used to give an electronic indication of engine speed.
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~ccelerOlneters 

An accelerometer is an electromechanical transducer which generates an 
electrical output when subjected to mechanical shock or vibration. 
Accelerometers are inertial sensors which make measurements by virtue 
of Newton's second law (force = mass X acceleration). Unlike 
displacement and velocity, which are usually determined with respect to 
an arbitrary reference point, acceleration can be measured on an absolute 
basis. 

Shock and vibration measurements are vital to the development, testing 
and operation of structures and machines in all fields of engineering. 
Accelerometers are widely used for this purpose because of their accuracy, 
robustness, wide frequency response and sensitivity compared to other 
forms of vibration sensor. In general accelerometers are smaller, lighter 
and easier to install than other types of vibration sensor, such as 
seismometers (velocity transducers) or displacement sensors. In 
automotive applications accelerometers are mainly used for suspension 
control, for crash detection (to trigger the inflation of airbags etc), and for 
anti-knock systems (where engine vibration is monitored). 

In this chapter the design characteristics, operating principles and 
limitations of the most common forms of accelerometer are described. 
Clearly, few if any users will wish to design their own accelerometer. 
However, understanding how a sensor operates is an essential prerequisite 
to its intelligent selection and use. Section 9.1 gives an introduction to the 
fundamental theory of accelerometer operation. 

Most of the accelerometers used today are of either the piezoelectric 
(PE) or piezoresistive (PR) type , although capacitive types are likely to 
become widespread (see section 9.2.3). The piezoelectric effect is a 
phenomenon exhibited by certain crystalline and ceramic materials, in 
which a potential difference appears across opposite sides of a block of 
the material as a result of mechanical deformation. PiezoeIec 
accelerometers consist of a small inertial mass mounted on a piece of PE 

material. When the assembly is accelerated, Newton's second law 
dictates that the mass applies a force to the PE mount. The resulting 
deformation causes a voltage to appear, which can be amplified and used 
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Accelerometers

 

An accelerometer is an electromechanical transducer which generates an
electrical output when subjected to mechanical shock or vibration,
Accelerometers are inertial sensors which make measurements byvirtue
of Newton's second law (force = mass X acceleration). Unlike

displacement and velocity, which are usually determined with respect to
an arbitrary reference point, acceleration can be measured on an absolute
basis.

Shock and vibration measurementsare vital to the development, testing
and operation of structures and machines in all fields of engineering,
Accelerometers are widely used forthis purpose becauseoftheir accuracy,
robustness, wide frequency response andsensitivity compared to other
forms of vibration sensor. In general accelerometers are smaller, lighter
and easier to install than other types of vibration sensor, such as
seismometers (velocity transducers) or displacement sensors. In
automotive applications accelerometers are mainly used for suspension
control, for crash detection (to trigger the inflation ofairbags etc), andfor
anti-knock systems (where engine vibration is monitored).

In this chapter the design characteristics, operating principles and
limitations of the most common forms of accelerometer are described.

Clearly, few if any users will wish to design their own accelerometer.
However, understanding howa sensoroperatesis an essential prerequisite
to its intelligent selection and use. Section 9.1 gives an introduction to the
fundamental theoryof accelerometer operation.

Most of the accelerometers used todayare of cither the piezoelectric
(PE) or piezoresistive (PR) type, although capacitive types are likely to
become widespread (see section 9.2.3). The piezoelectric effect is a
phenomenon exhibited bycertain crystalline and ceramic materials, in
which a potential difference appears across opposite sides of a block of
the material as a result of mechanical deformation. Piezoelectric.

accelerometers consist of a small inertial mass mountedon a piece ofPE
material. When the assembly is accelerated, Newton’s second law
dictates that the mass applies a force to the PE mount. The resulting
deformation causes a voltage to appear, which can be amplified and used
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to measure the magnitude of the acceleration. There are a number of 
different designs of PE accelerometer, and these are described in section 
9.2.1. 

The piezoresistive effect occurs when a material changes its electrical 
resistance in response to an applied stress. Piezoresistance changes should 
not be confused with the resistance changes due to dimensional alteration, 
such as those that occur in conventional wire or foil strain gauges. In a foil 
strain gauge the resistance change is mainly due to elongation of the gauge 
in its active direction. In a PR gauge the dimensional changes are small, 
and the measured resistance change is essentially a function of applied 
stress rather than strain. 

Piezoresistive accelerometers are constructed by bonding PR strain 
gauges to the root of a small cantilever. A seismic mass is often fixed to 
the free end of the cantilever to enhance the sensitivity. The strain gauges 
are connected in a Wheatstone bridge circuit, and the resulting out-of
balance voltage is proportional to acceleration. The advantage of PR 

accelerometers is that their frequency response extends down to DC, 

making them suitable for low-frequency work. However, they are not 
usually as rugged as PE devices, and they can be more expensive. PR 

accelerometers may be micromachined from silicon, and can be made very 
small. Further details are given in section 9.2.2, 

An alternative, cheaper approach to PR accelerometer production is to 
use thick-film printing. While sensors manufactured using thick-film 
technology are generally larger than those made from silicon, the 
reductions in unit and set-up costs can be considerable. If necessary signal 
conditioning circuits can also be incorporated within the sensor housing by 
means of thick-film hybrid construction. Further details of thick-film PR 

accelerometers are given in section 9.2.2. 
A third phenomenon which is sometimes used as the basis of an 

accelerometer design is capacitance variation. A cantilever, or some other 
beam configuration, carries a seismic mass and forms one-half of a 
parallel-plate capacitor. The beam moves in response to acceleration, and 
this alters the plate separation , which changes the capacitance. Variable
capacitance accelerometers can be micromachined from a block of single
crystal silicon. The resulting sensors are very small and rugged and can 
also incorporate signal conditioning circuits. The frequency response 
extends down to DC. However, apart from switching applications such as 
airbag triggering, the use of capacitive accelerometers is usually restricted 
to measurements of low acceleration levels, since large changes in plate 
separation can cause nonlinearities in the output. 

Confusion can arise over the best form of accelerometer to use in a 
given situation. Section 9.2 is therefore concluded by a table to assist with 
sensor selection, in which the advantages and disadvantages of each type 
of sensor are highlighted. 
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to measure the magnitude of the acceleration. There are a numberof
different designs of rE accelerometer, and these are described in section
9.2.1.

The piezoresistive effect occurs when a material changes its electrical
resistance in responseto an applied stress. Piezoresistance changes should
not be confused with the resistance changes due to dimensional alteration,
such as those that occur in conventional wire orfoil strain gauges. In a foil
strain gauge the resistance change is mainly due to elongation ofthe gauge
in its active direction. In a PR gauge the dimensional changes are small,
and the measured resistance change is essentially a function of applied
stress rather than strain.

Piezoresistive accelerometers are constructed by bonding pr strain
gauges to the root of a small cantilever. A seismic mass is often fixed to
the free end ofthe cantilever to enhancethe sensitivity. The strain gauges
are connected in a Wheatstone bridge circuit, and the resulting out-of-
balance voltage is proportional to acceleration. The advantage of PR
accelerometers is that their frequency response extends down to Dc,
making them suitable for low-frequency work. However, they are not
usually as rugged as PE devices, and they can be more expensive. PR
accelerometers may be micromachined fromsilicon, and can be made very
small. Further details are given in section 9.2.2.

An alternative, cheaper approach to PR accelerometer productionis to
use thick-film printing. While sensors manufactured using thick-film
technology are generally larger than those made from silicon, the
reductions in unit andset-up costs can be considerable. If necessarysignal
conditioning circuits can also be incorporated within the sensor housing by
means of thick-film hybrid construction. Further details of thick-film PR
accelerometers are givenin section 9.2.2.

A third phenomenon which is sometimes used as the basis of an
accelerometer design is capacitance variation. A cantilever, or some other
beam configuration, carries a seismic mass and forms one-half of a
parallel-plate capacitor. The beam moves in response to acceleration, and
this alters the plate separation, which changes the capacitance. Variable-
capacitance accelerometers can be micromachined from a block ofsingle-
crystal silicon. The resulting sensors are very small and rugged and can
also incorporate signal conditioning circuits. The frequency response
extends down to bc, However, apart from switching applications such as
airbag triggering, the use of capacitive accelerometers is usually restricted
to measurements of low acceleration levels, since large changes in plate
separation can cause nonlinearities in the output.

Confusion can arise over the best form of accelerometer to use in a

givensituation. Section 9.2 is therefore concluded byatable to assist with
sensor selection, in which the advantages and disadvantages of each type
of sensorare highlighted,
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When using an accelerometer (or any other form of sensor) the effect of 
environmental changes on the output signal must be considered. Changes 
in the thermal, magnetic or acoustic environment in which the transducer 
is situated may cause changes to the output signal. Accelerometers can 
also give erroneous outputs because of base strain if incorrectly mounted, 
from humidity changes, or from electromagnetic interference (EM!). These 
topics are discussed in sections 9.3 and 9.4. 

Piezoelectric and capacitive devices give a charge rather than a voltage 
output. Piezoresistive accelerometers are electrically equivalent to the 
Wheatstone bridge, and therefore require a different form of signal 
conditioning. Section 9.5 contains a discussion of the signal conditioning 
circuits appropriate to different types of accelerometer. 

9.1 THEORY OF OPERATION 

Most vibration sensors are based on the damped mass-spring system shown in 
figure 9.1. Depending on whether the frequency to be measured, w, is higher 
or lower than the natural resonance frequency of the sensor, Wn, displacement, 
velocity or acceleration may be measured. Transducers of this type operate by 
sensing the motion of the suspended mass M relative to the case. 

The equation of motion for the system of figure 9.1 is 

rnx = -c(x- y) - k(x - y) (9.1) 

)( k 

1 m 

y 

Figure 9.1 A damped mass-spring system. See text for notation. 
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Whenusing an accelerometer (or any other form of sensor) the effect of
environmental changes on the output signal must be considered. Changes
in the thermal, magnetic or acoustic environment in whichthe transducer
is situated may cause changes to the output signal. Accelerometers can
also give erroneous outputs because ofbasestrainif incorrectly mounted,
from humidity changes, or from electromagnetic interference (EMI). These
topics are discussed in sections 9.3 and 9.4.

Piezoelectric and capacitive devices give a charge ratherthan a voltage
output. Piezoresistive accelerometers are electrically equivalent to the
Wheatstone bridge, and therefore require a different form ofsignal
conditioning. Section 9.5 contains a discussion of the signal conditioning |
circuits appropriate to different types of accelerometer.
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 Most vibration sensors are based on the damped mass-spring system shownin

figure 9.1. Depending on whether the frequency to be measured, w,is higher
or lower than the natural resonance frequency ofthe sensor, w,, displacement,
velocity or acceleration may be measured. Transducers ofthis type operate by
sensing the motion of the suspended mass Mrelative to the case.

The equation of motion for the systemof figure 9.1 is

 

   
  
  
  mk = —c(x— y)—k(v —y) (9.1)

 
 m

Figure 9.1
 
  A damped mass-spring system. See text for notation,
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where x and yare the displacement of the seismic mass and the vibrating 
body respectively. If the relative displacement between the seismic mass 
and the case is 

z = x - y (9.2) 

and if the vibrating body to which the case is attached undergoes 
sinusoidal motion of the form y = A sin wt, then equation (9.1) 
becomes 

mz + ci; + kz = mw2Asinwt. (9.3) 

This is the well known equation for the response of a system with a single 
degree of freedom to forced vibration. The steady-state solution can be 
assumed to be of the form z = Z sine wt - <l» where z is the amplitude of 
the mass-case displacement and <l> is the phase of the displacement with 
respect to the exciting force. By comparison with the standard solutions 
we can write down equations (9.4) and (9.5) 

z = (9.4) 

r--r·-r-T---r---,o.160 .. :g 

~-+--'-I----T--+----l -& 

1 0 2.0 3 0 4.0 50 

o 1.0 2.0 3.0 4.0 5.0 
Frequency ratio wlwn 

Figure 9.2 Plot of equations (9.4) and (9.5). 
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where x and y are the displacementof the seismic mass and the vibrating
body respectively. If the relative displacement between the seismic mass
and the case is

zZ=x-y (9.2)

and if the vibrating body to which the case is attached undergoes
sinusoidal motion of the form y=Asinwf, then equation (9.1)
becomes |

mzi+cz+kz = mw*Asinot. (9.3) |
This is the well known equation for the response of a system with a single
degree of freedom to forced vibration. The steady-state solution can be
assumedto be of the form z = Z sin(wt — ) where z is the amplitude of
the mass-case displacement and ¢ is the phase of the displacement with
respect to the exciting force. By comparison with the standard solutions
we can write down equations (9.4) and (9.5)

morA A (w/w,)?

V(k — mw? + (co? —-V¥[1 — (w/w,PF + [2¢ (w/w)?

 
(9.4)

 

Phaseangle,¢(deg)

Frequency ratio wiW,
 
 Figure 9.2. Plot of equations (9.4) and (9.5).
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tan<l> 
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we 

k - mw2 

2~ (w/w n ) 

1 - (W/Wn )2 
(9.5) 

It is obvious from these expressions that the important parameters are the 
frequency ratio w/wn and the damping factor ~. Figure 9.2 shows a plot of 
these equations. The type of sensor is determined by the relationship 
between the frequency to be measured and the resonance frequency of the 
transducer. 

9.1.1 Vibration Velocity Sensors (Seismometers) 

When the natural frequency of the sensor Wn is low compared with the 
vibration frequency being measured w, the ratio w/wn is large. The 
amplitude of the relative displacement Z approaches that of the vibration 
A, regardless of the value of the damping ratio ~. In these circumstances 
the mass m remains stationary while the surrounding case moves with the 
vibrating body. Sensors of this type are called seismometers. The relatiVe 
motion z is usually converted to a voltage by making the seismic mass a 
permanent magnet which move relative to coils fixed to the case. Since 
the voltage generated is proportional to Ule rate at which the coils cut 
the magnetic field lines, the output of the sensor is proportional to 
the vibration velocity. A typical seismometer will have a resonance 
frequency between 1 and 5 Hz, and a useful bandwidth from 10 Hz to 
around 1 kHz. 

The main disadvantage of seismometers as vibration sensors is their 
large size. Since Z = A , the relative motion of the seismic mass has to be of 
the same order as that of the vibration being measured. The sensor 
housing must be large enough to accommodate this motion. 

9.1.2 Accelerometers 

When Wn is high compared to W the sensor output is proportional to 
acceleration. Examination of equation (9.4) shows that the factor 

approaches unity for wlwn -. 0, so that 

w2A acceleration 
Z = - = 

w~ (i)~ 
(9.6) 

Thus Z , the displacement amplitude of the seismic mass with respect to 
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: 2 /
tand = a Se!(w/e) : (9.5)

k — mor 1 — (w/w,,)*

It is obvious from these expressions that the important parameters are the
frequency ratio w/w, and the damping factor ¢. Figure 9.2 showsaplot of

these equations. The type of sensor is determined by the relationship
between the frequency to be measured and theresonance frequencyof the
transducer.

9.1.1 Vibration Velocity Sensors (Seismometers)

Whenthe natural frequency of the sensor w, is low compared with the
vibration frequency being measured w, the ratio w/w, is large. The
amplitude ofthe relative displacement Z approachesthat of the vibration
A, regardless of the value of the damping ratio ¢. In these circumstances
the mass mremains stationary while the surrounding case moves with the
vibrating body. Sensors of this type are called seismometers. The relative
motion z is usually converted to a voltage by making the seismic mass a
permanent magnet which movesrelative to coils fixed to the case. Since
the voltage generated is proportional to the rate at which the coils cut
the magnetic field lines, the output of the sensor is proportional to
the vibration velocity. A typical seismometer will have a resonance
frequency between | and 5 Hz, and a useful bandwidth from 10 Hz to
around 1] kHz.

The main disadvantage of seismometers as vibration sensors is their
large size. Since Z = A, the relative motion of the seismic masshastobe of
the same order as that of the vibration being measured. The sensor
housing must be large enough to accommodatethis motion.

9.1.2 Accelerometers

When w, is high compared to w the sensor output is proportional to
acceleration, Examination of equation (9.4) showsthat the factor

 [1 — (w/w,)°}? + [2 (w/e,)]*

approaches unityfor w/w, —* 0, so that

Fe eA _ acceleration | (9.6)2 2
Oy wy,

 

Thus Z, the displacement amplitude of the seismic mass with respect to
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the case, is proportional to the acceleration of the motion being measured 
with a factor lIwn 2. The useful range of the accelerometer can be seen from 
figure 9.3, which is a plot of 

1 

for various values of damping ~. The diagram shows that the useful range 
of frequencies for an undamped accelerometer is severely limited. 
However, when ~ = 0.7 the useful frequency range extends to around 20% 
of the resonance frequency, and within this range the maximum error is 
less than 0.01 %. 

~ 1.04 
N 

11.02 

3 

E: 1. 00 

~ 
N-C 0.9B 

3 
"3 
f 0.96 

V 
/! V ~ t~O.6 

~= 0 V '" V' k'" 
e::::: b::::::: ::-I- " t =O:65 \ 

-... -... r-.... 1'\ 
~=0.70 \ \ 
"l 

• t :O.75 \ \ 1\ 
\l 1\ \ 

o 0.1 0.2 0.3 0.4 0.5 06 0.7 O.B 0 .9 
wlwn 

Figure 9.3 The useful range of an accelerometer. See text for notation. 

Phase distortion. The time delay between applying a mechanical input 
to an accelerometer and the appearance of the resulting electrical output 
is known as the phase shift. If this delay is not the same for all frequencies 
contained in the mechanical input, the phase relationship between the 
frequency components of the vibration waveform will be altered, and the 
resulting electrical output will become distorted. This effect is known as 
phase distortion, and to avoid it we require either that the delay be zero, 
or else that all frequency components are delayed by the same amount. 
The first case, a zero delay or zero phase shift, corresponds to ~ = 0 and 
w/wn < 1 (see equation (9.5» . However, as we have just seen, zero 
damping is undesirable in an accelerometer. 

The second case, an equal timewise phase shift applied to all frequency 
components, is almost satisfied when ~ = 0.7 and w/wn < 1. It can be seen 
from figure 9.2 that when ~ = 0.7 and w/wn < 1, the phase angle <? is given 
approximately by 

<? = ~ ~ . 
2 Wn 

Thus for ~ = 0.7 (and ~ = 0) phase distortion is almost eliminated. 

I ' 
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the case, is proportional to the acceleration of the motion being measured
with a factor 1/w,?. The useful range of the accelerometer can be seen from
figure 9.3, whichis a plot of

1

V[1 — (wlw,)?P + [26 (w/o)?

for various values of damping ¢. The diagram showsthat the useful range
of frequencies for an undamped accelerometer is severely limited.
However, when ¢ = 0.7 the useful frequency range extends to around 20%
of the resonance frequency, and within this range the maximum erroris
less than 0.01%.

 

 }[1~{unes,)7)?+(22tutes))?    
  

Figure 9.3. The useful range of an accelerometer. See text for notation.

Phase distortion. The time delay between applying a mechanical input
to an accelerometer and the appearanceof the resulting electrical output
is known as the phaseshift. If this delay is not the sameforall frequencies
contained in the mechanical input, the phase relationship between the
frequency components of the vibration waveform will be altered, and the
resulting electrical output will become distorted. This effect is known as
phase distortion, and to avoid it we require either that the delay be zero,
or else that all frequency components are delayed by the same amount.
The first case, a zero delay or zero phase shift, corresponds to ¢ = 0 and
w/a, <1 (see equation (9.5)). However, as we have just seen, zero
dampingis undesirable in an accelerometer.

The second case, an equal timewise phase shift applied to all frequency
components,is almost satisfied when ¢ = 0.7 and w/w, < 1. It can be seen
from figure 9.2 that when ¢ = 0.7 and w/w, < 1, the phase angle ¢ is given
approximately by

Thus for ¢ = 0.7 (and ¢ = 0) phase distortion is almost eliminated,
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Accelerometer reSOllQlzce frequencies. The resonance frequency of an 
accelerometer is not constant although a constant value will be specified 
on the ensoe calibration chart. It depends not only on the seismic mass 
and the stiffness of the P or other transducers to which it is attached but 
also on the mas and stiffness of the vibration test object to which the 
device is attached, and to some extent 00 the stiffness of the mounting 
method used. 

I a) I b) 

Figure 9.4 

The situation is illustrated in figure 9.4. A seismic mass ms rests on a 
transducer, such as a piezoelectric element, which is attached to the 
transducer base. K is the equivalent stiffness of the transducer(s) and their 
connection to the base. The mass of the base and housing is mb . When the 
accelerometer is not coupled to any other object, as shown in figure 9.4(a), 
the resonance frequency Ir is 

f. f ~ 1 Ins . r = .s +In;;' (9.7) 

where Is is the resonance frequency of the seismic mass m , on the stiffness 
K, which is given by 

(9.8) 

From equation (9.7 it can be seen that the free-hanging resonance 
frequency depends upon lhe rali of m, to m b' At first sight therefore 
equation (9.7) seems to imply that the ba e of the accelerometer should be 
made as light a possible (mb small , so that Ir is as large as po sible and 
the usable bandwidth extended. However, when the accelerometer is 
mounted on a test object of .large mas and tiffness a. hown in figure 
9.4(b), nib tends to infinity and the accelerometer resonance approacbesfs· 
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Accelerometer resonance frequencies. The resonance frequency of an
accelerometer is not constant, although a constant value will be Specified
on the sensor calibration chart. It depends not only on the seismic mass
and the stiffness of the PE or other transducers to whichit is attached, but
also on the mass and stiffness of the vibration test object to which the
device is attached, and to some extent onthe stiffness of the mounting
method used.

 
(a)

Figure 9.4

The situationis illustrated in figure 9.4. A seismic mass mm, rests on a
transducer, such as a piezoelectric element, which is attached to the
transducerbase. K is the equivalent stiffness of the transducer(s) and their
connection to the base. The mass of the base and housingis m,. When the
accelerometeris not coupled to anyother object, as shownin figure 9.4(a),
the resonance frequencyf, is

fe pnis (9.7)
where f, is the resonance frequencyof the seismic mass m, on the stiffness
kK, whichis given by

L K

27 m,”
f= (9.8)

From equation (9,7) it can be seen that the ‘free-hanging’ resonance
frequency depends upon the ratio of m, to m,. At first sight therefore
equation(9.7) seems to implythat the base of the accelerometershould be
made as light as possible (7, small), so that f, is as large as possible and
the usable bandwidth extended. However, when the accelerometer 1s

mounted onatest object of large mass and stiffness as shown in figure
9.4(b), m, tendsto infinity, and the accelerometer resonance approachesf,.

 



ACCELEROMETERS 157 

There is therefore no point in trying to make the sensor base light. Other 
considerations, such as the susceptibility to base strain discussed in section 
9.3, dictate the use of a stiff, and consequently heavy, base. 

9.2 ACCELEROMETER DESIGNS 

There are many different types of accelerometer. In each design the 
transducer relies on detecting the motion of a seismic mass to measure 
acceleration, as discussed in section 9.2. However, there are differences in the 
way in which this motion is sensed. These differences give rise to variations in 
parameters such as the bandwidth, sensitivity or susceptibility to interference 
of the sensor. Thus, some designs are well suited for some applications but will 
give poor performance in others. It is important therefore that the automotive 
engineer is aware of all the features, good and bad, of the many competing 
forms of accelerometer, so that problems due to an inappropriate choice are 
avoided. In this section the intention is to survey the types of accelerometer 
available, and to highlight the good and bad features of each type. 

9.2.1 Piezoelectric accelerometers 

A piezoelectric accelerometer contains two elements: the mass, on which 
the acceleration acts to produce a force, and a piezoelectric transducer, 
which converts the force into electric charge. In one of the most common 
designs (of which an example is shown in figure 9.5(a», the mass rests on a 
number of piezoelectric discs. The mass and discs are pre-loaded by a 
spring and the whole assembly is sealed inside a housing. When the 
accelerometer is vibrated along its axis the mass exerts a force on the PE 

material, which develops a variable charge in proportion to the applied 
force. For frequencies below that of the resonance of the transducer the 
acceleration of the mass is equal to that of the whole accelerometer. 

(Q ) ( b) ( c ) 

Figure 9.5 Designs for piezoelectric accelerometers: (a) centre
mounted compression (eM) type; (b) annular shear (AS) type; (c) delta 
shear (DS) type (courtesy of Bruel and Kjaer). 
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There is therefore no point in trying to make the sensor base light. Other
considerations, such as the susceptibility to base strain discussed in section
9.3, dictate the use ofa stiff, and consequently heavy, base.

9.2 ACCELEROMETER DESIGNS

There are many different types of accelerometer. In each design the
transducer relies on detecting the motion of a seismic mass to measure
acceleration, as discussed in section 9.2. However, there are differences in the

way in which this motion is sensed. These differences giverise to variations in
parameters such as the bandwidth, sensitivity or susceptibility to interference
of the sensor. Thus, some designs are well suited for some applications butwill
give poor performancein others.It is important therefore that the automotive
engineer is aware of all the features, good and bad, of the many competing
forms of accelerometer, so that problems due to an inappropriate choice are
avoided. In this section the intention is to survey the types of accelerometer
available, andto highlight the good and badfeatures of eachtype.

9.2.1 Piezoelectric accelerometers

A piezoelectric accelerometer contains two elements: the mass, on which
the acceleration acts to produce a force, and a piezoelectric transducer,
which converts the force into electric charge. In one of the most common
designs (of which an example is shownin figure 9.5(a)), the mass rests on a
number of piezoelectric discs. ‘The mass and discs are pre-loaded by a
spring and the whole assembly is sealed inside a housing. When the
accelerometer is vibrated along its axis the mass exerts a force on the PE
material, which develops a variable charge in proportion to the applied
force. For frequencies below that of the resonance of the transducer the
acceleration of the massis equal to that of the whole accelerometer.

(a) (b)

 
Figure 9.5 Designs for piezoelectric accelerometers: (a) centre-
mounted compression (CM) type; (b) annular shear (As) type; (c) delta
shear (Ds) type (courtesy of Bruel and Kjaer).
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A PE material i one which develops an electrical charge when it i 
subjected to stres . Naturally occurring p materials include single crystals 
of quartz and Rochelle salt. However, the PE effect is small in these 
sub tances. PE accelerometers normany use mao-made PE compound 
known a ferroelectric ceramics which have a much higher responSivity. 
These consist of mixtures of barium titanate, lead zirconate and lead 
metaniobate. Ferroelectric ceramics have the fwther advantage lhat 
unlike crystalline material , they can be produced in any de ired shape 0; 
size. The sensitivity of PE materials to stress is temperature dependent, and 
cea es completely above a critical temperature known as the Curie poine. 
Curie point temperatures range from 120 °C (for barium titanate) to Over 
600 DC. 

Three different mechanical constructions are used for PE 

accelerometers. The most common is the centre-moullted compression 
(eM) type an example of which has already been shown in figure 9.5(0). 
Thi construction gives m derate sensitivity and can withstand high levels 
of continuous vibration or shock without damage. In a M accelerometer 
the piezoelectric rna -spring system i mounted on a cylindrical centre 
post attached to the base of the accelerometer, which increa e the 
resonance frequency. and thus the usable bandwidth. However, despite the 
use of a thick base, CM accelerometers are more sen itive to base strain 
and thermal transients than other PE design. 

Since no bonding is used in the con truction of a CM accelerometer, thi 
type can be used at temperatures up to 250°C without damage. 

The della hear (DS) type has high sensitivity and a high re onance 
frequency and is more immune to base strain and thermal effects than eM 
sensors. A 0 piezoelectric accelerometer contains three piezoelectric 
elements arranged in an equilateral triangle as shown in figure 9.5(b). 
Each piezoelectric transducer canies it own eismic mass. Acceleration 
along the axis of the sen or creates hear tres es in each of the PE 
elements. The use of shear rather than compression increases the stiffness 
of the PE elements, which raises the resonance frequency and makes the 
accelerometer more immune to external environmental changes than the 
eM. type. However, the more complex construction means that DS 

piezoelectric accelerometers are usually more expensive than the impler 
CM type. 

If the seismic masses in a D a'ccelerometer are bonded to the 
piezoelectric transducer the upper operating temperature is limited by 
the need to avoid softening the bonding adlle ive. To avoid this problem 
the seismic ma ses are not usually bonded, but instead are clamped into 
position by a pre-loading ring as shown in figure 9.5(b). This raises the 
upper operating temperature to around 250 °C. 

The annular shear (AS) type repre ents an attempt to combine the 
advantages of the DS accelerometer with the implicity of manufacture and 
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A PE material is one which develops anelectrical charge when it js
subjected to stress. Naturally occurring PE materials include single crystals
of quartz and Rochelle salt. However, the PE effect is small in these
substances, PE accelerometers normally use man-made PE compounds
known as ferroelectric ceramics, which have a much higher responsivity.
These consist of mixtures of barium titanate, lead zirconate and leaq
metaniobate. Ferroelectric ceramics have the further advantage that.
unlike crystalline materials, they can be producedin anydesired shapeor
size. The sensitivity of PE materials to stress is temperature dependent, and
ceases completely above acritical temperature known as the Curie poinr.
Curie point temperatures range from 120 °C (for bariumtitanate) to over
600 °C.

Three different mechanical constructions are used for pp
accelerometers. The most common is the cenfre-mnounted compression
(CM) type, an example of which has already been showninfigure 9.5(q),
This construction gives moderate sensitivity and can withstand highlevels
of continuous vibration or shock without damage. In a Cm accelerometer
the piezoelectric mass-spring system is mounted on a cylindrical centre
post attached to the base of the accelerometer, which increases the
resonance frequency and thus the usable bandwidth. However, despite the
use of a thick base, CM accelerometers are more sensitive to base strain

and thermal transients than other PE designs.
Since no bondingis used in the construction of a CM accelerometer, this

type can be used at temperatures up to 250 °C without damage.
The delta shear (DS) type has high sensitivity and a high resonance

frequency, and is more immuneto base strain and thermal effects than cm
sensors. A DS piezoelectric accelerometer contains three piezoelectric
elements, arranged in an equilateral triangle as shownin figure 9.5(h).
Each piezoelectric transducer carries its own seismic mass. Acceleration
along the axis of the sensor creates shear stresses in each of the PE
elements. The use of shear rather than compression increases the stiffness
of the PE elements, which raises the resonance frequency and makes the
accelerometer more immune to external environmental changes than the
cM type. However, the more complex construction means that Ds
piezoelectric accelerometers are usually more expensive than the simpler
CM type.

If the seismic masses in a DS accelerometer are bonded to the

piezoelectric transducers, the upper operating temperature is limited by
the need to avoid softening the bonding adhesive. To avoid this problem
the seismic masses are not usually bonded, but instead are clamped into
position by a pre-loading ring as shownin figure 9.5(b). This raises the
upper operating temperature to around 250°C.

The annular shear (AS) type represents an attempt to combine the
advantages of the Ds accelerometer with the simplicity of manufacture and }
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consequent low cost of eM devices. In an AS accelerometer an annular 
mass is bonded to a piezoelectric ring, which is mounted on a cylindrical 
centre post as shown in figure 9.5(c). This approach lends itself to 
miniaturisation and enables very small, light accelerometers with very high 
resonance frequencies to be constructed. However, the bonding technique 
used to attach the mass to the piezoelectric element normally limits the 
maximum upper operating temperature range to around 100°C. 

Frequency response of PE accelerometers. The electrical output of a PE 

accelerometer as a function of frequency is shown in figure 9.6. This 
diagram is obtained by considering an accelerometer subjected to 
constant-amplitude sinusoidal acceleration, and plotting peak electrical 
output as a function of frequency. From this figure it can be seen that the 
useful bandwidth extends from a few hertz to about one-third of the 
resonance frequency. Thus PE accelerometers are used mainly for sensing 
frequencies in excess of 5-10 Hz. In automotive engineering they are 
frequently used for sensing engine vibrations. 

:::J 
a. -:::J o 

'" =:: 
-0 
0; 
c:r: 

Lower lim; t set 

by preamplifier 

and environment 

U5efu l range 

Upper I imit set 
by accelerometer 
with specific 

mounting 

Frequency (Hz) 

Figure 9.6 The electrical output of a PE accelerometer as a function 
of frequency. 

The low-frequency limit obtained when using a PE accelerometer 
depends mainly on the electronic amplifier to which the sensor output is 
connected, rather than being a feature of the sensor itself. The low
frequency limit is determined by the RC time constant formed by the 
accelerometer output impedance and the preamplifier input impedance, 
and is usually less than 5 Hz. To obtain lower frequencies, preamplifiers 
with very high input impedances (>109 0) must be used. 

, 

Cross-axis (transverse) sensitivity of PE accelerometers. An ideal 
accelerometer should be sensitive to motion along a single axis, and should 
not produce an output when it is accelerated in any direction at 90° to this 
axis. Real accelerometers approach this ideal with varying degrees of 
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consequent low cost of CM devices. In an AS accelerometer an annular
mass is bonded to a piezoelectric ring, which is mounted on a cylindrical
centre post as shown in figure 9.5(c). This approach lendsitself to
miniaturisation and enables very small, light accelerometers with very high
resonance frequencies to be constructed. However, the bonding technique
used to attach the mass to the piezoelectric element normally limits the
maximum upper operating temperature range to around 100 °C.

 
Frequency response of PE accelerometers. The electrical output of a PE
accelerometer as a function of frequency is shown in figure 9.6. This
diagram is obtained by considering an accelerometer subjected to
constant-amplitude sinusoidal acceleration, and plotting peak electrical
output as a function of frequency. From this figure it can be seen that the
useful bandwidth extends from a few hertz to about one-third of the

resonance frequency. Thus PE accelerometers are used mainly for sensing
frequencies in excess of 5-10 Hz. In automotive engineering they are
frequently used for sensing engine vibrations.
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Figure 9.6 The electrical output of a PE accelerometer as a function
of frequency.

 
 
    
  
  
  
  

  
  
  
 

 
The low-frequency limit obtained when using a PE accelerometer

depends mainly on the electronic amplifier to which the sensor outputis
connected, rather than being a feature of the sensor itself. The low-
frequency limit is determined by the RC time constant formed by the
accelerometer output impedance and the preamplifier input impedance,
and is usually less than 5 Hz. To obtain lower frequencies, preamplifiers
with very high input impedances (>10° ) mustbe used.

Cross-axis (transverse) sensitivity of PE accelerometers. An ideal
accelerometer should be sensitive to motion alonga single axis, and should
not produce an output whenit is accelerated in any direction at 90° to this
axis. Real accelerometers approach this ideal with varying degrees of
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success. However, there is always some sensitivity to vibration 
perpendicular to the intended sensing axis. The size of the cross-axis 
sensitivity depends upon the exact orientation of the sensor with respect to 
the motion, but is usually within the range 0-5%. The dependence of 
transverse sensitivity on orientation is a consequence of the fact that the 
maximum charge and voltage sensitivity of the PE transducer elements is 
often not perfectly aligned with the axis of the accelerometer. This 
produces directions of maximum and minimum transverse sensitivity, 
which are at 90° to each other and perpendicular to the main axis. The 
calibration details supplied with an accelerometer always specify the 
maximum transverse sensitivity. The direction of minimum sensitivity is 
often marked with a spot on the accelerometer housing. 

We have already seen that an accelerometer has a resonant response to 
vibration along its main axis. Similarly a resonance will occur if it is 
exposed to vibration in transverse directions. In the region of this 
resonance the transverse sensitivity may reach 100% of the main axis (off
resonance) sensitivity. For most PE accelerometers the transverse 
resonance occurs at about 30% of the main-axis resonance, and therefore 
lies within the bandwidth normally considered as the useful operating 
range of an accelerometer. Thus, spurious results may be generated if an 
accelerometer is subjected to transverse vibration at around one-third of 
the main resonance frequency, or if it is exposed to transverse shock loads 
which can contain broad-band energy extending to high frequencies. 

PE accelerometers should not be dropped or knocked, since the 
transverse loads so produced may exceed the design limits and can cause 
irreparable damage. 

9.2.2 Piezoresistive (PR) accelerometers 

The piezoresistive effect occurs in silicon and other materials, and is used in 
the fabrication of miniature accelerometers. As the name implies, a change 
in electrical resistance occurs in response to changes in the applied stress. 
Piezoresistive vibration sensors are formed by placing stress-sensitive 
resistors on highly stressed parts of a suitable mechanical structure. The PR 

transducers are usually attached to cantilevers, or other beam 
configurations, and are connected in a Wheatstone bridge circuit. The beam 
may carry a seismic mass or may utilise its own self-weight. Under 
acceleration the beam deflects due to the inertial forces and undergoes 
stress changes. These stress variations are converted into an electrical 
output, which is proportional to acceleration, by the PR transducers. 

Piezoresistive accelerometers are relatively easy to construct, provide a 
low-frequency response extending to DC, and work well over a relatively 
large temperature range (- 50 to +150 0C). They are frequently used in 

178

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

160 AUTOMOTIVE SENSORS

success. However, there is always some sensitivity to Vibration
perpendicular to the intended sensing axis. The size of the cross-axjc
sensitivity depends uponthe exact orientation of the sensorwith respect to
the motion, but is usually within the range 0-5%. The dependence o,
transverse sensitivity on orientation is a consequence ofthe fact that the
maximum charge and voltage sensitivity of the PE transducer elements jg
often not perfectly aligned with the axis of the accelerometer, This
produces directions of maximum and minimum transverse sensitivity,
which are at 90° to each other and perpendicular to the mainaxis. The
calibration details supplied with an accelerometer always specify the
maximum transverse sensitivity. The direction of minimum sensitivityjg
often marked with a spot on the accelerometer housing.

Wehave already seen that an accelerometerhas a resonant response to
vibration along its main axis. Similarly a resonance will occurifit js
exposed to vibration in transverse directions. In the region of this
resonance the transverse sensitivity may reach 100%of the mainaxis(off-
resonance) sensitivity. For most PE accelerometers the transverse
resonance occurs at about 30% of the main-axis resonance, and therefore

lies within the bandwidth normally considered as the useful operating
range of an accelerometer. Thus, spurious results may be generatedif an
accelerometer is subjected to transverse vibration at around one-third of
the main resonance frequency,orifit is exposed to transverse shock loads
which can contain broad-band energy extendingto high frequencies.

PE accelerometers should not be dropped or knocked, since the
transverse loads so produced may exceed the design limits and can cause
irreparable damage.

9.2.2 Piezoresistive (PR) accelerometers

The piezoresistive effect occurs in silicon and other materials, and is used in
the fabrication of miniature accelerometers. As the name implies, a change
in electrical resistance occurs In response to changes in the applied stress.
Piezoresistive vibration sensors are formed by placing stress-sensitive
resistors on highly stressed parts of a suitable mechanical structure. The PR
transducers are usually attached to cantilevers, or other beam
configurations, and are connected in a Wheatstonebridge circuit. The beam
may carry a seismic mass or mayutilise its own self-weight. Under
acceleration the beam deflects due to the inertial forces and undergoes
stress changes. These stress variations are converted into an electrical
output, whichis proportional to acceleration, by the PR transducers.

Piezoresistive accelerometers are relatively easy to construct, provide a
low-frequency response extending to pc, and work well overa relatively
large temperature range (—50 to +150 °C). Theyare frequently used in
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automotive applications such as active-suspension control, where the 
primary requirement is for good low-frequency performance. A further 
feature which makes them valuable in automotive engineering is their 
ability to include signal processing and communication functions within 
the sensor package at little extra cost. 

The drawbacks of PR devices are that the output signal level is moderate 
(typically 100 mV full scale for a 10 V bridge excitation), the sensitivity 
can be temperature dependent, and the usable bandwidth is not as large as 
that which may be obtained from a PE sensor. 

Before considering the design of PR accelerometers in detail, we need to 
understand the behaviour of piezoresistors. 

Piezoresistors. If a rectilinear resistor has length I, width W, thickness t 
and a bulk resistivity p, its resistance R will be 

R = ~. 
wt 

The gauge factor or strain sensitivity is defined as k, where 

k = dRIR . 
6 

(9.9) 

6 is the relative change in length of the resistor (the strain) due to a stress 
cr, applied to the substrate parallel to its length. Figure 9.7 shows the 
consequences of the applied stress. The length increases by an amount 
dl, while the width and thickness decrease by dw and dt due to Poisson's 
ratio v. It is clear that dw = -VWB and dt = -vtB. 

The original cross section was 

A wt. 

I~W-dW ~I 

Figure 9.7 Consequences of applying stress to a piezoresistor. See 
text for details. 
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automotive applications such as active-suspension control, where the
primary requirementis for good low-frequency performance. A further
feature which makes them valuable in automotive engineering is their
ability to include signal processing and communication functions within
the sensor packageatlittle extra cost.

The drawbacks of PR devices are that the output signal level is moderate
(typically 100 mV full scale for a 10 V bridge excitation), the sensitivity
can be temperature dependent, and the usable bandwidthis notas large as
that which may be obtained from a PE sensor.

Before considering the design of PR accelerometersin detail, we need to
understand the behaviourof piezoresistors.

Piezoresistors. If a rectilinear resistor has length /, width W, thickness ¢
and a bulkresistivity p, its resistance R will be

= pl gc
rn) (9.9)

The gaugefactoror strain sensitivity is defined as k, where

dR/R
é

 
k

e is the relative change in length ofthe resistor (the strain) due to a stress
a, applied to the substrate parallel to its length. Figure 9.7 shows the
consequences of the applied stress. The length increases by an amount
dl, while the width and thickness decrease by dw and dr due to Poisson’s
ratio v. It is clear that dw = —vwe and dr = —vte.

The original cross section was

 
Figure 9.7 Consequences of applying stress to a piezoresistor. See
text for details.
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Owing to the strain e, the new cross-sectional area is 

A' :::: (W - dw) (t - dt) 
:::: wt + 2vwte + v~wte. 

The term vcwte is very small compared with the other two terms in the 
equation and can be neglected. We can therefore write the change in 
cross-sectional area as 

A -A' :::: dA :::: -2veA 

giving 

dA 
A 

= -2ve. 

Differentiating equation (9.9) gives 

dR 
---r 

and hence the gauge factor k is 

dp dl dA 
--+-----

p I A 

dp/p 
k :::: -+(1+2v). 

e 
(9.10) 

Typically v will be between 0.2 and 0.3. Equation (9.10) therefore shows 
that the longitudinal gauge factor is a function of changes in both 
longitudinal resistivity and geometry. In cODventional foil or wire strain 
gauges the piezoresistive effects are negligible and the variations in 
resistance are mainly a function of dimensional changes. For a foil gauge k 
is approximately 2. For piezoresistive train gauges the first term in 
equation (9.10) j significant, and higher gauge factors (typically around 
10) can be achieved, giving enhanced sensitivity. It should be noted, 
however, that the resistivity of most PR materials is str:ongly temperature 
dependent and that as a result PR strain gauges generaUy have a higher 
thermal sensitivity than other types. 

Silicoll piezoresistille accelerometers. The first silicon accelerometer was 
demonstrated in 1976 [1]. It consisted of a single cantilever carrying ,PR 

strain gauges neaT its root. The device was fragile and required the 
inclusion of a Liq-uid-filled cell for damping. Improved designs have since 
appeared. 

Three types of silicon PR accelerometer have since evolved, as shown in 
figure 9.8. These are the single cantilever the doubly supported tructure 
and the 'lop-haf design. It will be noted that, despi te its name, the single 
cantilever design can bave one, two or more supporting beams carrying 
the sei mic mass. The distinguisbing feature of this type is that the support 
beams are aU placed along one edge. The doubly supported cantilever of 
figure 9.8(b) uses four upporting beams, and for this reason is sometimes 
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Owingto the strain «, the newcross-sectional areais

A’ = (W- dw) (¢- dd
= w+ 2vwte + vwre.

The term v*wte is very small compared with the other two terms in the
equation and can be neglected. We can therefore write the change in
cross-sectional area as

A=A"° = dA = —2veA

giving

On, S ye:
A

Differentiating equation (9.9) gives

dR dp d/ dA—$ «_-  —— |=

R p l A

and hence the gauge factork is
dp/

& = SPO La +2), (9.10)€

Typically v will be between 0.2 and 0.3. Equation (9.10) therefore shows
that the longitudinal gauge factor is a function of changes in both
longitudinal resistivity and geometry. In conventional foil or wire strain
gauges the piezoresistive effects are negligible, and the variations in
resistance are mainly a function of dimensional changes. Fora foil gauge k
is approximately 2. For piezoresistive strain gauges the first term in
equation (9.10) is significant, and higher gauge factors (typically around
10) can be achieved, giving enhanced sensitivity. It should be noted,
however, that the resistivity of most PR materials is strongly temperature
dependent, and that as a result PR strain gauges generally have a higher
thermalsensitivity than other types.

Silicon piezoresistive accelerometers. ‘Thefirst silicon accelerometer was
demonstrated in 1976 [1]. It consisted of a single cantilever carrying PR
strain gauges near its root. The device was fragile and required the
inclusion of a liquid-filled cell for damping. Improved designs have since
appeared.

Three typesofsilicon pR accelerometer have since evolved, as shownin
figure 9.8. These are the single cantilever, the doubly supported structure,
and the ‘top-har’ design. It will be noted that, despite its name, the single
cantilever design can have one, two or more supporting beams carrying
the seismic mass. The distinguishing feature of this type is that the support
beamsare all placed along one edge. The doubly supported cantilever of
figure 9.8(b) uses four supporting beams, and for this reason is sometimes
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referred to as a quad cantilever. The top-hat approach is implemented 
when a device capable of undergoing large displacements is required. If 
the supports are folded as shown in figure 9.8(c) the effective length can 
be increased, while the package size is kept constant. 

Figure 9.8 Three types o[ silicon PR accelerometer: (a) single 
cantilever; (h) doubly supported structure (double cantilever); (c) 
double cantilever with top-hat springs ('top-hat' design). 

In all three types viscous damping is provided by the inclusion of a small 
volume of air. 

The single cantilever type has the highest gain, but can also have a large 
transverse sensitivity. The doubly supported and top-hat designs provide 
good off-axis cancellation and are reasonably robust. They are 
consequently the most common configuration for PR silicon 
accelerometers. 

(i) Resonance frequency. The resonance frequency of a silicon PR 

accelerometer is determined by the stiffness of the support structure and 
the seismic mass as discussed in section 9.1. Typical resonance frequencies 
for silicon PR accelerometers are in the range 500-5000 Hz. Thus the 
bandwidth is considerably lower than that of a typical PE device. For 
comparison, thick-film devices usually have resonance frequencies 
between 300 and 2000 Hz. 

(ii) Sensitivity. The sensitivity 
decreases with support stiffness K, 
efficiency term b 

sensitivity 

increases with seismic mass In" 

and is modulated by a transduction 

= b m, . 
K 

The main parameters which determine b are the position of the PR 

transducers, the number of PR transducers and the transduction efficiency 
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referred to as a quad cantilever. The top-hat approach is implemented
when a device capable of undergoing large displacements is required. If
the supports are folded as shown in figure 9.8(c) the effective length can
be increased, while the packagesize is kept constant.

 
Figure 9.8 Three types of silicon PR accelerometer: (a) single
cantilever; (b) doubly supported structure (double cantilever); (c)
double cantilever with top-hat springs (‘top-hat’ design).

In all three types viscous damping1s provided bythe inclusion ofa small
volumeofair.

The single cantilever type has the highest gain, but can also have a large
transverse sensitivity. The doubly supported andtop-hat designs provide
good off-axis cancellation and are reasonably robust. They are
consequently the most common configuration for PR silicon
accelerometers,

(i) Resonance frequency. The resonance frequencyof asilicon PR
accelerometer is determined bythe stiffness of the support structure and
the seismic mass as discussed in section 9.1. Typical resonance frequencies
for silicon PR accelerometers are in the range 500-5000 Hz. Thus the
bandwidth is considerably lower than that of a typical PE device. For
comparison, thick-film devices usually have resonance frequencies
between 300 and 2000Hz.

(ii) Sensitivity. The sensitivity increases with seismic mass #m,,
decreases with support stiffness K, and is modulated by a transduction
efficiency term b

ee Mm.
sensilivity = b —.,K

The main parameters which determine b are the position of the PR
transducers, the number of PR transducers and the transductionefficiency
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of the transducers, which is a function of their geometry and chemical 
constitution. 

The sensitivity is also inversely proportional to the square of the 
resonance frequency j; 

sensitivity (9.11 ) 

Equation (9.11) shows that if a sensitive accelerometer is required the 
resonance frequency should be as low as possible. Thus the sen jtivity 
requirement is in confli.ct with the need for a large bandwidth. A typical 
doubly supported design with an output of 5 m V g- I per volt of bridge 
excitation will have a resonance around 500 Hz, implying that the useful 
bandwidth extends from DC to around 150 Hz. If the design is modified so 
that the resonance moves to 37 kHz, which is approaching the practical 
limit for this type of accelerometer, the sensitivity decreases to 5 f1 V g- I 
per volt of bridge excitation. 

(iii) OjFaxis modcs and IranSl'crsc 'enslltl'lfy. A major advantage of 
the doubly supported type is a substantial reduction in transverse 
sensitivity and unwanted resonant modes compared with the single 
cantilever. The three principal modes of vibration for a doubly supported 
cantilever are shown in figure 9.9. The intended axis of sensitivity is 
vertical, and therefore only the mode shown in figure 9.9(a) is desired. 
However, for the modes hown in figures 9.9(b) and (c), which are excited 
by off-axis acceleTatioll opposite sides of the structure undergo opposite 
forms of bending. Careful po itioning of the PR transducers and the use of 
a bridge circuit can therefore be u cd to give a high degree of immunity to 
output originating from the e modes. No such symmetry exists in the case 
of a single cantilever, The maximum transverse sensitivity of a doubly 
supported PR silicon accelerometer is comparable with that of a PE device, 
and is typically 5% of the main axis sensitivity. 

I Q ) I b I I [ I 

Figure 9.9 Principal modes of vibration for a doubly supported cantilever. 

Thick-film piezoresistive accelerometers. Thick-film circuits are formed 
by the deposition of layers of special pastes (usuaUy referred to as inks, 
although there is little resemblance to conventional ink) onto an insulating 
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of the transducers, which is a function of their geometry and chemical
constitution.

The sensitivity is also inversely proportional to the square of the
resonance frequencyf,

(2a)°b

ir

Equation (9.11) shows that if a sensitive accelerometer is required the
resonance frequency should be as low as possible. Thus the sensitivity
requirement is in conflict with the need for a large bandwidth. A typical
doubly supported design with an output of 5mVg~' per volt of bridge
excitation will have a resonance around 500 Hz, implying that the useful
bandwidth extends from pcto around 150 Hz. If the design is modified so
that the resonance moves to 37 kHz, which is approaching the practical
limit for this type of accelerometer, the sensitivity decreases to 5 Vg"!
pervolt ofbridge excitation,

(9.11)sensilivily =

(iii) Off-axis modes and transverse sensitivity. A major advantage of
the doubly supported type is a substantial reduction in transverse
sensitivity and unwanted resonant modes compared with the single
cantilever, The three principal modes ofvibration for a doubly supported
cantilever are shown in figure 9.9. The intended axis of sensitivity is
vertical, and therefore only the mode shownin figure 9.9(a) ts desired.
However, for the modes showninfigures 9.9(b) and (c), which are excited
byoff-axis acceleration, opposite sides of the structure undergo opposite
forms of bending. Careful positioning of the PR transducers and the use of
a bridge circuit can therefore be used to give a high degree of immunityto
outputs originating from these modes. No such symmetryexists in the case
of a single cantilever, The maximumtransverse sensitivity of a doubly
supported PR silicon accelerometeris comparable with that of a PE device,
andis typically 5%of the main axis sensitivity.

Cc}

Figure 9.9 Principal modesofvibration for a doubly supported cantilever.

Thick-film piezoresistive accelerometers. Thick-film circuits are formed
by the deposition of layers of special pastes (usually referred to as inks,
althoughthereis little resemblance to conventional ink) onto an insulating
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substrate. The printed pattern is fired in a manner akin to the production 
of pottery, to produce electrical pathways of a controlled resistance. Parts 
of a thick-film circuit can be made sensitive to strain or temperature. The 
thick-film pattern can include mounting positions for the insertion of 
conventional silicon device in which case the assembly is known as a 
thick-fi lm hybrid. The proc · ss is relatively cbeap, e ' pecially if large 
number of devices are produced and the u e of hybrid construction 
allows the ensor housing to include ophi ticated ignal conditioning 
circuit . These factors indicate that thick-fi lm technol gy i likely to play 
3 n increasingly impoTtant part in automotive 'ensor design. 

Three main categories of thick-film ink exist: conductars, dielectrics 
(in ula tars) and re istor . Condnctors are u ed for intercannections, ucb 
a tbe wiring of a bridge circuit Dielectrics a re used for caating 
conducting surfaces (such as steel) prior to. layin g dawn thick-film 
patterns, for constructing thick-film capacitors and far insulating cross
over points, where one conducting path traverses another. Resistor inks 
are the most interesting from the point of view of sensor design, since 
many thick-film materials are markedly piezoresistive. 

The main con lituent of a thick-film ink are the binder (a glass frit . the 
vehicle an organic olvent) , and the active elements (metallic allays or 
oxides). After prinling each layer of a thick-film pattern is dried to 
remove the organic sal vent the vehicle) which give the ink it vi co ity. 
Dry.ing also improves the adhesion properti es bonding the ink to. its 
substra te and r ndering the pattern immune to. smudging. Thi stage is 
usuall y performed in a conventional oven at 100 to 150 °C. 

A fin al high-temperature firing i required to remove any remaining 
solvent and to ' inter the binder and the active e lements. During the firing 
cycle a thick -fi lm pattern is raised to a temperature between SOO and 1000 
0c. The glass frit melts, wets the substrate and forms a continuous matrix 
which holds the functia nal elements. The heating and cooling gradlents, 
the peak t mperature and the dwell time determine Ule firing profile. This 
has a critical effect an the productian f a t hick-fi lm circuit since it allows 
the electrical characteristics of the inks to be modified. Resistor materials 
ar especially sen hive to the firing profile, and the resistor layer is usually 
therefore the last to be fired. Howe er the need for pas ivatioo of a 
circuit often neces itate covering it with a di lectric layer. To. avaid 
changing the resistor value, a low-ro lting-poin t dielectric is often u ed 
for the final layer. 

The need for high-temperature firing can cause problems if th.ick-film 
piezore istors are to be appli·ed to. previous1y heat-treated companents. 
The lemperatures used can adver ely aff ct, for example, the properties of 
toughened or hardened steel . 

Thick-film circuits and sensors are created by screen printing. This is 
essentially a stencil pracess, in which the printing ink is farced through the 
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substrate. The printed pattern is fired in a manner akin to the production
of pottery, to produce electrical pathways of a controlled resistance. Parts
ofa thick-film circuit can be madesensitive to strain or temperature. The
thick-film pattern can include mounting positions for the insertion of
conventional silicon devices, in which case the assembly is known as a
thick-film liyvbrid. The process is relatively cheap, especially if large
numbers of devices are produced, and the use of hybrid construction
allows the sensor housing to include sophisticated signal conditioning
circuits. These factors indicate that thick-film technologyis likely to play
an increasingly important part in automotive sensordesign.

Three main categories of thick-film inks exist: conductors, dielectrics
(insulators) and resistors. Conductors are used for interconnections, such

as the wiring of a bridge circuit. Dielectrics are used for coating
conducting surfaces (such as steel) prior to laying down thick-film
patterns, for constructing thick-film capacitors and for insulating cross-
over points, where one conducting path traverses another, Resistor inks
are the most interesting from the point of view of sensor design, since
manythick-film materials are markedly piezoresistive.

The main constituents of a thick-film ink are the binder(aglassfrit), the
vehicle (an organic solvent), and the active elements (metallic alloys or
oxides). After printing, each layer of a thick-film pattern is dried to
remove the organic solvents (the vehicle) which give the ink its viscosity.
Drying also improves the adhesion properties, bonding the ink toits
substrate and rendering the pattern immune to smudging. This stage is
usually performed in a conventional ovenat 100 to 150 °C.

A final high-temperature firing is required to remove any remaining
solvent andto sinter the binder andthe active elements. During the firing
cycle a thick-film pattern is raised to a temperature between 500 and L000
°C. Theglass frit melts, wets the substrate and forms a continuous matrix
which holds the functional elements. The heating and cooling gradients,
the peak temperature and the dwell time determinethe firing profile. This
has a critical effect on the production ofa thick-film circuit, since it allows
the electrical characteristics of the inks to be modified. Resistor materials

are especially sensitive to thefiring profile, and the resistor layer is usually
therefore the last to be fired. However, the need for passivation of a
circuit often necessitates covering it with a dielectric layer. To avoid
changing the resistor values, a low-melting-point dielectric is often used
forthe final layer.

The need for high-temperature firing can cause problems if thick-film
piezoresistors are to be applied to previously heat-treated components.
The temperatures used can adverselyaffect. for example, the properties of
toughened orhardenedsteels.

Thick-film circuits and sensors are created by screen printing. This is
essentially a stencil process, in which the printing ink is forced through the
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open areas of a mesh-reinforced screen onto the surface of a substrate. 
The screen stencils are formed by photolithography. In this process a 
photosensitive mesh-filling material is exposed to ultraviolet light through 
a mask depicting the required pattern. The image is photographically 
developed, and those parts of the pattern which have not been fixed are 
subsequently washed away. 

(i) Thick-film materials as primary sensors. The use of thick-film 
technology was introduced as a means of miniaturising circuits without 
incurring the expense associated with fabrication in silicon. It was Soon 
noted that thick-film materials had temperature- and stress-dependent 
properties. Although this was awkward from the point of view of circuit 
fabrication, it has since been turned to good account in sensor design. 
The linear temperature coefficient of resistance (TeR) possessed by 
certain platinum-containing conductive inks has allowed resistance 
thermometers to be constructed wholly in thick-film form [2]. More 
importantly from the point of view of accelerometer design, the PR 

properties of thick-film resistor (TFR) inks can be used to form strain 
sensors. This approach has been used to make a number of pressure 
sensors (see for example [3]), and by 1993 was being exploited to 
produce accelerometers. 

9.2.3 Capacitive Accelerometers 

The use of a capacitance change is well established in sensor design as a 
measuring technique. Pressure and displacement have frequently been 
evaluated by this means, and a number of manufacturers now supply 
capacitive accelerometers. These are claimed to give better performance 
than conventional types for measuring low-frequency, low-level 
acceleration. 

511 I(on cap 

Silicon cop 

Figul'e 9.10 Typical design for a capacitive accelerometer. 
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open areas of a mesh-reinforced screen onto the surface of a substrate,
The screen stencils are formed by photolithography. In this process a
photosensitive mesh-filling material is exposed to ultraviolet light through
a mask depicting the required pattern. The image is photographically
developed, and those parts of the pattern which have not been fixed are
subsequently washed away.

(i) Thick-film materials as primary sensors. The use of thick-film
technology was introduced as a means of miniaturising circuits without
incurring the expense associated with fabrication in silicon. It was soon
noted that thick-film materials had temperature- and stress-dependent
properties. Although this was awkward fromthe point of view ofcircuit
fabrication, it has since been turned to good account in sensor design.
The linear temperature coefficient of resistance (TCR) possessed by
certain platinum-containing conductive inks has allowed resistance
thermometers to be constructed wholly in thick-film form [2]. More
importantly from the point of view of accelerometer design, the PR
properties of thick-film resistor (TFR) inks can be used to formstrain
sensors. This approach has been used to make a numberof pressure
sensors (see for example [3]), and by 1993 was being exploited to
produce accelerometers.

9.2.3 Capacitive Accelerometers

The use of a capacitance change is well established in sensor design as a
measuring technique. Pressure and displacement have frequently been
evaluated by this means, and a number of manufacturers now supply
capacitive accelerometers. These are claimed to give better performance
than conventional types for measuring low-frequency, low-level
acceleration.

Electrode =” ~ Over-force 
 
 
 
 

Acceleration Siicon cap

 
Figure 9.10 Typical design for a capacitive accelerometer. 
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Capacitive accelerometers are micromachined from single-crystal 
silicon. A typical design is shown in figure 9.10. A conducting layer is 
deposited onto one surface of a silicon block. A second conducting layer is 
laid down on one side of a second block, which acts as the seismic mass. 
The mass is supported by beams, and is separated from the base by an air 
gap as shown in figure 9.10. The two halves of the sensor are 
electrostatically bonded together. Signal processing electronics can be 
incorporated within the sensor package. 

Capacitive accelerometers are fairly expensive to manufacture, and 
usually cost about the same as the PE equivalent. They are claimed to 
provide a frequency response down to DC, stable damping characteristics 
and a useful bandwidth which is larger than PR but smaller than that 
provided by PE devices. In addition their output is extremely stable over a 
wide temperature range. As shown by table 9.1, this is their primary 
advantage over the other, more common accelerometer types. 

The output impedance of any capacitive sensor is intrinsically very high. 
However, if a capacitive accelerometer includes signal conditioning 
circuits within the package a low output impedance is usually provided, so 
that vibration signals may be transmitted over lengthy cables without loss 
or distortion. 

To sum up therefore, the inherent advantages of capacitive sensing are 
its low power, high output, wide dynamic range and relative immunity to 

Table 9.1 Comparison of different accelerometer types. 

Parameter Piezo- Piezoresistive Capacitive 
electric 

Silicon Thick film 

DC response No Yes Yes Yes 
Bandwidth Wide Moderate Low Wide 
Self-generating Yes No No No 
Impedance High Low Low Very high 
Signal level High Low Low Moderate 
Temperature -55-lOa" -55-150 -50-120 -200--200 
range (0C) 
Linearity Good Moderate Moderate Excellent 
Static calibration No Yes Yes Yes 
(turnover) 
Cost High Low Low High 
Ruggedness Good Moderate Moderate Good 
Suitable for Yes No No No 
shock 

"Unless special designs are used. 
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Capacitive accelerometers are micromachined from single-crystal
silicon. A typical design is shown in figure 9.10. A conducting layer is
deposited onto one surface ofa silicon block. A second conducting layeris
laid down on oneside of a second block, which acts as the seismic mass.

The mass is supported by beams, and is separated from the base by an air

gap as shown in figure 9.10. The two halves of the sensor are /
electrostatically bonded together. Signal processing electronics can be
incorporated within the sensor package.

Capacitive accelerometers are fairly expensive to manufacture, and
usually cost about the same as the PE equivalent. They are claimed to
provide a frequency response down to pc, stable damping characteristics
and a useful bandwidth which is larger than PR but smaller than that
provided by PE devices. In addition their output is extremely stable over a
wide temperature range. As shown bytable 9.1, this is their primary ]
advantage over the other, more common accelerometertypes.

The output impedanceof anycapacitive sensoris intrinsically very high. ]
However, if a capacitive accelerometer includes signal conditioning
circuits within the package a low output impedanceis usually provided, so
that vibration signals may be transmitted over lengthy cables withoutloss
ordistortion.

To sum up therefore, the inherent advantages of capacitive sensing are
its low power, high output, wide dynamic range and relative immunity to

 
Table 9.1 Comparisonof different accelerometer types.

 
 

 

  

     
   
  
  
  
  

   
   
  

 

Parameter Piezo- Piezoresistive Capacitive

lsat Silicon Thickfilm

DC response No Yes Yes Yes
Bandwidth Wide Moderate Low Wide

Self-generating Yes No No No
Impedance High Low Low Very high j
Signal level High Low Low Moderate
Temperature —§5-100° —55-150 —50-120 —200-200
range (°C) y
Linearity Good Moderate Moderate Excellent
Static calibration No Yes Yes Yes

(turnover)
Cost High Low Low High
Ruggedness Good Moderate Moderate Good
Suitable for Yes No No No
shock
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thermal effects. Unfortunately the signal processing requirements for this 
type of sensor are not straightforward, and it can be difficult to obtain a 
linear output. 

9.2.4 Inertia Switches 

Many motor manufacturer have considered the adoption of one or more 
passenger protection system for use in tb\;; vent of a crash. A number f 
uch sy terns have been demonstrated and have appeared on production 

verucJes. The devices considered include airbags collapsible steering 
columns, and ignition and fuel cut-off switches. All of these have one 
feature in common: they rely upon sensing the rapid deceleration 
associated with a crash for correct operation. The sensors used must 
discriminate between a crash and 'legitimate' manoeuvres, such as driving 
over kerbs, hitting potholes or heavy braking. 

Crash sensing simply requires a determination of when a preset 
acceleration threshold is exceeded, rather than an accurate measurement. 
The deceleration associated with a crash is at least an order of magnitude 
greater than anything likely to be experienced in normal driving. II is oot 
usually considered economic to use accelerometers for crash sensing, since 
a fairly crude estimation of acceleration i ufficient. For this reasoo 
inertia switches are often used instead . These consist of a weight often in 
the form of a steel ball or cylinder, which is fixed to one end of a spring. 
The weight and spring are contained within a tube. When the assembly is 
accelerated or decelerated along its axis, inertia forces cause the weight to 
compress or extend the spring. The deflection of the weight is proportional 
to acceleration, and is sensed by placing an appropriate sensor in the side 
of the tube. An alternative design consists of a ferromagnetic sphere, 
retained at the bottom of a 'saucer' by a permanent magnet. Rapid 
deceleration causes the ball to break free of the magnet, and it rolls to the 
rim of the saucer where it closes a switch. 

Reluctance probes and Hall effect sensors have also been used 
experimentally for designing acceleration switches. The sensor placing 
determines the acceleration level at which an output is given. Signal 
conditioning circuits are often included in an inertia switch to provide a 
digital output. 

9.3 ENVIRONMENTAL EFFECTS 

Accelerometers are frequently used to make measurements under severe 
environmental conditions. In automotive applications these can include 
both high and low temperatures (typically -40 to +150 QC), severe shock 
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thermal effects. Unfortunately the signal processing requirementsforthis
type of sensor are not straightforward, andit can be difficult to obtain g
linear output.

9.2.4 Inertia Switches

Many motor manufacturers have considered the adoption of one or more
passengerprotection systemsfor use in the event of a crash. A numberof
such systems have been demonstrated and have appeared on production
vehicles. The devices considered include airbags, collapsible steering
columns, and ignition and fuel cut-off switches. All of these have one
feature in common: they rely upon sensing the rapid deceleration
associated with a crash for correct operation. The sensors used must
discriminate between a crash and ‘legitimate’ manoeuvres, suchas driving
over kerbs, hitting potholes or heavy braking.

Crash sensing simply requires a determination of when a preset
acceleration threshold is exceeded, rather than an accurate measurement,

The deceleration associated with a crash is at least an order of magnitude
greater than anything likely to be experienced in normal driving. It is not
usually considered economic to use accelerometers for crash sensing, since
a fairly crude estimation of acceleration is sufficient. For this reason
inertia switches are often used instead. These consist of a weight, often in
the form ofa steel ball or cylinder, whichis fixed to one end of a spring.
The weight and spring are contained within a tube. When the assemblyis
acceleratedor decelerated along its axis, inertia forces cause the weight to
compress or extend the spring. The deflection of the weight is proportional
to acceleration, and is sensed by placing an appropriate sensorin the side
of the tube. An alternative design consists of a ferromagnetic sphere,
retained at the bottom of a ‘saucer’ by a permanent magnet. Rapid
deceleration causes the ball to break free of the magnet, andit rolls to the
rim of the saucer whereit closes a switch.

Reluctance probes and Hall effect sensors have also been used
experimentally for designing acceleration switches. The sensor placing
determines the acceleration level at which an output is given. Signal
conditioning circuits are often included in an inertia switch to provide a
digital output.

93° ENVIRONMENTAL EFFECTS

Accelerometers are frequently used to make measurements under severe
environmental conditions. In automotive applications these can include
both high and low temperatures (typically —40 to +150 °C), severe shock
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loadings up to several hundred g, a wide range of humidities (up to 100%), 
exposure to electromagnetic radiation, and exposure to potentially 
damaging chemicals such as petrol, oil, hydraulic fluid and water. It is 
therefore important that all accelerometers used in automotive 
applications are sealed, are as rugged as possible and have a sensitivity to 
environmental changes which is as low as possible. 

9.3.1 Thermal Sensitivity 

Table 9.1 shows the temperature ranges over which the various types of 
accelerometer may be used with confidence. With the exception of 
piezoelectric sensors, all the accelerometers discussed in this chapter will 
behave satisfactorily within the typical automotive temperature range 
(-40 to +150 DC). Some forms of piezoelectric accelerometer (especially 
the bonded DS type) begin to give erroneous results above 150 DC, and 
should not be used at high temperatures unless the manufacturer states 
that this is permissible. However, in general they may be used in 
applications where they are not placed close to the engine or exhaust 
system. 

In addition to the temperature limits shown in table 9.1, accelerometers 
can also exhibit a slowly varying output when sUbjected to temperature 
transients. This output arises from two causes: a pyroelectric effect and 
non-uniform thermal expansion of the accelerometer structure, which 
subjects the sensing element to a stress variation. The effect of a 
temperature transient is usually seen as a low-frequency electrical output, 
which can be removed by appropriate filtering. It is unlikely to interfere 
with measurements unless very low-frequency, low-amplitude vibrations 
are being investigated. This is not usually the case in automotive 
engineering. 

9.3.2 Humidity 

Most commercial accelerometers are of sealed construction, with either 
welded or epoxy bonded housings. They have a high resistance to the 
majority of corrosive agents encountered in industry. If it is necessary to 
immerse an accelerometer, or to use it in an environment where heavy 
condensation is likely, it may be necessary to take special precautions with 
cabling. Impervious Teflon cables can be obtained for this purpose. These 
should be sealed at the accelerometer/cable connection using a silicone 
rubber sealant such as Dow Corning Silastic 738RTV. This material is 
suitable for use from -70 to +260 DC. 
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loadings up to several hundred g, a wide range of humidities (up to 100%),
exposure to electromagnetic radiation, and exposure to potentially
damaging chemicals such as petrol, oil, hydraulic fluid and water. It is
therefore important that all accelerometers used in automotive
applications are sealed, are as rugged as possible and havea sensitivity to
environmental changes whichis as low as possible.

9.3.1 Thermal Sensitivity

Table 9.1 shows the temperature ranges over which the various types of
accelerometer may be used with confidence. With the exception of
piezoelectric sensors, all the accelerometers discussed in this chapter will
behave satisfactorily within the typical automotive temperature range
(—40 to +150 °C). Some forms of piezoelectric accelerometer(especially
the bonded Ds type) begin to give erroneous results above 150°C, and
should not be used at high temperatures unless the manufacturer states
that this is permissible. However, in general they may be used in
applications where they are not placed close to the engine or exhaust
system,

In addition to the temperature limits shownin table 9.1, accelerometers
can also exhibit a slowly varying output when subjected to temperature
transients. This output arises from two causes: a pyroelectric effect and
non-uniform thermal expansion of the accelerometer structure, which
subjects the sensing element to a stress variation. The effect of a
temperature transient is usually seen as a low-frequencyelectrical output,
which can be removed by appropriate filtering. It is unlikely to interfere
with measurements unless very low-frequency, low-amplitude vibrations
are being investigated. This is not usually the case in automotive
engineering.

9.3.2 Humidity

Most commercial accelerometers are of sealed construction, with either

welded or epoxy bonded housings. They have a high resistance to the
majority of corrosive agents encountered in industry. If it is necessary to
immerse an accelerometer, or to use it in an environment where heavy
condensationis likely, it may be necessary to take special precautions with
cabling. Impervious Teflon cables can beobtained for this purpose. These
should be sealed at the accelerometer/cable connection using a silicone
rubber sealant such as Dow Corning Silastic 738RTV. This material is
suitable for use from —70 to +260 °C.
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9.3.3 Acoustic Sensitivity 

All accelerometers are to some extent sensitive to acoustic excitation. 
However, with careful design unwanted acoustically generated outputs can 
be avoided. Most accelerometers are of rigid, mechanically isolated 
construction, and pressure variations in air will have little effect on the 
force transmitted to the sensing element. In general, vibrations of the 
surface to which the sensor is attached will give rise to much higher signals 
than will direct acoustical excitation of the accelerometer. Care must be 
taken when trying to measure very low-level accelerations in the presence 
of an intense sound field. However, this situation is unusual in automotive 
engineering, since most of the acceleration levels of interest are fairly 
large. 

9.3.4 Base Strain Sensitivity 

When an accelerometer is mounted on the surface of a structure 
undergoing strain variations a spurious output will be generated by the 
accelerometer if any of the strain i transmitted to the sensing element. 
The base stnll sensitivity is usually pecified by the manufacturer for 
individual accelerometers in units of acceleration (g or m S-2) per 
micros train (fL). 

Commercial accelerometers usually have thick, stiff bases to reduce 
strain effects. A further reduction in base strain sensitivity is possible for 
PE accelerometers by using DS designs (see section 9.2.1). 

9.3.5 Electromagnetic Interference (EMI) 

Most commercial accelerometers are housed within welded steel or 
stainless steel enclosures. These normally provide adequate screening 
from the effects of electric or magnetic fields , which arise from spark 
ignition sy terns and other e lectrical wiring. However EM! problems can 
arise in the cabling used to connect accelerometers to a measurement 
system. The problem is particularly common when PE ensors are used, 
since these device have a very high impedance. If PE tran ducers are used 
in an automotive application it is desirable to employ the type which 
incorporates a charge amplifier (s e section 9.5) within tbe sen or housing. 
The sensor output is then of low impedance, and i consequently much les 
likely to be affected by EMI. 
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9.3.3 Acoustic Sensitivity

All accelerometers are to some extent sensilive to acoustic excitation.

However, with careful design unwanted acoustically generated outputs can
be avoided. Most accelerometers are of rigid, mechanically isolated
construction, and pressure variations in air will have little effect on the
force transmitted to the sensing element. In general, vibrations of the
surface to which the sensoris attached will give rise to much higher signals
than will direct acoustical excitation of the accelerometer. Care must be

taken whentrying to measure very low-level accelerations in the presence
of an intense sound field. However, this situation is unusual in automotive

engineering, since most of the acceleration levels of interest are fairly
large.

 9.3.4 Base Strain Sensitivity

When an accelerometer is mounted on the surface of a structure

undergoing strain variations, a spurious output will be generated by the
accelerometer if any of the strain is transmitted to the sensing element.
The base strain sensitivity is usually specified by the manufacturer for
individual accelerometers, in units of acceleration (g or ms~*) per
microstrain (.).

Commercial accelerometers usually have thick, stiff bases to reduce
strain effects. A further reduction in base strain sensitivity is possible for

PE accelerometers byusing Ds designs (see section 9.2.1).

9.3.5 Electromagnetic Interference (EMI)

Most commercial accelerometers are housed within welded steel or

stainless steel enclosures. These normally provide adequate screening
from the effects of electric or magnetic fields, which arise from spark
ignition systems and otherelectrical wiring. However, EMI problems can
arise in the cabling used to connect accelerometers to a measurement
system. The problemis particularly common whenPE sensors are used,
since these devices have a very high impedance, If PE transducers are used
in an automotive application it is desirable to employ the type which
incorporates a charge amplifier (see section 9.5) within the sensor housing.
The sensor output is then of low impedance,andis consequently muchless
likely to be affected by EMi.
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It is very important to mount an accelerometer properly. If it is not rigidly 
fixed to a vibrating surface the high-frequency performance will be poor. 
The mounting technique commonly recommended for commercial sensors 
uses a steel stud, and is shown in figure 9.11. If this technique is used it is 
essential that a good surface contact is obtained between the 
accelerometer and the test specimen. The mounting surface should 
therefore be smooth and flat, with the hole for the mounting stud 
perpendicular to the surface. A thin film of silicone grease can be applied 
to the base of the accelerometer before screwing it down, to improve the 
mounting stiffness and hence the high-frequency performance. 

Silicon 
grease 

Mica washer 
plus 

Figure 9.11 Recommended mounting technique for commercial 
sensors (courtesy of Bruel and Kjaer). 

9.4.1 Connecting Cables 

Piezoelectric and capacitive sensors are very high impedance devices. 
They are therefore susceptible to triboelectric noise, which can be 
generated by connecting cables when these are subjected to mechanical 
motion. Dynamic bending, compression or tension of cables momentarily 
separates the cable screen from the dielectric, and this results in local 
capacitance changes and the release of triboelectric charge as shown in 
figure 9.12. The problem is especially severe at low frequencies, and when 
using conventional coaxial cable rather than specially treated 
accelerometer leads. To minimise this source of electrical noise 
accelerometer cables having special noise reduction treatment should be 
used. These should be clamped to the vibrating specimen using epoxy 
glue, wax or adhesive tape so that relative movement is avoided as far as 
possible. 

In some circumstances it may not be possible to clamp the cable to the 
vibrating surface. For example, it may be too hot. In this case an 
accelerometer with a top-mounted output connector should be used, and 
the cable should be led away from the accelerometer and clamped as soon 
as possible. 
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9.4 MOUNTING TECHNIQUES

It is very important to mount an accelerometerproperly.Ifit is not rigidly
fixed to a vibrating surface the high-frequency performancewill be poor.
The mounting technique commonly recommended for commercial sensors
uses a steel stud, and is shown in figure 9.11. If this techniqueis usedit is
essential that a good surface contact is obtained between the
accelerometer and the test specimen. The mounting surface should
therefore be smooth and flat, with the hole for the mounting stud
perpendicular to the surface. A thin film ofsilicone grease can be applied
to the base of the accelerometer before screwing it down, to improve the
mounting stiffness and hence the high-frequency performance.

Silicon Mica washer
grease plus

silicon grease

S
Figure 9.11 Recommended mounting technique for commercial
sensors (courtesy of Bruel and Kjaer).

9.4.1 Connecting Cables

Piezoelectric and capacitive sensors are very high impedance devices.
They are therefore susceptible to triboelectric noise, which can be
generated by connecting cables when these are subjected to mechanical
motion. Dynamic bending, compression or tension of cables momentarily
separates the cable screen from the dielectric, and this results in local
capacitance changes and the release of triboelectric charge as shown in
figure 9.12. The problem is especially severe at low frequencies, and when
using conventional coaxial cable rather than specially treated
accelerometer leads. To minimise this source of electrical noise

accelerometer cables having special noise reduction treatment should be
used. These should be clamped to the vibrating specimen using epoxy
glue, wax or adhesive tape so that relative movementis avoided as far as
possible.

In some circumstances it may not be possible to clamp the cable to the
vibrating surface. For example, it may be too hot. In this case an
accelerometer with a top-mounted output connector should be used, and
the cable should be led away from the accelerometer and clamped as soon
as possible.
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Room temperature 
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Figure 9.12 Correct clamping of connecting cables (courtesy of Bruel 
and Kjaer). 

9.5 PREAMPLIFIERS 

In general it is difficult to separate the characteristics of a sensor from 
those of its associated preamplifier. Thus, it is fitting to conclude this 
chapter with a brief discussion of the preamplifiers used in conjunction 
with various accelerometers. 

The output signal generated by a PE accelerometer appears across an 
extremely high impedance, and is of very low power. Piezoelectric sensors 
act as charge sources, and the preamplifiers used with this type of 
accelerometer are known as charge amplifiers. The usual arrangement is 
shown in figure 9.13, where it is shown that a charge amplifier consists of 
an operational amplifier (or op-amp) with capacitive feedback. The circuit 
effectively converts a charge to a voltage and provides amplification. The 
input capacitance Cp = Cr( G - 1), where G is the open-loop DC gain of 
the op-amp. (For more details of op-amps see [4].) The amplifier output 
voltage is given by 

QG 

The cable capacitance Ce, source capacitance Cs and op-amp input 
capacitance CI' are usually much smaller than CF. Since the open-loop gain 
of an op-amp is very high, the output becomes 

With Cr constant the output voltage YOU! is proportional to the input 
charge Q. Only when the cable becomes so long that the value of Ce 
approaches that of Cr will the sensitivity of the circuit be affected. 
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Figure 9.12 Correct clamping of connecting cables (courtesy of Bruel
and Kjaer).  
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those of its associated preamplifier. Thus, it is fitting to conclude this
chapter with a brief discussion of the preamplifiers used in conjunction
with various accelerometers.

The output signal generated by a PE accelerometer appears across an
extremely high impedance, and is of very low power. Piezoelectric sensors
act as charge sources, and the preamplifiers used with this type of
accelerometer are known as charge amplifiers. The usual arrangementis
shownin figure 9.13, where it is shown that a charge amplifier consists of
an operational amplifier (or op-amp) with capacitive feedback. Thecircuit
effectively converts a charge to a voltage and provides amplification, The
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Figure 9.13 A charge amplifier circuit. 
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Piezoresistive sensors are usually connected as part of Wheatstone 
bridge circuit. The bridge may contain one, two or four active sensors, and 
can provide first-order temperature compensation [4]. A bridge circuit is 
essentially a pair of parallel potential dividers, as shown in figure 9.14, and 
an excitation voltage must be applied before any output signal is obtained. 
Changes in the sensor resistance produce changes in the out-of-balance 
voltage. This can be amplified by a conventional high-impedance voltage 
amplifier, usually an op-amp. Further details of bridge circuits and suitable 
amplifiers are given in [4]. 

Figure 9.14 Similarity of Wheatstone bridge and a pair of potential 
dividers_ 

A signal may be produced from a capacitive sensor in three ways. The 
most common method is to include one or more capacitive sensors in a 
bridge circuit such as the Blumlein bridge [5]. An alternative approach is 

191

 

 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 

 

ACCELEROMETERS 173

Ri; Re> VW2NC;

   
(Cp ts equivalent
input capacitance }

Charge source! Cable \
such as an capacitance ¥
accelerometer

Figure 9.13. A charge amplifiercircuit. if

Piezoresistive sensors are usually connected as part of Wheatstone
bridge circuit. The bridge may contain one, two or four active sensors, and
can provide first-order temperature compensation [4]. A bridge circuit is |
essentially a pair of parallel potential dividers, as shownin figure 9.14, and |
an excitation voltage must be applied before any outputsignalis obtained.Changes in the sensor resistance produce changes in the out-of-balance |
voltage. This can be amplified by a conventional high-impedance voltage
amplifier, usually an op-amp.Further details of bridge circuits and suitable
amplifiers are given in [4].
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Figure 9.14 Similarity of Wheatstone bridge and a pair of potential
dividers.

A signal may be produced from a capacitive sensor in three ways. The |
most common method is to include one or more capacitive sensors in a |
bridge circuit such as the Blumlein bridge [5]. An alternative approach is
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to include a capacitive sensor in an oscillator circuit as discussed in 
Chapter 3, in such a way that it determines the oscillator frequency. 
Finally, if a DC voltage is connected in parallel with a capacitive senSOr a 
charge amplifier may be used. As the measurand varies the capacitance 
will change, and thus a charge variation occurs, which can be converted to 
a voltage and amplified by a charge amplifier such as that shown in figure 
9.13. 

9.6 SUMMARY 

In conclusion, it can be seen that care must be taken to select the correct 
accelerometer for each measurement task. If a large bandwidth is 
required, piezoelectric sensors are probably best. If a piezoelectric 
accelerometer is required to work at high temperatures it will probably 
have to be of the centre-mounted compression type. If low-frequency 
measurements are required, piezoresistive or capacitive devices should be 
used. If temperature extremes are likely, capacitive accelerometers may be 
best, and so on. Table 9.1 gives a comparison of the accelerometer types 
discussed in this chapter, and should be used to aid sensor selection. 
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to include a capacitive sensor in an oscillator circuit as discussed jn
Chapter 3, in such a way that it determines the oscillator frequency.
Finally, if a pc voltage is connected in parallel with a capacitive sensora
charge amplifier may be used. As the measurandvaries the capacitance
will change, and thus a charge variation occurs, which can be convertedto
a voltage and amplified by a charge amplifier such as that showninfigure
9.13.

9.6 SUMMARY

In conclusion, it can be seen that care must be taken to select the correct

accelerometer for each measurement task. If a large bandwidth is
required, piezoelectric sensors are probably best. If a piezoelectric
accelerometeris required to work at high temperatures it will probably
have to be of the centre-mounted compression type. If low-frequency
measurements are required, piezoresistive or capacitive devices should be
used, If temperature extremesare likely, capacitive accelerometers may be
best, and so on. Table 9.1 gives a comparison of the accelerometertypes
discussed in this chapter, and should be usedtoaid sensorselection.
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Gas and Fuel Composition Sensors 

The problem of urban air pollution by motor vehicles has existed for 
many years. Before the days of vehicle emission controls, the use of 
diesel-powered vehicles was significantly inhibited by their reputation for 
smoky, evil-smelling exhaust emissions, although in fact these diesel 
emissions were less toxic than the normally invisible emissions from 
gasoline-powered vehicles. Since the 1970s, however, the issue of air 
pollution from both gasoline- and diesel-powered vehicles in urban 
areas has become of major importance to the automotive industry as 
well as becoming a significant factor in worldwide atmospheric 
pollution which could result in eventual global warming - the 
'greenhouse' effect. 

This problem was first recognised in the 1960s in the Los Angeles area 
of California, where the particular temperature inversion conditions which 
prevail there, combined with the very large number of vehicles in use, had 
led to severe air pollution. This resulted in the application in 1966 of the 
first control regulations to restrict the exhaust emissions of gasoline
powered vehicles used in California. Initially only carbon monoxide and 
hydrocarbons were controlled, but in due course the contribution of the 
oxides of nitrogen to acid rain and ozone generation was recognised and 
the emission regulations were extended to cover these as well. 

During the 1970s emission control standards were extended to the 
remainder of the USA, while their increasing severity made the accurate 
control of fuelling and ignition timing and the introduction of exhaust gas 
recirculation essential and forced the introduction of catalysts to further 
reduce the regulated exhaust gas pollutants. The catalysts require the use 
of unleaded fuel as their catalysing surfaces are rapidly 'poisoned' and 
made ineffective by lead deposits if leaded fuel is used. What was not 
considered important at the time was that one of the gases to which 
carbon monoxide and hydrocarbons were converted in the catalyst was 
carbon dioxide, considered at that time to be totally innocuous. 

In Europe, emission regulations were introduced in the early 1970s, 
followed in the 1980s by the implementation of the '1973 US' non-catalyst 
standards in Switzerland and Sweden. Since then, later US regulations, 
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The problem of urban air pollution by motor vehicles has existed for
many years. Before the days of vehicle emission controls, the use of
diesel-poweredvehicles wassignificantly inhibited by their reputation for
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which cannot be met without the use of catalysts, were implemented in 
Europe as an alternative to the unique European emission regulations 
then existing, and it is these regulations which have been mandatory from 
the beginning of 1993 onwards. 

In Europe, during the period between the late 1970s and late 1980s, it 
was seen to be possible to meet what were then expected to be the unique 
European regulations by a technique known as 'lean burn', where the 
engine is operated with more air and less fuel. This differs from the 
condition required to operate a catalyst effectively, since this requires the 
air-fuel ratio to be at a richer level known as 'stoichiometry' (14.7 parts of 
air to one of fuel for gasoline). In the case of lean-burn operation, fuel 
economy is improved by up to 10% and good control of the oxides of 
nitrogen can be achieved, but it is not possible by this method to meet the 
very low emission levels now required in the United States and throughout 
the European Community. Most of the work done on lean burn engines in 
the 1980s, which had resulted in the introduction of a range of production 
engines, has therefore been abandoned for the next generation of 
stoichiometric three-way catalyst engines. 

All is not lost, however, as far as lean burn operation, with all its 
economy and emission advantages, is concerned, as Toyota have recently 
published [1] details of their third-generation lean burn system which 
extends the capability already shown by their second-generation system to 
operate under lean burn conditions at light loads, while changing the 
engine over rapidly to stoichiometric operation with a catalyst when high 
loads are applied. 

Both stoichiometric and lean burn operation require the use of exhaust 
gas oxygen (EGO) sensors if the engine is to be controlled accurately 
enough to attain the low emission levels permitted by the regulations. 
Therefore the accuracy required of these sensors needs to be high; this 
must be combined with an acceptable cost to make their use on every 
vehicle practical. In section 10.1 we will describe their principles, 
construction and method of use in some detail. Section 10.3 will describe 
possible future sensors for individual exhaust gases. 

Another method of improving engine emissions is by the use of 
alternative fuels, in particular ethanol or methanol. Both are alcohol
based fuels, ethanol being derived from vegetable matter and methanol 
from a mineral base. They are significantly more expensive than petrol or 
diesel fuel, they have cold start and mixing problems due to the higher 
latent heat of evaporation and also require twice the volume of fuel 
compared with gasoline for a similar range and performance. For these 
reasons they are generally used mixed with a small percentage of gasoline; 
for example M85 is a fuel with 85% methanol and 15% gasoline. 

To effectively control engines using these mixtures it is essential to 
provide information to the control system of the ratio between the 
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which cannot be met without the use of catalysts, were implemented jn
Europe as an alternative to the unique European emission regulations
then existing, and it is these regulations which have been mandatoryfrom
the beginning of 1993 onwards.

In Europe, during the period betweenthe late 1970s and late 1980s, it
was seento be possible to meet what were then expected to be the unique
European regulations by a technique known as ‘lean burn’, where the
engine is operated with more air andless fuel. This differs from the
condition required to operate a catalyst effectively, since this requires the
air—fuel ratio to be at a richer level knownas‘stoichiometry’ (14.7 parts of
air to one of fuel for gasoline). In the case of lean-burn operation, fuel
economyis improved by up to 10% and good control of the oxides of
nitrogen can be achieved, but it is not possible by this method to meet the
very low emission levels nowrequired in the United States and throughout
the European Community. Most of the work done on lean burn engines in
the 1980s, which had resulted in the introduction of a range of production
engines, has therefore been abandoned for the next generation of
stoichiometric three-way catalyst engines.

All is not lost, however, as far as lean burn operation, with all its
economyand emission advantages, is concerned, as Toyota have recently
published [1] details of their third-generation lean burn system which
extends the capability already shown bytheir second-generation systemto
operate under lean burn conditions at light loads, while changing the
engine over rapidly to stoichiometric operation with a catalyst when high
loads are applied.

Both stoichiometric and lean burn operation require the use of exhaust
gas oxygen (EGO) sensors if the engine is to be controlled accurately
enough to attain the low emission levels permitted by the regulations.
Therefore the accuracy required of these sensors needs to be high; this
must be combined with an acceptable cost to make their use on every
vehicle practical. In section 10.1 we will describe their principles,
construction and methodofuse in some detail. Section 10.3 will describe

possible future sensors for individual exhaust gases.
Another method of improving engine emissions is by the use of

alternative fuels, in particular ethanol or methanol. Both are alcohol-
based fuels, ethanol being derived from yegetable matter and methanol
from a mineral base. They are significantly more expensive than petrol or
diesel fuel, they have cold start and mixing problems due to the higher
latent heat of evaporation and also require twice the volume of fuel
compared with gasoline for a similar range and performance. For these
reasons they are generally used mixed with a small percentage of gasoline;
for example MBSis a fuel with 85%methanol and 15%gasoline.

Toeffectively control engines using these mixtures it 1s essential to
provide information to the control system of the ratio between the
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alternative fuel concerned and the gasoline in the fuel tank as the 
percentage of each constituent fuel changes during use and refuelling. 
Sensors to do this have been developed and will be described in section lOA. 

10.1 EXHAUST GAS OXYGEN (EGO) SENSORS 

The EGO sensor is essential to allow effective feedback control of the 
air-fuel ratio in a gasoline engine which is intended to operate at 
stoichiometry with a 'three-way' catalyst. Operation in this mode is 
necessary if the critical pollutants of carbon monoxide (CO), 
hydrocarbons (He) and the oxides of nitrogen (NOr) are to be effectively 
controlled, as can be seen from figure 10.1, which shows the effect of using 
a three-way catalyst on these emissions. 

Exhaust 

HC 

Voltage curve 
of the'll " Control 

range 

.... 

NO x 

.... HC 

0.9 

Rich 
operation 

0.95 1.0 

A air ratio 

1.05 

....._--

--
1.1 

Lean 
operation 

Figure 10.1 Effect of a three-way catalyst on emissions of HC, CO 
and NO. above and below stoichiometry (X. = 1), showing emission 
levels without catalyst (broken curves) and with catalyst (full curves). 
Also shown is the voltage curve of the EGO (X.) sensor as the air-fuel 
ratio passes through stoichiometry. 

As can be seen from the figure, oxidation of HC and CO, and maximum 
reduction of NOx only occurs very close to the stoichiometric air-fuel ratio 
(14.7 parts of air to one of fuel for gasoline, shown on the diagram as 
'11.= 1, where A = actual air-fuel ratio/stoichiometric air-fuel ratio). The 
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alternative fuel concerned and the gasoline in the fuel tank as the
percentage of each constituent fuel changes during use and refuelling.
Sensors to do this have been developed andwill be described in section 10.4.

10.1 EXHAUST GAS OXYGEN(eGo) SENSORS

The £GO sensor is essential to allow effective feedback control of the

air-fuel ratio in a gasoline engine which is intended to operate at
stoichiometry with a ‘three-way’ catalyst. Operation in this mode is
necessary if the critical pollutants of carbon monoxide (CO),
hydrocarbons (HC)and the oxides of nitrogen (NO,) are to be effectively
controlled, as can be seen from figure 10.1, which showsthe effect of using
a three-waycatalyst on these emissions.
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Figure 10.1 Effect of a three-way catalyst on emissions of HC, CO
and NO, above and belowstoichiometry (A = 1), showing emission
levels without catalyst (broken curves) and with catalyst (full curves).
Also shown is the voltage curve of the EGO (A) sensor as the air—fuel
ratio passes through stoichiometry.

As can be seen from the figure, oxidation of HC and CO, and maximum
reduction of NO, only occurs very close to the stoichiometric air-fuel ratio
(14.7 parts of air to one of fuel for gasoline, shown on the diagram as
A= 1, where \ = actual air-fuel ratio/stoichiometric air-fuel ratio). The
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EGO sensor, by measuring the relative partial pressure of oxygen in the 
exhaust gas compared with that in the ambient air, gives an accurate 
indication of the change of air-fuel ratio at stoichiometry. 

Figure 10.1 shows the rapid change in the response curve of the EGO 

sensor as the air-fuel ratio passes through stoichiometry. This enables the 
sensor to respond to very small changes of the air-fuel ratio around 
stoichiometry and therefore to provide good feedback control. However 
as can be seen, there is very little change in EGO sensor output in the lea~ 
burn region, so that it has been necessary to develop special lean burn 
sensors to provide feedback under those operating conditions; these 
sensors will be described later. 

10.1.1 Zirconia Oxygen Sensor 

Figure 10.2 shows the construction of the most widely used EGO sensor. 
The sensor is shaped rather like a spark plug and is mounted in a hold in 
the exhaust manifold on the engine side of the catalyst. The sensing end 
comprises a zirconia (ZnOJ ceramic thimble with noble metal catalytic 
platinum surface electrodes which project into the exhaust gas stream, 
with the inner surface of the thimble exposed to ambient air. The ceramic 
is conductive for oxygen ions, and if there is a pressure difference between 
the partial pressure of oxygen in the exhaust gas and in the ambient air 
then oxygen ions will migrate and generate a voltage between the 
platinum electrodes on the inner and outer sides of the zirconia thimble; 
this voltage is a logarithmic function of the ratio of the oxygen partial 
pressures on the two sides. 

Ceramic insulator 

Clamping contuet sleeve 

Gasket 
Screw-in thread 

protective tube 
Exhaust:-qas 
Klinke slots 

Air side 
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Figure 10.2 Construction of a zirconia ceramic EGO sensor. 
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EGO sensor, by measuring the relative partial pressure of oxygen in the
exhaust gas compared with that in the ambient air, gives an accurate
indication of the changeofair—fuel ratio at stoichiometry.

Figure 10.1 shows the rapid change in the response curve of the EGo
sensor as the air-fuel ratio passes through stoichiometry. This enables the
sensor to respond to very small changes of the air—fuel ratio around
stoichiometry and therefore to provide good feedback control. However,
as can be seen, there is verylittke change in EGO sensoroutput in the lean
burn region, so that it has been necessary to develop special lean burp
sensors to provide feedback under those operating conditions; these
sensors will be describedlater.

10.1.1 Zirconia Oxygen Sensor

Figure 10.2 shows the construction of the most widely used EGO sensor,
The sensor ts shapedrather like a spark plug and is mountedin a holdin
the exhaust manifold on the engine side of the catalyst. The sensing end
comprises a zirconia (ZnO,) ceramic thimble with noble metal catalytic
platinum surface electrodes which project into the exhaust gas stream,
with the inner surface of the thimble exposed to ambient air. The ceramic
is conductive for oxygen ions, and if there is a pressure difference between
the partial pressure of oxygen in the exhaust gas and in the ambientair
then oxygen ions will migrate and generate a voltage between the
platinum electrodes on the inner and outersides of the zirconia thimble;
this voltage is a logarithmic function of the ratio of the oxygen partial
pressures on the twosides.

Gasket
Screw-in thread

Protective tube
hous t-gas

one sit s

 
 

Ceramic insulator

 : HousingAir-intake opening

 
 

Protective cap

Comection lead

   Contact spring~~=Ceramic sensor body Exhaust-gas side
‘ ‘entact bushin Internal electricalJExternal electrical

Clamping contuct sieeve Conta ay conductive layer conductive layer

Figure 10.2) Construction ofa zirconia ceramic EGO sensor.
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The potential difference generated is described by the Nernst equation 

E = ~~ In (P(02) side lIP(02) side 2) 

where K is the Boltzmann constant, T is the temperature in kelvin, e is the 
electronic charge and P(02) is the partial pressure of oxygen. For air- fuel 
ratios below stoichiometry the exhaust gas is low in oxygen and the partial 
pressure is very low, whereas above stoichiometry the oxygen partial 
pressure increases rapidly by at least an order of magnitude. This, 
combined with the catalytic action of the platinum electrodes, causes the 
voltage generated to drop rapidly, so that for an air-fuel ratio change of 
0.2 to 0.3 the output voltage changes from a maximum of about 900 mV to 
a minimum low level of about 50 mV as the air-fuel ratio passes through 
the 14.7 : 1 stoichiometric level from rich to lean. 

Using the sensor as a sensitive switch to indicate the transition from rich 
to lean makes it possible to control air-fuel ratio to within 0.1 of 
stoichiometry. 

The response rate of the EGO sensor is, however, significantly slower 
than would be ideal, although recent improvements have reduced it to 
about 50 ms for a step change in air-fuel ratio from the ~200 ms of earlier 
devices. 

The EGO sensor works effectively over the normal range of exhaust gas 
temperatures (350--800 DC). However, below 350 DC, the sensor impedance 
becomes very high which results in difficulty in maintaining the output 
voltage. The response time also becomes much slower than in a hot sensor 
operating at normal exhaust gas temperatures. This problem, which leads 
to inadequate control signals being generated in a cold engine and under 
some slow-running and idle conditions, has resulted in the development of 
a heated version of the EGO sensor (a HEGO sensor) . 

In the HEGO a rod-shaped heater element is inserted into the interior of 
the zirconia thimble and a high and controlled current applied at engine 
switch-on to bring the sensor up to at least 350 DC as rapidly as possible. 
The heater can then be turned off when the exhaust gas temperature is 
consistently above 350 DC, but can be turned on again if necessary under 
conditions of low engine load. This facility makes it possible to match the 
sensor response more closely to heated catalyst warm-up times and control 
emissions more effectively earlier in the engine cycle. 

It has been reported by Shulman and Hamburg [2] that the air-fuel set 
point of a zirconia oxygen sensor in a feedback system can shift lean as 
engine load increases and as cylinder-to-cylinder air-fuel distribution is 
worsening. The actual air-fuel shifts are, however, small and only affect 
high-precision systems. 

Although the zirconia EGO sensor is by far the most widely used in 
production vehicles, other sensors have been investigated as an alternative. 
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The potential difference generated is described by the Nernst equation

E = ar In (P(O,) side 1/P(O,) side 2)
where Kis the Boltzmann constant, 7 is the temperaturein kelvin,e is the
electronic charge and P(O,) is the partial pressure of oxygen. For air-fuel
ratios belowstoichiometrythe exhaust gas is low in oxygen and thepartial
pressure is very low, whereas above stoichiometry the oxygen partial
pressure increases rapidly by at least an order of magnitude. This,
combined with the catalytic action of the platinum electrodes, causes the
voltage generated to drop rapidly, so that for an air—fuel ratio change of
0,2 to 0.3 the output voltage changes from a maximumof about 900 mV to
a minimumlowlevel of about 50 mVas theair—fuel ratio passes through
the 14.7: 1 stoichiometric level fromrich tolean.

Using the sensoras a sensitive switch to indicate the transition from rich
to lean makes it possible to control air-fuel ratio to within 0.1 of
stoichiometry,

The response rate of the FGOsensor is, however, significantly slower
than would be ideal, although recent improvements have reducedit to
about 50 ms for a step changein air—fuel ratio from the =200 ms ofearlier
devices.

The EGO sensor works effectively over the normal range of exhaust gas
temperatures (350-800 °C). However, below350°C, the sensor impedance
becomes very high whichresults in difficulty in maintaining the output
voltage. The response time also becomes muchslower than in a hot sensor
operating at normal exhaust gas temperatures, This problem, which leads
to inadequate control signals being generated in a cold engine and under
some slow-running andidle conditions, has resulted in the development of
a heated version of the EGOsensor (a HEGOsensor).

In the HEGO a rod-shaped heater element is inserted intothe interior of
the zirconia thimble and a high and controlled current applied at engine
switch-on to bring the sensor up toat least 350 °C as rapidly as possible.
The heater can then be turned off when the exhaust gas temperatureis
consistently above 350 °C, but can be turned on again if necessary under
conditions of low engine load. This facility makes it possible to match the
sensor response more closely to heated catalyst warm-up times and control
emissions more effectively earlier in the engine cycle.

It has been reported by Shulman and Hamburg [2] that the air-fuel set
point of a zirconia oxygen sensor in a feedback system can shift lean as
engine load increases and as cylinder-to-cylinder air—fuel distribution is
worsening. The actual air-fuel shifts are, however, small and onlyaffect
high-precision systems.

Although the zirconia EGO sensor is by far the most widely used in
production vehicles, other sensors have beeninvestigated as an alternative.
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10.1.2 Titania Oxygen Sensor 

The titania EGO sensor relies on the fact that the electrical resistance of the 
semiconductor titania (TiO~), changes in an oxidation-reduction reaction 
upon exposure to oxygen. This change in conductivity happens as a result 
of a deficiency of oxygen ions in the titania crystal lattice which is 
dependent on the temperature and partial pressure of oxygen in the gas 
urrounding the semiconductor. Under lean air-fuel ratios the deficiency 

of oxygen ion is smaU, while under rich air....:fuel ratios the deiiciency is 
large. Since the resultant lattice oxygen defects donate free electrons into 
the conduction band the resistance of the semiconductor is high at lean 
air-fuel ratios and low at rich air-fuel ratios. 

The resistance of the titania semiconductor (R t ) has been quoted by 
Pfeifer and Wertheimer [3] as being proportionally related to activation 
energy and temperature as 

Rt ex (P(O~)exhaust)11 exp(£IKT) 

where E i the activation energy of titama and n is approximately equal to 
4 divided by the operating temperature. A cbange of three orders of 
magnitude in the resistance between rich and lean air-fuel ratios at the 
operating temperature of 800 0 has been reported. 

It is possible to simulate tb,e switching characteristics of the zirconia 
sen or by connecting the titania element in a voltage divider circuit with a 

1100.---- -------- ----,-

O'----t---t---+-- .......... -----1f-'--' 

094 1.00 1.06 
A 

Figure 10.3 VolLage wing on a zirconia sensor as the ai.r-fuel ratio 
passe through stoichiometry, compared wilh the output (rom a 
matched voltage divider containing a resistive titania EGO sen or (from 
Pfeifer and Wertheimer [3]). 
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10.1.2 Titania Oxygen Sensor

Thetitania EGOsensorrelies on the fact that the electrical resistance ofthe
semiconductortitania (TiO,), changes in an oxidation—reductionreaction
upon exposure to oxygen. This change in conductivity happensas a result
of a deficiency of oxygen ions in the titania crystal lattice which js
dependent on the temperature and partial pressure of oxygen in the gas
surrounding the semiconductor. Underlean air—fuel ratios the deficiency
of oxygenions is small, while underrich air-fuel ratios the deficiency jg
large. Since the resultant lattice oxygen defects donate free electrons into
the conduction band, the resistance of the semiconductoris high at lean
air-fuel ratios and lowat rich air-fuel ratios.

The resistance of the titania semiconductor (R,) has been quoted by
Pfeifer and Wertheimer [3] as being proportionally related to activation
energy and temperature as

R, « (P(O.,)exhaust)" exp(E/KT)

where £ is the activation energyoflitania and n is approximately equal to
4 divided by the operating temperature. A change of three orders of
magnitude in the resistance between rich and lean air—fuel ratios at the
operating temperature of 800 °Chas been reported.

It is possible to simulate the switching characteristics of the zirconia
sensor by connecting the titania element in a voltage dividercircuit with a

Vimv) =

03

  TiO

— i==tse {$= +4 :
094 1,00 1,06

Figure 10.3. Vollage swing on a zirconia sensor as the air-fuel ratio
passes through stoichiometry, compared with the output from a
matched voltage divider containing a resistive titania EGO sensor (from
Pfeifer and Wertheimer[3]).
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compensating resistor selected to be midway on a logarithmic scale 
between the rich and lean resistance values of the titania sensor element. 
The voltage drop across the compensating resistor then goes from near 
zero under lean conditions to close to full value when the exhaust gas is 
rich, thus matching effectively the switching characteristics of the zirconia 
sensor. The voltage swing can be determined by the voltage applied to the 
divider and can be made similar to that of the zirconia sensor, so making 
the two devices interchangeable (figure 10.3). 

Because of the temperature dependence of the titania sensor element 
it is necessary to compensate for this either by the use of a negative 
temperature coefficient resistor mounted in the exhaust gas stream as 
the compensating resistor in the voltage divider, or by the use of a 
heater to maintain the titania element near the highest temperature it 
will see in the exhaust environment. This is most easily achieved by 
depositing the titania sensor element as a thick film on one side of an 
alumina substrate and applying a thick-film heater element to the other 
side (figure 10.4). This arrangement permits rapid heating of the sensor 

Signal 

Vol tage 

Silicon 
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_- To connec to~ 

Resistors 

SE NSOR SIDE 

Vol tage ,..r----- f 

. ~ 
Signal 

HEATER SIDE 
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substra te 

Platinum 

Platinum 
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Figure 10.4 Construction of a heated titania EGO sensor (from Pfeifer and 
Wertheimer [3]). 
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compensating resistor selected to be midway on a logarithmic scale
between the rich and lean resistance values of the titania sensor element.

The voltage drop across the compensating resistor then goes from near
zero under lean conditions to close to full value when the exhaust gasis
rich, thus matching effectively the switching characteristics of the zirconia
sensor. The voltage swing can be determinedbythe voltage applied to the
divider and can be made similar to that of the zirconia sensor, so making
the two devices interchangeable (figure 10.3).

Because of the temperature dependenceofthe titania sensor element
it is necessary to compensate for this either by the use of a negative
temperature coefficient resistor mounted in the exhaust gas stream as
the compensating resistor in the voltage divider, or by the use of a
heater to maintain the titania element near the highest temperatureit
will see in the exhaust environment, This is most easily achieved by
depositing the titania sensor element as a thick film on oneside of an
alumina substrate and applying a thick-film heater element to the other
side (figure 10.4). This arrangement permits rapid heating of the sensor  
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Figure 10.4 Construction of a heated titania EGO sensor (from Pfeifer and
Wertheimer[3]).  
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element to near maximum operating temperature and its subsequent 
stabilisation to within 100°C of this level. Under these conditions 
switching times comparable with, and in some cases rather faster than 
the older type of zirconia sensor are achievable. However, reccn~ 
improvements in zirconia sensor switching times have removed this 
advantage. 

Although the titania sensor has advantages in simplicity of fabrication 
compactness and low cost, it has not replaced the zirconia sensor becaus~ 
there is still a question over the level of reliability which can be obtained. 

Other materials such as cobalt and niobium dioxides, strontium, 
lanthanum and tin have also been investigated as possible oxygen sensors. 
They all work by exploiting the change in electrical resistance through 
oxidation or reduction reactions with oxygen in a way analogous to titania, 
but no developments have so far been reported which challenge the 
dominance of the zirconia-based devices. 

Both EGO and HEGO sensors are intended to provide feedback control of 
the engine operation at stoichiometry to permit el"fective operation of the 
three-way catalyst. However, as has already been indicated, the Japanese 
have shown that significant advantages in fuel consumption and in the 
emission of some of the undesirable exhaust gasses can be obtained by 
operation of the engine for at least a part of its operating time under lean 
burn conditions. Then feedback control of the engine using a lean burn 
EGO sensor is essential. The next section will describe sensors suitable for 
lean burn operation. 

10.2 LEAN BURN OXYGEN SENSORS 

If engines are to be effectively operated to give best emissions consistent 
with good economy and adequate performance under lean burn conditions, 
then full feedback control of ignition timing, fuelling and probably other 
functions such as exhaust gas recirculation (EGR), valve opening, swirl and 
induction manifold length is essential. This is even more critical for the type 
of mixed lean/stoichiometric cycl engine de cribed by Kat h ef al [11 since 
changeover from lean to stoichiometric operati0 11 is a critical function of the 
level of exhaust emissions under rapidly changing operating condition. T his 
critical feedback control makes an accurate lean burn exhaust gas oxygen 
(LEGO) sensor essential , and much work has been done to develop sensors 
which will have a good response from stoichiometry lip to an air-fuel ratio 
of at least 25 : 1 and ideally 30 : 1. 
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element to near maximum operating temperature and its subsequeny
stabilisation to within 100°C of this level. Under these conditions
switching times comparable with, and in somecases ratherfaster than
the older type of zirconia sensor are achievable. However, recent
improvements in zirconia sensor switching times have removed this
advantage.

Although the titania sensor has advantages in simplicity of fabrication
compactness and lowcost, it has not replaced the zirconia sensor because
thereis still a question over the level ofreliability which can be obtained,

Other materials such as cobalt and niobium dioxides, strontium,
lanthanum and tin have also beeninvestigated as possible oxygensensors,
Theyall work by exploiting the change in electrical resistance through
oxidation or reduction reactions with oxygen in a way analogous totitania,
but no developments have so tar been reported which challenge the
dominance ofthe zirconia-based devices.

Both EGO and HEGO sensorsare intended to provide feedback control of
the engine operation at stoichiometry to permit effective operation ofthe
three-way catalyst. However, as has already been indicated, the Japanese
have shown that significant advantages in fuel consumption andin the
emission of some of the undesirable exhaust gasses can be obtained by
operation ofthe engine for at least a part of its operating time underlean
burn conditions. Then feedback contro! of the engine using a Jean burn
EGOsensoris essential. The next section will describe sensors suitable for

lean burn operation.

10.2 LEAN BURN OXYGEN SENSORS

If engines are to be effectively operated to give best emissions consistent
with good economyandadequate performanceunderlean burn conditions,
then full feedback control of ignition timing, fuelling and probably other
functions such as exhaust gas recirculation (EGR), valve opening, swirl and
induction manifold length is essential. This is even morecritical for the type
of mixed lean/stoichiometric cycle engine described by Katohe/ al [1] since
changeoverfrom lean to stoichiometric operationis a critical function ofthe
level of exhaust emissions under rapidly changing operating conditions, This
critical feedback control makes an accurate lean burn exhaust gas oxygen
(LEGO) sensoressential, and much work has been done to develop sensors
which will have a good response fromstoichiometry up to an air-fuel ratio
of at least 25: 1 and ideally 30: 1.
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The method developed to make it possible to operate EGO sensors over 
the lean burn operating range is known as 'oxygen pumping'. With this 
method a constant voltage is applied between the platinum electrodes of 
the EGO sensor thimble from a controlled source (this is instead of using 
the relative partial pressure of oxygen between the exhaust gases and the 
ambient air to control the migration of oxygen ions across the zirconia 
ceramic of the EGO sensor thimble, so generating a voltage between the 
platinum electrodes on each side). Oxygen is then pumped through the 
zirconia ceramic from one side to the other, with the current required 
being a direct measure of the number of oxygen ions pumped. 

If a cell construction of the type shown in figure 10.5 is used, in which 
exhaust gas can diffuse through a smal1 aperture into a cell with a small 
enclosed volume, then the zirconia oxygen pump just described can be 
arranged to remove oxygen from the cell quickly enough to reduce the 
overall concentration in the cell to the stoichiometric level. This condition 
can then be sensed by a zirconia stoichiometric EGO sensor which is 
arranged as a detection cell to compare the relative partial pressure of 
oxygen in the pumped cell with that in ambient air as described in section 
10.1, and to give a rapid voltage change when this balance is reached. The 
current to drive the pumping cell and maintain a stoichiometric oxygen 
concentration in the comparator cell is then a measure of the lean air-fuel 
ratio in the exhaust gas. 

Steel shell 

Sensor cell 

el~~oo_, I~I 
lp 0) Pump cell 

Sensor element 

R 

Figure 10.5 Zirconia heated lean burn EGO sensor showing diffusion 
aperture pump cell and sensor cell (right) and heater element (left). 

Alternative lean burn cell configurations based on the same general 
principles have been described by various workers and are now briefly 
described. 

Hetrick et al [4] describe an incremental titration design in which, 
instead of continuously removing oxygen, the oxygen pump is run in an 
oscillatory mode giving small deviations in oxygen concentration above 
and below stoichiometry in the comparator cell. The detection cell then 
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The method developed to makeit possible to operate EGO sensors over
the lean burn operating range is known as ‘oxygen pumping’. With this
method a constant voltage is applied between the platinum electrodes of
the EGO sensor thimble from a controlled source (this is instead of using
the relative partial pressure of oxygen between the exhaust gases and the
ambient air to control the migration of oxygen ions across the zirconia
ceramic of the EGO sensor thimble, so generating a voltage between the
platinum electrodes on each side). Oxygen is then pumped through the
zirconia ceramic from one side to the other, with the current required
being a direct measure of the numberof oxygen ions pumped.

If a cell construction of the type shownin figure 10.5 is used, in which
exhaust gas can diffuse through a small aperture into a cell with a small
enclosed volume, then the zirconia oxygen pump just described can be
arranged to remove oxygen from the cell quickly enough to reduce the
overall concentration in the cell to the stoichiometric level. This condition

can then be sensed by a zirconia stoichiometric EGO sensor which is
arranged as a detection cell to compare the relative partial pressure of
oxygen in the pumpedcell with that in ambientair as described in section
10.1, and to give a rapid voltage change whenthis balance is reached. The
current to drive the pumping cell and maintain a stoichiometric oxygen
concentration in the comparatorcell is then a measure ofthe lean air—fuel
ratio in the exhaust gas.
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Figure 10.5 Zirconia heated lean burn EGO sensor showing diffusion
aperture pumpcell and sensorcell (right) and heater element(left).

Alternative lean burn cell configurations based on the same general
principles have been described by various workers and are nowbriefly
described.

Hetrick et al [4] describe an incremental titration design in which,
instead of continuously removing oxygen, the oxygen pump is run in an
oscillatory mode giving small deviations in oxygen concentration above
and below stoichiometry in the comparator cell. The detection cell then

201

 

—



184 AUTOMOTIVE SENSORS 

senses those deviations and the oscillation period required to produce a 
specified peak-to-peak output is a measure of exhaust oxygen level. 

Haaland [5] describes another alternative in which the comparator is 
sealed and the oxygen pump is run until the detection cell senses a 
stoichiometric level of oxygen in the closed volume, then oxygen is added 
by the oxygen pump until the detection cell senses equilibrium between 
the oxygen in the closed volume and the exhaust gas. The total integrated 
pump current required to change the oxygen concentration in the enclosed 
volume from the stoichiometric oxygen level to the EGO level is then a 
direct measure of EGO. 

The continuously pumped lean burn oxygen sensor has been most 
widely used, and a microelectronic version has been described by Velasco 
et al [6]. Figure 10.6, taken from their paper, shows the construction . Test 
results on continuously pumped lean burn oxygen sensors show that the 
pump current exhibits a linear relationship to air-fuel ratio from 
stoichiometry to at least 20: 1, this lean limit being determined by the 
maximum oxygen diffusion rate of the pump cell. 

layer 

Feedback 
signal 

Enamel protedl ve 
p02 electronlcolly 
pumped out 

Porous Pt electrode 
overcoa t 

DC current source 

DiffUSion leak aperture 
posllion of electrode 

Sapphire su bstrate 

Figure 10.6 Zirconia lean burn EGO sensor constructed using microelectronic 
technology (from Velasco et at [6]). 

In closed-loop feedback operation the sensor can be set with a constant 
pump current so that a switch signal is received from the detection cell at a 
specific air-fuel ratio. Variations in the pump current can then be used to 
select specific air-fuel ratios for engine operation. This is potentially of 
particular use for the control of engines operating on a mixed 
lean/stoichiometric cycle. 
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senses those deviations andtheoscillation period required to produce q
specified peak-to-peak output is a measure of exhaust oxygen level.

Haaland [5] describes anotheralternative in which the comparator js
sealed and the oxygen pump is run until the detection cell senses g
stoichiometric level of oxygen in the closed volume, then oxygen is added
by the oxygen pumpuntil the detection cell senses equilibrium between
the oxygen in the closed volume andthe exhaust gas. The total integrated
pump current required to change the oxygen concentrationin the enclosed
volume from the stoichiometric oxygen level to the EGO level is then a
direct measure of EGO,

The continuously pumped lean burn oxygen sensor has been most
widely used, and a microelectronic version has been described by Velasco
et al [6]. Figure 10.6, taken from their paper, shows the construction. Test
results on continuously pumped lean burn oxygen sensors showthat the
pump current exhibits a linear relationship to air-fuel ratio from
stoichiometry to at least 20:1, this lean limit being determined bythe
maximumoxygendiffusion rate of the pumpcell.
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Figure 10.6 Zirconia lean burn EGOsensor constructed using microelectronic
technology(from Velascoet al [6]).

In closed-loop feedback operation the sensor can beset with a constant
pump currentso that a switch signal is received fromthe detection cell al a
specific air—fuel ratio, Variations in the pump current can then be used to
select specific air-fuel ratios for engine operation. This is potentially of
particular use for the control of engines operating on a mixed
lean/stoichiometric cycle.
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Another simplified lean burn sensor has been described by Kama el al 
[7] and also by Katoh et al [1] for use with mixed lean/stoichiometric cycle 
engine. In tbis (see figure 10.7(a)) the oxygen supply avaiJable to the 
zirconia pumping cell is controlled by a diffusion layer which ensures that 
the number of oxygen ions available at the first electrode of the pumping 
cell is a direct function of the oxygen concentration in the exhaust gas. The 
current required to drive the pumping cell to its diffusion limit is then 
proportional to oxygen concentration. 

Parhally stabilIsed zIrconIa 
solId electrolyte 

PlatInum electrode 

Porholly stabIlIsed ZIrconIa 
solId electrolyte 

Figure 10.7 (a) Lean burn EGO sensor using a voltage-driven zirconia element as 
an oxygen pumping cell controlled by a diffusion layer (from Kamo et al [7]). (b) 
Stoichiometric EGO sensor using an open circuit zirconia element as an oxygen ion 
flow voltage generator (from Katoh ct al [1]). 

The sensor will also work as a stoichiometric device if it is operated 
under open circuit conditions (see figure lO.7(b)). Under these conditions 
a voltage is generated by oxygen ion flow in the oppo ite direction through 
the cell immediately the engine air-fuel ratio drops below the 14.7: 1 
stoichiometric level and the exhaust gas becomes low in oxygen. Figure 
10.8 shows the output characteristics of this combined lean and 
stoichiometric sensor. Sensor heating is provided to bring the sensor up to 
its optimum operating point as rapidly as po sible. 

The construction of a practical version of this sensor is described by 
Kamo et al [7] and is shown in figure 10.9. The sensor element is a thimble 
of zirconia with platinum electrodes on the inner and outer surfaces. The 
diffusion layer over the outer electrode is made by the carefully controlled 
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Another simplified lean burn sensor has been described by Kamoet al
[7] and also by Katoheral [1] for use with mixed lean/stoichiometriccycle
engines. In this (see figure 10.7(@)) the oxygen supply available to the
zirconia pumpingcell is controlled by a diffusion layer which ensures that
the numberof oxygenions available at the first electrode of the pumping
cell is a direct function of the oxygen concentrationin the exhaust gas. The
current required to drive the pumping cell to its diffusion limit is then
proportional to oxygen concentration.

Partially stabilised zircoma Partially stabilised zirconia
solid electrolyte solid electrolytePlatinum electrode

la}

Figure 10.7 (a) Lean burn EGOsensor using a voltage-driven zirconia element as
an oxygen pumpingcell controlled bya diffusion layer (from Kamoet al [7]). (b)
Stoichiometric EGOsensor using an opencircuit zirconia element as an oxygen ion
flow voltage generator (from Katohetal[1]).

The sensor will also work as a stoichiometric device if it is operated
under opencircuit conditions (see figure 10.7(6)). Under these conditions
a voltage is generated by oxygen ionflowin the opposite direction through
the cell immediately the engine air-fuel ratio drops below the 14.7: 1
stoichiometric level and the exhaust gas becomes lowin oxygen. Figure
10.8 shows the output characteristics of this combined lean and
stoichiometric sensor. Sensor heating is provided to bring the sensor up to
its optimumoperating point as rapidlyas possible.

The construction of a practical version of this sensor is described by
Kamoet al |7] and is shownin figure 10.9, The sensor element is a thimble
of zirconia with platinum electrodes on the inner and outer surfaces. The
diffusion layer over the outer electrode is made bythe carefully controlled  
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Figure 10.8 Output characteristics of the Jean burn and 
toichiometric sensors shown in figure 10.7 (from Katoh et al [1]). 

plasma spray coating of a swtable ceramic. A cylindrical ceramic heater 
keeps the sensor element above 650 °C and the thimble has a double 
protection cover to reduce the effect of sudden temperature changes on 
the exhaust gas. 
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Figure 10.9 Construction of diffusion-controlled lean burn EGO 

sensor (from Kamo el al [7]). 

In practical use with the Toyota lean burn engine the operation 
is confined to stoichiometric or richer or alternatively lean burn above a 
20: 1 air-fuel ratio. This avoids the operation of the engine between 
air-fuel ratios 15 : 1 and 18: 1 where NO.1 emissions are high. The sensor 
can be switched by the control system between toichiometric and lean 
burn operation to accommodate these sharply different conctitions. 

One anal method that can under certain limited conditions be used to 
monitor lean burn operations, is the use of a conventional heated zirconia 
exhaust gas oxygen (HEGO) sensor maintained at a temperature above 

204

 
 
 
 
 
 
 
 

 
 
 
 
 

 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 

AUTOMOTIVESENSORS

 

O, sensor (voltage) ||

/ ]

4 “Lean mixture sensor
a (current)
3o

‘ \
20 25

 
Atr-fuel ratio

Figure 10.8 Output characteristics of the lean burn and
stoichiometric sensors shownin figure 10.7 (from Katohetal[1}).

plasmaspray coating of a suitable ceramic. A cylindrical ceramic heater
keeps the sensor element above 650°C and the thimble has a double
protection cover to reduce the effect of sudden temperature changes on
the exhaust gas.
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Figure 10.9 Construction of diffusion-controlled lean burn EGO
sensor (from Kamoef al [7]).

In practical use with the Toyota lean burn engine the operation |
is confined to stoichiometric orricher or alternatively lean burn above a |
20:1 air-fuel ratio. This avoids the operation of the engine between |
air-fuel ratios 15:1 and 18:1 where NO, emissions are high. The sensor
can be switched by the control system between stoichiometric and lean
burn operation to accommodatethese sharply different conditions,

One final method that can, under certain limited conditions, be used to

monitor lean burn operations, is the use of a conventional heated zirconia
exhaust gas oxygen (HEGO) sensor maintained at a temperature above
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600°C. Wiedenmann et at [8] describe experiments done with such a 
sensor which has had its heater power increased to 18 Wand has been 
enclosed in a special protective tube to damp out rapid variations in 
exhaust gas pressure and temperature. 

Steady-state tests for static output of a heated sensor for lean burn 
exhaust gas at 350°C under steady load engine operation showed an 
exponential reduction in sensor output voltage from 60 m V at an air-fuel 
ratio of 15: 1 to 20 mV at an air-fuel ratio of 19: 1 (see figure 10.10). 
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Figure 10.10 Output voltage of stoichiometric heated EGO sensor 
operated under lean burn conditions (from Wiedenmann et al [8]) . 

There is a small rise in sensor voltage with increase in exhaust gas 
temperature amounting to about 0.2 air-fuel ratios for an increase in 
temperature from 350°C to 650 0C. This is about four times less than 
would be expected from the Nernst equation and was achieved by a 
special choice of materials and design of the sensor. Temperature 
correction can be applied if necessary in a practical application. Response 
times of between 50 and 150 ms are reported, depending on engine speed 
for step changes in air-fuel ratio. 

The reducing rate of variation in output voltage with increase in air-fuel 
ratio makes it possible that the device would not be sufficiently accurate as 
a lean burn senSOr for aiT-fuel ratios greater than 18 : 1. 

In summary, therefore, the increasing availability of accurate lean burn 
sensors is likely to make possible more sophisticated engine control 
patterns in which optimisation of both emissions and driveability can be 
obtained at much better economy than is obtainable today with 
conventional stoichiometric catalyst-equipped engine operation. In the 
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600 °C. Wiedenmann et al [8] describe experiments done with such a
sensor which has had its heater power increased to 18 W and has been
enclosed in a special protective tube to damp out rapid variations in
exhaust gas pressure and temperature.

Steady-state tests for static output of a heated sensor for lean burn
exhaust gas at 350°C under steady load engine operation showed an
exponential reduction in sensor output voltage from 60 mV atan air-fuel
ratio of 15: 1 to 20 mV atan air-fuel ratio of 19: 1 (see figure 10.10).

 

Sensorvaltage(mV)   
Figure 10.10 Output voltage of stoichiometric heated EGO sensor
operated underlean burn conditions (from Wiedenmannetal[8]).

There is a small rise in sensor voltage with increase in exhaust gas
temperature amounting to about 0.2 air-fuel ratios for an increase in
temperature from 350°C to 650°C, This is about four times less than
would be expected from the Nernst equation and was achieved by a
special choice of materials and design of the sensor. Temperature
correction can be applied if necessary in a practical application. Response
times of between 50 and 150 ms are reported, depending on engine speed
for step changesin air-fuel ratio.

The reducing rate of variation in output voltage with increase in air-fuel
ratio makesit possible that the device would not be sufficiently accurate as
a lean burn sensorfor air-fuel ratios greater than 18: 1.

In summary, therefore, the increasing availability of accurate lean burn
sensors is likely to make possible more sophisticated engine control
patterns in which optimisation of both emissions and driveability can be
obtained at much better economy than is obtainable today with
conventional stoichiometric catalyst-equipped engine operation. In the
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longer term there is likely to be a need to measure the amount of each 
specific regulated gas in the exhaust rather than inferring air-fuel ratio 
from EGO measurements. To do this requires low-cost methods of 
measuring CO, He and NOx separately, as well as any other gas such as 
eoc. Sensors to do this are being investigated, but are still a long way from 
the stage when they could be considered for use in engine development. 

10.3 SELECTIVE GAS SENSORS 

To obtain optimised control of an internal combustion engine it would be 
highly desirable to be able to measure the individual gases which 
contribute to exhaust emissions. In particular, measurement of CO, He 
and NO" with the possible addition of eoc, would be required if feedback 
techniques were to be used to optimise the emissions of a mixed-cycle 
(lean burn/stoichiometric) operating engine. 

Many techniques for gas sensing exist; for a thorough review references 
[9] and [10] should be consulted. Moseley et at [10] list a number of 
techniques, including the galvanic oxygen sensor which has already been 
described in sections 10.1 and 10.2, the catalytic gas detector, the 
semiconducting oxide gas sensor, field effect transistor-based gas sensors, 
surface acoustic wave devices, as well as infrared spectroscopic and fibre 
optic sensors. For application in a mass-produced vehicle, low cost and 
small size, combined with fast response, high-temperature operation and 
good selectivity for the gas to be detected, are essential. None of the 
techniques, except the galvanic oxygen sensor, meet all these criteria, and 
as far as CO, He and NO, detection are concerned, there appear to be 
only two candidate methods which, if suitably developed, could meet the 
majority of the criteria: semiconductor gas sensors and infrared gas 
sensors. 

10.3.1 Semiconductor Gas Sensors 

Semiconductor gas sensors use semiconducting oxides which change their 
resistance when exposed to air containing any combination of a wide 
range of gases. 

Tin oxide has been the most widely used material, and there has been 
some limited development of sensors using other oxides. Unfortunately all 
these oxides, although extremely sensitive to relatively low amounts of 
reactive gases in air, lack selectivity between different gases. They also 
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longer term there is likely to be a need to measure the amount of each
specific regulated gas in the exhaust rather than inferring air-fuel ratio
{from EGO measurements. To do this requires low-cost methods of
measuring CO, Hc and NO,separately, as well as any other gas such as
CO.,. Sensors to do this are being investigated, but are still a long wayfrom
the stage when they could be considered foruse in engine development.

10.3 SELECTIVE GAS SENSORS

To obtain optimised control of an internal combustion engine it would be
highly desirable to be able to measure the individual gases which
contribute to exhaust emissions. In particular, measurement of CO, HC
and NO,, with the possible addition of CO., would be requiredif feedback
techniques were to be used to optimise the emissions of a mixed-cycle
(lean burn/stoichiometric) operating engine.

Manytechniquesfor gas sensing exist; for a thorough reviewreferences
[9] and [10] should be consulted. Moseley er al [10] list a number of
techniques, including the galvanic oxygen sensor which has already been
described in sections 10.1 and 10.2, the catalytic gas detector, the
semiconducting oxide gas sensor, field effect transistor-based gas sensors,
surface acoustic wave devices, as well as infrared spectroscopic and fibre
optic sensors. For application in a mass-produced vehicle, low cost and
small size, combined with fast response, high-temperature operation and
good selectivity for the gas to be detected, are essential. None of the
techniques, except the galvanic oxygen sensor, meetall these criteria, and
as far as CO, HCand NO,detection are concerned, there appear to be
only two candidate methods which, if suitably developed, could meet the
majority of the criteria: semiconductor gas sensors and infrared gas
sensors,

10.3.1 Semiconductor Gas Sensors

Semiconductor gas sensors use semiconducting oxides which change their
resistance when exposed to air containing any combination of a wide
range of gases.

Tin oxide has been the most widely used material, and there has been
some limited developmentof sensors using other oxides. Unfortunatelyall
these oxides, although extremelysensitive to relatively low amounts of
reactive gases in air, lack selectivity between different gases. They also

 



GAS AND FUEL COMPOSITION SENSORS 189 

suffer from relatively low response rates - of the order of minutes for a 
step change of gas input. The presence of water vapour is a complicating 
factor, as it can cause considerable changes to the response of some 
oxides. 

In principle the semiconducting gas sensor adsorbs oxygen initially at 
the surface of the oxide, and electrons are abstracted from the bulk 
material to form surface oxygen ions. This process forms a surface charge 
which, in the case of n-type oxides, inhibits the adsorption of further 
oxygen and leads to rapid saturation and slow response to future changes 
in gas concentration. In the presence of a reactive gas, the surface 
coverage of oxygen ions would decrease, with a consequent decrease in n
type semiconductor resistance. 

In the case of p-type oxides, a decrease in the coverage of oxygen ions 
would lead to an increase in semiconductor resistance, and since in this 
case the surface coverage of oxygen ions is not limited by the supply of 
electrons, saturation takes place at a much higher level. 

Most oxides show a response to a range of gases, but this is quite 
variable with significant selectivity in some cases. 

Sensitivity is significantly affected by temperature, with a tin oxide 
sensor immersed in oxygen with 100 PPM of CO reported as changing 
percentage conductance from less than 10% at 200 DC to a peak of 40% at 
400 DC, falling again to under 20% at 600 DC [10]. This peak occurs at 
different temperatures for different gases, but it would require some 
method of temperature cycling to define the peaks and therefore the gases 
concerned, which does not seem to be practical in a low-cost sensor. 

A more likely way of using such sensors would be to have an array of 
sensors using different oxides with some 'smart' electronics to analyse the 
changes in resistance with temperature, with the aim of correlating the 
signals to produce an identifiable signal for each gas of interest. 

In the case of automotive exhaust emissions CO, HC and NOt could 
probably be measured by these multiple sensor devices, but the exhaust 
gases would have to be allowed to cool from the 800 DC or so at which they 
leave the engine to somewhere around 400 DC before the measurements 
could be made. Response time would continue to be a major problem and 
much work would need to be done to reduce this, at least to below 100 ms, 
before practical use could be considered. 

10.3.2 Infrared Gas Sensors 

Another type of gas sensor which seems to show some potential for the 
rapid analysis of exhaust gases is the infrared gas analyser. Currently 
available only as a large rack-mounted instrument for analysis in the 
emissions laboratory, progress has been made in making these instruments 
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suffer from relatively low response rates — of the order of minutes for a
step change of gas input. The presence of water vapouris a complicating
factor, as it can cause considerable changes to the response of some
oxides.

In principle the semiconducting gas sensor adsorbs oxygeninitially at
the surface of the oxide, and electrons are abstracted from the bulk

material to form surface oxygen ions. This process forms a surface charge
which, in the case of n-type oxides, inhibits the adsorption of further
oxygen and leads to rapid saturation and slow response to future changes
in gas concentration. In the presence of a reactive gas, the surface
coverage of oxygen ions would decrease, with a consequent decrease in n-
type semiconductorresistance.

In the case of p-type oxides, a decrease in the coverage of oxygen ions
would lead to an increase in semiconductorresistance, and since in this

case the surface coverage of oxygen ions is not limited by the supply of
electrons, saturation takes place at a muchhigher level.

Most oxides show a response to a range of gases, but this is quite
variable with significant selectivity in some cases.

Sensitivity is significantly affected by temperature, with a tin oxide
sensor immersed in oxygen with 100 Perm of CO reported as changing
percentage conductance from less than 10% at 200 °C to a peak of 40%at
400 °C, falling again to under 20% at 600°C [10]. This peak occurs at
different temperatures for different gases, but it would require some
methodof temperature cycling to define the peaks and therefore the gases
concerned, which does not seem to be practical in a low-cost sensor.

A more likely wayof using such sensors would be to have an array of
sensors using different oxides with some ‘smart’ electronics to analyse the
changes in resistance with temperature, with the aim of correlating the
signals to produce an identifiable signal for each gas ofinterest.

In the case of automotive exhaust emissions CO, HC and NO,could
probably be measured by these multiple sensor devices, but the exhaust
gases would haveto be allowed to cool from the 800 °C orso at which they
leave the engine to somewhere around 400°C before the measurements
could be made. Response time would continue to be a major problem and
much work would need to be done to reducethis, at least to below 100 ms,

before practical use could be considered.

10.3.2 Infrared Gas Sensors 
Another type of gas sensor which seems to show some potential for the
rapid analysis of exhaust gases is the infrared gas analyser. Currently
available only as a large rack-mounted instrument for analysis in the
emissions laboratory, progress has been madein making these instruments
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more portable for mobile use, and infrared sensing systems have been 
developed for measuring exhaust gas emissions of passing vehicles from 
the roadside [11]. 

Moseley et af [10] quote five methods of infrared spectral analysis: 

(i) fingerprint identification; 
(ii) correlation spectroscopy; 
(iii) high-resolution spectral measurements; 
(iv) interferometric techniques; 
(v) acoustic-optic filters. 

All these systems rely on the identification of the selective wavelengths of 
absorption of infrared radiation identified with each gas of interest. 
For emission gases these are: CO, 4.6 J.Lm; NO, 5.3 J.Lm; and HC, 2.3 or 
3.3 J.Lm. 

Of the methods quoted only correlation spectroscopy seems likely to 
offer a relatively low-cost rapid analysis technique. In this technique an 
infrared beam is passed through the gas to be measured and then 
alternately through two similar cells, one containing a known sample of 
the gas to be measured and the other a gas which is non-absorbing at the 
infrared wavelength of interest. The remaining infrared beam is then 
collected by a wide-band infrared sensor. The resultant signal is 
differentially amplitude modulated depending on which cell it passes 
through, and the depth of this modulation is a function of the amount of 
absorption caused by the gas being measured and therefore of its 
concentration. 

There appears to be a possibility of developing a low-cost gas sensor 
using this technique if semiconductor infrared emitters and sensors are 
used combined with a dual-path optical system using optical fibre 
techniques, or extending the idea further with a multipath system using 
samples of CO, HC and NO to give absorption cells for all three emission 
exhaust gases. 

10.4 FUEL COMPOSITION SENSORS 

One method of improving engme emissions which has been 
extensively investigated is by the use of alternative fuels, such as 
methanol, ethanol, propane, butane and methane. Of these, methanol 
and ethanol are of particular interest because of the reduced level of 
CO, HC and NOx emissions which they produce and their capability of 
operating alternately or mixed with gasoline in a conventionally 
adjusted engine. 
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more portable for mobile use, and infrared sensing systems have been
developed for measuring exhaust gas emissions of passing vehicles from
the roadside [11].

Moseleyef al [10] quote five methodsofinfrared spectral analysis:

(i) fingerprint identification;
(ii) correlation spectroscopy;
(iii) high-resolution spectral measurements;
(iv) interferometric techniques;

(v) acoustic-optic filters.

All these systems rely on the identification ofthe selective wavelengths of
absorption of infrared radiation identified with each gas of interest.
For emission gases these are: CO, 4.6 zm; NO, 5.3 wm; and HC, 2.3 or
3.3 pm,

Of the methods quoted only correlation spectroscopy seemslikely to
offer a relatively low-cost rapid analysis technique. In this technique an
infrared beam is passed through the gas to be measured and then
alternately through twosimilar cells, one containing a known sample of
the gas to be measured and the othera gas which is non-absorbing at the
infrared wavelength of interest. The remaining infrared beamis then
collected by a wide-band infrared sensor. The resultant signal is
differentially amplitude modulated depending on which cell it passes
through, and the depth ofthis modulation is a function of the amount of
absorption caused by the gas being measured and therefore of its
concentration.

There appears to be a possibility of developing a low-cost gas sensor
using this technique if semiconductor infrared emitters and sensors are
used combined with a dual-path optical system using optical fibre
techniques, or extending the idea further with a multipath system using
samples of CO, HCand NOtogive absorptioncells forall three emission
exhaust gases.

10.4 FUEL COMPOSITION SENSORS

One method of improving engine emissions which has been
extensively investigated is by the use ofalternative fuels, such as
methanol, ethanol, propane, butane and methane. Of these, methanol
and ethanol are of particular interest because of the reduced level of
CO, HCand NO, emissions which they produce andtheir capability of
operating alternately or mixed with gasoline in a conventionally
adjusted engine.
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They do, however, have significant disadvantages compared with 
gasoline and diesel due to their higher latent heat of evaporation and 
lower useful energy content per unit volume. To reduce these problems 
methanol and ethanol are mixed with gasoline in varying proportions in 
what is known as a 'flex-fuel' vehicle. 

To enable engines fuelled in this way to operate under optimum 
conditions during both cold and hot running, it is necessary to provide the 
engine control system with information on the relative percentage of 
gasoline and either methanol or ethanol at all times during operation, 
since this proportion may vary considerably depending on the operating 
conditions, the quality of the fuel used, the availability of each fuel and 
recent refuelling actions. 

Most work has been done on methanol/gasoline mixtures and sensors. 
A sensor for this use has to take into account the variation in aromatic 
content of commercial fuels, the insolubility of methanol in gasoline at 
low temperatures and in the presence of water, and the variation in 
methanol density with temperature. It is also essential that the analysis of 
the fuel composition takes place in the fuel line to ensure that it is the true 
composition of the fuel reaching the engine which is measured and not 
composition variations within the fuel in the tank. 

Three methods have been considered for making fuel composition 
measurements under engine operating conditions: 

(i) measurement of infrared absorption at two different wavelengths; 
(ii) measurement of refractive index; 
(iii) combined measurement of capacitance, conductivity and 

temperature. 

10.4.1 Infrared Absorption Fuel Composition Sensor 

The combined near-infrared absorption spectrum of a methanol/gasoline 
mixture is shown in figure 10.11, for proportions of methanol mixed with 
the gasoline from 100% to 0%. It can be seen that the peak absorption 
between the wavelengths of 1550 and 1600 nm varies directly, although 
somewhat nonlinearly, with the percentage of methanol in the mixture, 
whereas in the 1300 nm region the absorption is low and virtually 
independent of the proportions of the mixture. The relative absorption at 
1300 and 1600 nm has been shown to be relatively unaffected by changes 
in temperature or by the presence of a fuel/water emulsion. However, 
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 They do, however, have significant disadvantages compared with
gasoline and diesel due to their higher latent heat of evaporation and
lower useful energy content per unit volume. To reduce these problems
methanol and ethanol are mixed with gasoline in varying proportions in
what is knownasa ‘flex-fuel’ vehicle.

To enable engines fuelled in this way to operate under optimum
conditions during both cold and hot running,it is necessary to provide the
engine control system with information on therelative percentage of
gasoline and either methanol or ethanol at all times during operation,
since this proportion may vary considerably depending on the operating
conditions, the quality of the fuel used, the availability of each fuel and
recent refuelling actions.

Most work has been done on methanol/gasoline mixtures and sensors.
A sensor for this use has to take into account the variation in aromatic

content of commercial fuels, the insolubility of methanol in gasoline at
low temperatures and in the presence of water, and the variation in
methanol density with temperature. It is also essential that the analysis of
the fuel composition takes place in the fuel line to ensure that it is the true
composition of the fuel reaching the engine which is measured and not
composition variations within the fuel in the tank.

Three methods have been considered for making fuel composition
measurements under engine operating conditions:

 (i) measurementof infrared absorptionat two different wavelengths;
(ii) measurementofrefractive index;
(iii) combined measurement of capacitance, conductivity and

temperature.

 
10.4.1 Infrared Absorption Fuel Composition Sensor

 

 The combined near-infrared absorption spectrum of a methanol/gasoline
mixture is shownin figure 10.11, for proportions of methanol mixed with
the gasoline from 100% to 0%. It can be seen that the peak absorption
between the wavelengths of 1550 and 1600 nm varies directly, although
somewhat nonlinearly, with the percentage of methanol in the mixture,
whereas in the 1300nm region the absorption is low and virtually
independentof the proportions of the mixture. Therelative absorption at
1300 and 1600 nm has been shownto be relatively unaffected by changes
in temperature or by the presence of a fuel/water emulsion. However,
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changes in fuel density due to temperature do have a significant effect and 
need to be corrected for electronically. 
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Figure 10.11 Combim:d ncar-infrared absorption spectrum of a 
methanol/gasoline mixture. 

The configuration of a suitable twin-path infrared spectrometer capable 
of making absorption measurements in the fuel line at 1600 and 1300 nm is 
shown in figure 10.12. In this arrangement an infrared source illuminates a 
fibre optic bundle which has a small gap through which the flowing fuel 
passes and absorbs infrared radiation characteristically. The fibre optic 
bundle is then split and the two infrared beams pass through narrow-band 
interference filters transmitting at 1600 and 1300 nm respectively. The 
resulting radiation is detected by infrared sensors, and the two signals are 
passed into a comparator where the reading is linearised and corrected for 
variations in fuel density with temperature as measured in the fuel sensing 
cell, before being transmitted to the engine control system. 

Fuel from to nk 

+ Fue l to engine Interference 
filter 1600 nm 

Figure 10.12 Twin-path infrared spectrometer for making absorption 
measurements in the fuel linc . 
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changesin fuel density due to temperature do haveasignificant effect and
need to be correctedfor electronically.
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Figure 10.11 Combined near-infrared absorption spectrum of a
methanol/gasoline mixture.

The configuration of a suitable twin-path infrared spectrometer capable
of making absorption measurementsin the fuel line at 1600 and 1300 nmis
shownin figure 10.12. In this arrangement aninfrared source illuminates a
fibre optic bundle which has a small gap through which the flowing fuel
passes and absorbs infrared radiation characteristically. The fibre optic
bundle is then split and the twoinfrared beams pass through narrow-band
interference filters transmitting at 1600 and 1300nm respectively. The
resulting radiation is detected byinfrared sensors, and the twosignals are
passed into a comparator wherethe reading is linearised and corrected for
variations in fuel density with temperature as measuredin the fuel sensing
cell, before being transmittedto the engine control system.
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Figure 10.12) Twin-path infrared spectrometer for making absorption
measurements in the fuel line,
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10.4.2 Refractive Index Fuel Sensor 

Refractive index fuel compo ition sensors use the fact that as fuel 
composition in a gasoline/methanol or gasoline/ethanol mixture changes, 
so does the refractive index of the mixture' tllls cau es a rapid chauge of 
reflectivity with composition near the critical angle of reflection. 

The Layout of such a sensor is shown in figure 10.13. A light ource 
illuminate the surface of the fuel mixture at a suitably small angle and the 
reflected light is measured by an area photodetector which is rna ked to 
accurately control the effective aperture of the optical system to just 
encompass the critical angles for light reflection at the extremes of the 
composition range of the fuel mixture. Under those conditions the amount 
of light reaching the photodetector i a direct measure of the refractive 
index 0f the fuel mixture with gasoline showing minimum reflectivity and 
methanol howing maximum. 

pt-olosensor. 

Fuel flow to engine 

Light-emitting 
diode 

Figure 10.13 Layout of refractive index fuel composition sensor. 

In a practical sensor the fuel would flow in a cylindrical glass tube and 
the space around the tube would be fill ed with a transparent medium of 
similar refractive index to glass to avoid problems caused by the high 
reflectivity at the glass/air interface. 

It is important to shield the sen or from any direct illumination by the 
source a only a small percentage of the source emission reaches the 
detector via the controlled reflective path. It is also useful to have a 
separate photodetector to measure the source output directly to permit 
compensation for changes in source output. 

10.4.3 Fuel Composition Sensing by lntegrated Measurement of 
Capacitance, Conductivity and Temperature 

It has been reported thal at the 1991 Detroit Auto Show, VW 
demonstrated a multifuel Jetta which used a Siemens methanol/gasoline 
fuel mixtlll'e composition ensor which makes use of simultaneou 
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10.4.2 Refractive Index Fuel Sensor

Refractive index fuel composition sensors use the fact that as fuel
composition in a gasoline/methanol or gasoline/ethanol mixture changes,
so does the refractive index of the mixture; this causes a rapid change of
reflectivity with composition near the critical angle of reflection.

The layout of such a sensor is shown in figure 10.13. A light source
illuminates the surface of the fuel mixture at a suitably small angle and the
reflected light is measured by an area photodetector which is masked to
accurately control the effective aperture of the optical system to just
encompass the critical angles for light reflection at the extremes of the
composition range ofthe fuel mixture. Under those conditions the amount
of light reaching the photodetector is a direct measure of the refractive
index of the fuel mixture with gasoline showing minimum reflectivity and
methanol showing maximum.
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Figure 10,13 Layout of refractive index fuel composition sensor.

 
In a practical sensor the fuel would flow in a cylindrical glass tube and

the space around the tube would befilled with a transparent medium of
similar refractive index to glass to avoid problems caused bythe high
reflectivityat the glass/air interface.

It is important to shield the sensor from any direct illumination by the
source as only a small percentage of the source emission reaches the
detector via the controlled reflective path. It is also useful to have a
separate photodetector to measure the source output directly to permit
compensation for changes in source output.

10.4.3 Fuel Composition Sensing by Integrated Measurement of
Capacitance, Conductivity and Temperature

It has been reported that at the 1991 Detroit Auto Show, VW
demonstrated a multifuel Jetta which used a Siemens methanol/gasoline
fuel mixture composition sensor which makes use of simultaneous
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measurements of fuel dielectric constant, conductivity and temperature in 
order to determine mixture composition. No details of this combined 
sensor are available at the time of writing, so it is not possible to describe 
it in detail or comment on its accuracy compared with the infrared and 
refractive index sensors already described. 

10.5 SUMMARY 

A very large amount of work has gone into the development of EGO 

sensors, and the stoichiometric EGO sensors described in section 10.1 have 
made possible the accurate feedback control of automotive gasoline 
engines to a level which would otherwise not have been possible, and have 
enabled them to meet ever tougher emission regulations throughout the 
world, as well as being a prime driver for the introduction of automotive 
electronic systems. 

In all the developed countries severe emission controls have become, or 
are becoming, compulsory so that almost all of the world production of 30 
million gasoline-powered vehicles per year will in future have one of these 
sensors fitted. 

The next generation of devices seem likely to be the lean burn sensors 
described in section 10.2, since the move towards mixed-cycle 
stoichiometric/lean burn engines appears to be the best way of making 
further progress to improve both emissions and fuel consumption (and 
therefore COe emissions). The advent of lean burn catalysts, recently 
reported from Japan, would make lean burn sensors essential. 

In the longer term more sophisticated engine controls can be expected 
for the measurement of individual exhaust gas constituents, and this is 
discussed in section 10.3, while the use of alternative fuels such as ethanol 
and methanol, and the fuel composition sensors required to make their use 
efficient and practical, are covered in section lOA. 

Gas and fuel composition sensors have had and will have in the future a 
major part to play in improving the performance of the motor vehicle and 
its acceptability to the public worldwide. 
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measurements offuel dielectric constant, conductivity and temperature in
order to determine mixture composition. No details of this combined
sensor are available at the time of writing, so it is not possible to describe
it in detail or comment on its accuracy compared with the infrared and
refractive index sensors already described.

10.5 SUMMARY

A very large amount of work has gone into the development of EGo
sensors, and the stoichiometric EGO sensors described in section 10.1 have

made possible the accurate feedback control of automotive gasoline
engines to a level which would otherwise not have been possible, and have
enabled them to meet ever tougher emission regulations throughout the
world, as well as being a prime driver for the introduction of automotive
electronic systems.

In all the developed countries severe emission controls have become,or
are becoming, compulsoryso that almost all of the world production of 30
million gasoline-poweredvehicles per year will in future have one of these
sensorsfitted,

The next generation of devices seemlikely to be the lean burn sensors
described in section 10.2, since the move towards mixed-cycle
stoichiometric/lean burn engines appears to be the best way of making
further progress to improve both emissions and fuel consumption (and
therefore CO, emissions). The advent of lean burn catalysts, recently
reported from Japan, would makelean burn sensorsessential.

In the longer term more sophisticated engine controls can be expected
for the measurement of individual exhaust gas constituents, and this is
discussed in section 10,3, while the use of alternative fuels such as ethanol

and methanol, and the fuel composition sensors required to make their use
efficient and practical, are covered in section 10.4.

Gas and fuel composition sensors have had and will have in the future a
major part to play in improving the performance of the motor vehicle and
its acceptability to the public worldwide.
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Liquid Level Sensing 

One of the earliest applications of electronic sensing to be adopted for 
automotive use was that developed for fuel level measurement. In early 
vehicles the fuel tank was often placed behind the dashboard, allowing 
the engine to be gravity-fed. As long as the tank remained in this 
position mechanical sensing devices such as a dipstick, gauge glass or 
(on more expensive vehicles) manometer could be used. However, for 
safety reasons the fuel tank was oon moved to its current position at 
the rear of the vehicle and a pumped fuel supply was adopted. This 
introduced a need for electrical methods to measure and display the fuel 
level. 

By the late 1920s remotely operated electrical petrol gauges were 
becoming standard. The approach almost uniformly embraced was the 
one still current today in which a float at the free end of a pivoted arm 
in the petrol tank moves with changes in the fuel level. Displacement of 
the arm moves the wiper of a wire-wound or hybrid potentiometer, 
which in turn controls a remote (dashboard-mounted) meter. In early 
versions a voltmeter provided with a pair of windings was used. The 
winding were known as the deflection and control windings, and the 
control coil replaced the hairspring found in an ordinary voltmeter. The 
two windings were interconnected in such a way that changes in the 
battery voltage do not affect the reading as shown in figure U.l. For 
example a decrease in battery voltage decreases the deflecting force 
but a lso decreases the controlling force . The meter reading which results 
is a function of the ratio of the two forces, and is independent of battery 
voltage. 

Modern fuel gauges are not usually voltmeters, since these have too 
fast a response and give a reading which tluctuates due to the fuel 
sloshing on hills and when cornering. Instead a meter i used which 
contains a bimetallic component and a heating coil as shown in figure 
11.3 and discussed in the next section. The deflection of the pointer 
depends on the current in the heating coil, which is a function of the 
resistance of the float sensor in the fuel tank. A voltage regulator is 
usually fitted to remove the effect of variations in supply voltage. The 
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Oneof the earliest applications of electronic sensing to be adopted for
automotive use was that developed for fuel level measurement. In early
vehicles the fuel tank was often placed behind the dashboard, allowing
the engine to be gravity-fed. As long as the tank remained in this
position mechanical sensing devices such as a dipstick, gauge glass or
(on more expensive vehicles) manometer could be used. However, for
safety reasons the fuel tank was soon moved to its current position at
the rear of the vehicle, and a pumped fuel supply was adopted. This
introduced a need for electrical methods to measure and display the fuel
level.

By the late 1920s remotely operated electrical petrol gauges were
becoming standard. The approach almost uniformly embraced was the
onestill current today, in which afloat at the free end of a pivoted arm
in the petrol tank moves with changesin the fuel level. Displacement of
the arm moves the wiper of a wire-wound or hybrid potentiometer,
which in turn controls a remote (dashboard-mounted) meter. In early

versions a voltmeter provided with a pair of windings was used. The
windings were known as the deflection and control windings, and the
control coil replaced the hairspring found in an ordinary voltmeter. The
two windings were interconnected in such a way that changes in the
battery voltage do not affect the reading, as shownin figure 11.1. For
example, a decrease in battery voltage decreases the deflecting force,
but also decreases the controlling force.The meter reading which results
is a function of the ratio of the two forces, and is independentof battery
voltage.

Modern fuel gauges are not usually vollmeters, since these have too
fast a response and give a reading which fluctuates due to the fuel
sloshing on hills and when cornering. Instead a meter Is used which
contains a bimetallic component and a heating coil as shownin figure
11.3 and discussed in the next section. The deflection of the pointer
depends on the current in the heating coil, which is a function of the
resistance of the float sensor in the fuel tank. A voltage regulator is
usually fitted to remove the effect of variations in supply voltage. The
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thermal inertia of the system is made sufficiently large to smooth out 
most of the effects of fuel slosh. 

12 V 

1 

Deflection 
winding 

Potentiometer _ 
sensor in tank -=-

Figure 11.1 Circuit diagram for moving-iron meter fuel tank sensing 
system. 

Many alternative way of measuring fuel level have been proposed. 
One of the most promising uses the capacitance change which occurs 
when a pair of conducting plates are dipped into the fuel. Other 
reported system have used optical resonance and thermal techniques. 
A number of aircraft fuel gauging systems use ultrasound for tank level 
sensing. This development was introduced because it offers the 
possibility of non-invasively (and therefore safely) measuring the 
amount of liquid in a fuel tank. Sophisticated systems have been 
developed in which measurements from a number of transducers are 
integrated to give a reading which is independent of the motion of the 
fue l (,sloshing') . It seems likely that a has happened before, a 
technology originally developed for aerospace will eventually be used in 
automotive engineering. 

Liquid level sensors have now become standard on vehicles for a 
number of applications other than fuel level sensing. These include the 
fitti ng of transducer to measure the levels of windscreen washer Liquid 
engine coolant, engine and transmission oil and hydraulic Ouid. For 
these applications a full analogue measurement is not usually necessary, 
since what is required i a simple go/no-go' indication. The en. ing 
technique employed depend to some extent on the physical 
characteristics f tbe fluid involved although systems in which a reed 
switch, Hall effect device or potentiometer is used to sense the 
displacement of a float are by far the most common. 
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thermal inertia of the system is made sufficiently large to smooth out
mostofthe effects of fuel slosh.
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Figure 11.1 Circuit diagram for moving-iron meter fuel tank sensing
system.

Manyalternative ways of measuring fuel level have been proposed.
One of the most promising uses the capacitance change which occurs
when a pair of conducting plates are dipped into the fuel. Other
reported systems have used optical, resonance and thermal techniques.
A number ofaircraft fuel gauging systems use ultrasound for tank level
sensing. This development was introduced because it offers the
possibility of non-invasively (and therefore safely) measuring the
amount of liquid in a fuel tank. Sophisticated systems have been
developed in which measurements from a numberof transducers are
integrated to give a reading whichis independent of the motion of the
fuel (‘sloshing’), It seems likely that, as has happened before, a
technologyoriginally developed for aerospace will eventually be used in
automotive engineering.

Liquid level sensors have now become standard on vehicles for a
numberof applications other than fuel level sensing. These include the
fitting of transducers to measure the levels of windscreen washerliquid,
engine coolant, engine and transmission oil, and hydraulic fluid. For
these applications a full analogue measurement is not usually necessary,
since what is required is a simple ‘go/no-go’ indication. The sensing
techniques employed depend to some extent on the physical
characteristics of the fluid involved, although systems in which a reed
switch, Hall effect device or potentiometer is used to sense the
displacement ofa float are by far the most common.
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11.1 POTENTIOMETRIC LEVEL SENSORS 

T measure the quantity of fuel in a fuel tank the potentiometer, arm and 
float are usually mounted so that the floaL remains as close as po sible to 
Lhe centre of the tank for all fuel level . This is partly becau e modern fuel 
tanks are often shallow and of uneven hape, and partly because the 
central position is les affected by vehicle attitude change (such as 
climbing or descending a gradient). 

Normally a nonlinear indication of fuel quantity is required, with Lhe 
greatest sensitivity being given to the 'empty' end of the scale. Till is 
achieved io two way . First, an electrical approach cao be adopted, by 
using a suitably nonlinear potentiometer. Second mechanical means m.ay 
be used involving careful de ign of the float and arm. Figure 1J.2 shows a 
typical arIangement in which the float is connected to the arm at 90° and 
is loaded with a weight which has the effect of varying the float 
submersion Lhroughout its travel. A circuit diagram for the ensor and 
dashboard indicator is shown in figure 11.3. 

Figure 11.2 Diagram of fuel tank float. 

Figure 11.3 Potentiometer fuel tank sensing system. 

216

 

 
198 AUTOMOTIVESENSORS  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
 
 
 
 

11.1 POTENTIOMETRIC LEVEL SENSORS

To measure the quantity of fuel in a fuel tank the potentiometer, arm and
float are usually mounted so that the float remains as close as possible to
the centre ofthe tank for all fuel levels. This is partly because modernfuel
tanks are often shallow and of uneven shape, and partly because the
central position is less affected by vehicle attitude changes (such as
climbing or descending a gradient).

Normally a nonlinear indication of fuel quantity is required, with the
greatest sensitivity being given to the ‘empty’ end ofthe scale. This is
achieved in two ways. First, an electrical approach can be adopted, by
using a suitably nonlinear potentiometer. Second, mechanical means may
be used involving careful design of the float and arm. Figure 11.2 shows a
typical arrangementin which the float is connected to the arm at 90°, and
is loaded with a weight, which has the effect of varying the float
submersion throughout its travel. A circuit diagram for the sensor and
dashboardindicatoris shown infigure11.3.

 
Figure 11.2 Diagram offue! tank float.

ni,

  
Bimetal

( indicator
=) —_ys

I < Voltage regulatorlFlantl os
| Float reea ——<o 4}

(Moves as fluid level
varies)

Figure 11.3. Potentiometerfuel tank sensing system.
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Potentiometer and float transducers for monitoring the level of liquids 
other than fuel follow the same basic approach, but in general do not drive 
a level-indicating display. Instead a warning lamp or message is 
illuminated to alert the driver to the need for replenishment. In essence 
this is because hydraulic fluid, engine oil and coolant should not need 
attention more than once or twice a year. 

The other major application for liquid level sensing, in the windscreen 
washer fluid reservoir, is non-critical, and does not justify the cost of an 
indicating gauge. 

Potentiometers suffer from a number of problems, mainly concerned 
with wear and poor electrical contact, which were discussed in detail in 
chapter 8. However, they are very low-cost devices, and as a result are 
almost universally used for liquid level sensing. A number of alternative 
techniques have been proposed or demonstrated which do not rely on a 
sliding contact, and some of these are described in the following sections. 
However, at the time of writing none of them have made the step to mass 
production from being research prototypes or demonstration systems. 

11.2 CAPACITIVE LIQUID LEVEL SENSORS 

Pello] and diesel are non-conducting and have a relative permittivity of 
about 2. The temperature c efficient of permittivity is very low typically 
- 0.06% °C-I . This property has led to capacitance fuel gauging being 
common in aircraft applications. The sensor used in aircraft consists of a 
parallel-plate capacitor (in the form of a pair of concentric tubes) running 
vertically from top to bottom of the fuel tank. The relative permittivity of 
air is 1, so the capacitance of the probe double when the tank is filled with 
fuel. A high-frequency igoa] is applied to one plate of the capacitor, and 
the A current flow to earth is measured. In aircraft the signal is also 
applied to a reference capacitor which always ha air a the ctielectric and 
the current flow through this i subtracted from that through the ensor, so 
tbat the final current flow i zero when the tank is empty. 

The nominal capacitance of this type of sensor is small and it has been 
the practice in the aircra t industry to measure the capacitance change by 
frequency bridge techniques. Systems of this kind have to be individually 
calibrated for each installation and it is this together with the relatjve cost 
and complexity of the electronics involved, which has probably prevented 
the introduction of capacitive fuel gauging on road vehicles. The cost of 
electronics continue to fall however and a number of designs have been 
published in which the need for individual calibration is greatly reduced if 
not eliminated [1,2]. 
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Potentiometer and float transducers for monitoring the level of liquids
other than fuel follow the same basic approach, but in general do not drive
a level-indicating display. Instead a warning lamp or message is
illuminated to alert the driver to the need for replenishment. In essence
this is because hydraulic fluid, engine oi] and coolant should not need
attention more than onceortwice a year.

The other major application for liquid level sensing, in the windscreen
washer fluid reservoir, is non-critical, and does not justify the cost of an
indicating gauge.

Potentiometers suffer from a number of problems, mainly concerned
with wear and poorelectrical contact, which were discussed in detail in
chapter 8. However, they are very low-cost devices, and as a result are
almost universally used for liquid level sensing. A numberofalternative
techniques have been proposed or demonstrated which do not rely on a
sliding contact, and some of these are described in thefollowing sections.
However,at the time of writing none of them have made the step to mass
production from being research prototypes or demonstration systems.

11.2 CAPACITIVE LIQUID LEVEL SENSORS

Petrol and diesel are non-conducting and have arelative permittivity of
about 2. The temperature coefficient of permittivity is very low, typically
—0.06% °C”'. This property has led to capacitance fuel gauging being
commoninaircraft applications. The sensor used in aircraft consists of a
parallel-plate capacitor (in the form ofa pair of concentric tubes) running
vertically from top to bottomofthe fuel tank. The relative permittivity of
air is 1, so the capacitance of the probe doubles whenthetankisfilled with
fuel. A high-frequencysignal is applied to one plate of the capacitor, and
the Ac current flow to earth is measured. In aircraft the signal is also
applied to a reference capacitor which always hasair as the dielectric, and
the current flow throughthis is subtracted from that through the sensor, so
that the final current flowis zero whenthe tank is empty.

The nominal capacitance ofthis type of sensor is small, and it has been
the practice in the aircraft industry to measure the capacitance change by
frequencybridge techniques. Systems of this kind have to be individually
calibrated for each installation, andit is this, together with the relative cost
and complexity of the electronics involved, which has probably prevented
the introduction of capacitive fuel gauging on road vehicles. The cost of
electronics continues to fall, however, and a numberof designs have been
published in which the need for individual calibration is greatly reduced if
not eliminated[1,2].
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A basic capacitive fuel level sensor is shown in figure 11.4. It consists of 
a pair of concentric tubes, the outer of diameter 2R and the inner of 
diameter 2r. The capacitance of the assembly is given by 

c = 21T808 r 

10g(Rlr) 
(11.1 ) 

where 80 is the permittivity of free space and 8 r is the relative permittivity 
of the medium filling the dielectric space between the tubes. A capacitive 
transducer of this type effectively compares the dielectric constants of air 
and fuel respectively. If the sensor is partly immersed in a dielectric liquid 
such as fuel , the resulting capacitance may be shown to be a linear 
function of the depth of immersion. 

2R 

I 2r I 
~ 

- ----I ..... ~· ...... · ...... i· .... ·I-----
- - '--- ' . ----

I I Liquid 

~ ~ 
L ........... l 

Figure 11.4 Concentric tube capacitive level sensor. 

11.2.1 The Effect of Dielectric Variation 

If the permittivity of a range of petroleum-based automotive fuels is 
measured it is found to vary by around 5%. In addition additives such as 
those used in unleaded petrol can increase these variations by very large 
factors. To be successful therefore a capacitive fuel sensor must include 
some form of compensation for variations in the dielectric properties of 
fuel. A typical compensated system is described in [1]. Two probes are 
used, one of which acts as the reference for fuel type, and one which 
measures the height of fuel in the tank. The reference probe is fitted in the 
fuel line so that it is completely immersed and has a continuous fuel flow 
through it. This is so that the fuel permittivity can be constantly checked, 
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A basic capacitive fuel level sensor is shownin figure 11.4. It consists of
a pair of concentric tubes, the outer of diameter 2R and the inner of
diameter 2r. The capacitance of the assembly is given by

9

eee (iit) J
log(R/r)

whereé,is the permittivity of free space ande,is the relative permittivity
of the mediumfilling the dielectric space between the tubes. A capacitive
transducer of this type effectively compares the dielectric constants ofair
and fuel respectively. If the sensor is partly immersed in a dielectric liquid
such as fuel, the resulting capacitance may be shown to be a linear
function of the depth of immersion.

 
Figure 11.4 Concentric tube capacitive level sensor.

 
 
 
 
 

11.2.1 The Effect of Dielectric Variation

 If the permittivity of a range of petroleum-based automotive fuels is
measuredit is found to vary by around 5%. In addition additives such as
those used in unleaded petrol can increase these variations by very large
factors. To be successful therefore a capacitive fuel sensor must include
some form of compensation for variations in the dielectric properties of
fuel. A typical compensated system is described in [1]. Two probes are
used, one of which acts as the reference for fuel type, and one which
measures the height of fuel in the tank. The reference probeis fitted in the
fuel line so that it is completely immersed and has a continuous fuel flow
through it. This is so that the fuel permittivity can be constantly checked,
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and it should correspond closeJy to that in the tank. The main problem 
with this system is reported to be the difficulty of ensuring that the 
reference probe is completely immersed at aU times. If for example, the 
tank is run dry, some reliable means of refilling the reference probe is 
required. 

11.3 OPTICAL LIQUID LEVEL SENSING 

Very few optical fuel level sensors have been described in the research 
literature although a number of fuel flow sensors based on optical 
techniques have been reported [3]. Obviously, the quantity of fuel 
remaining can be derived [Tom a flow measurement by integration if the 
initial conditions are known. 

Optical sensors for engine oil level have been more frequently reported 
however. A typical example is described in [4]. The device depends for its 
operation on the modification to total internaJ reflection which occurs 
when ao optical component is immersed in a liquid. As shown in figure 
11.5, a light-reflecting 90° prism will return all of the input energy to a 
detector if it is in air, but loses orne of the incident light when immersed 
in liquid. The igna.l from the photo ensar therefore indicates whether the 
device is immersed providing a imple go/no-go output. 

Light '""'co [:] pt.,,,,,,,.,,, 

0 I a) Oil 

o Light source 

~ Ph""'''''''' 

0 

fl ( b) Oil 

Figure 11.5 Principles of optical fluid level detection: (a) simple 
prism liquid level sensor; (b) prismatic light guide level sensor. 
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andit should correspond closely to that in the tank. The main problem
with this system is reported to be the difficulty of ensuring that the
reference probe is completely immersed atall times. If, for example, the
tank is run dry, some reliable meansofrefilling the reference probe is
required,

11.3 OPTICAL LIQUID LEVELSENSING

Very few optical fuel level sensors have been described in the research
literature, although a number of fuel flow sensors based on optical
techniques have been reported [3]. Obviously, the quantity of fuel
remaining can be derived from a flow measurement byintegration if the
initial conditions are known.

Optical sensors for engine oil level have been more frequently reported,
however. A typical example is describedin [4]. The device dependsforits
operation on the modification to total internal reflection which occurs
when an optical component is immersed in aliquid. As shown in figure
11.5, a light-reflecting 90° prism will return all of the input energy to a
detectorif it is in air, but loses some of the incident light when immersed
in liquid. The signal from the photosensor therefore indicates whether the
device is immersed, providing a simple go/no-go output.

Light source Photodetector

ta) il

& Light source

  
 

 
Photodetector

Figure 11.5 Principles of optical fluid level detection: (a) simple
prism liquid level sensor; (b) prismatic light guide level sensor.
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A number of problems have been reported with this approach. Residual 
oil films and droplets on the base of the prism can introduce monitoring 
errors. The solution proposed is to use the sides of the device for 
reflection, rather than the base, as shown in figure l1.S(b). 

An alternative approach is to replace the prism with an exposed optical 
fibre as shown in figure 11.6. A single fibre (a monofilament) is bent 
through 1800 with a fixed radius at the sensing point. If the sensor is in air 
total internal reflection ensures that almost all of the energy returns to the 
photodetector. If it is immersed in a liquid some or all of the light will 
emerge and be lost in the fluid, reducing the detector output signal 
amplitude. 

(a) ( b) 

Light source Detector 

Figure 11.6 Optical fibre liquid level detector: (a) total internal 
reflection; (b) light lost to liquid. 

The advantage of the optical fibre technique is that the light source and 
detector can be positioned away from the engine, unlike the system shown 
in figure l1.S(b). The main disadvantages, however, are that the use of a 
monofilament requires precision connectors and sensitive photocouplers. 
In addition the technique appears vulnerable to error if an oil film or 
droplets form on the sensor. 

11.4 RESONANT STRUCTURES FOR LIQUID LEVEL SENSING 

An electrically driven mechanical oscillator in the form of a solid rod can 
be used to sense the depth to which the rod is immersed in a liquid. Fluid 
loading and viscous damping effects cause changes in the resonance 
frequency of the rod, and these can be measured and used to deduce the 
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A numberof problems have been reported with this approach. Residual
oil films and droplets on the base of the prism can introduce monitoring
errors. The solution proposed is to use the sides of the device for
reflection, rather than the base, as shownin figure 11.5(b).

Analternative approach is to replace the prism with an exposed optical
fibre as shownin figure 11.6. A single fibre (a monofilament) is bent
through 180° with a fixed radius at the sensing point. If the sensorts in air
total internal reflection ensures that almostall of the energy returns to the
photodetector. If it is immersed in a liquid some orall of the light will
emerge and be lost in the fluid, reducing the detector output signal
amplitude.

(a) (b)

Light source=Qetector

Figure 11.6 Optical fibre liquid level detector: (a) total internal
reflection; (b) light lost to liquid.

The advantage of the optical fibre techniqueis that the light source and
detector can be positioned away from the engine, unlike the system shown
in figure 11.5(b). The main disadvantages, however, are that the use of a
monofilament requires precision connectors and sensitive photocouplers.
In addition the technique appears vulnerable to error if an oil film or
droplets form on the sensor,

114 RESONANT STRUCTURES FOR LIQUID LEVEL SENSING

Anelectrically driven mechanical oscillator in the form of a solid rod can
be used to sense the depth to which the rodis immersed in a liquid. Fluid
loading and viscous damping effects cause changes in the resonance
frequency of the rod, and these can be measured and used to deduce the
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liquid level. A number of liquid level sensors of this type have been 
proposed (see, for example, [3]). However, other reports suggest that it is 
difficult to distinguish between a moistened (i.e. covered with a liquid 
film) and an immersed sensor of this type over the full temperature range 
found in automotive applications [5]. 

A typical sensor construction is shown in figure 11.7. A rod of 
aluminium or stainless steel is used, which acts as an electromechanical 
resonator. Two piezoelectric transducers are attached to the orthogonal 
axes of the rod. One of these provides the actuation which sets the rod 
into bending resonance, while the other transduces the motion back into 
an electrical signal which is fed to a phase-locked loop (PLL) circuit. As the 
depth of immersion is varied the resonance frequency changes, and the 
output from the PLL circuit is a function of this depth. 

Liquid level 

Thermistor 
and density 
sensor (if needed) 

Figure 11.7 Resonating rod level sensor. 

The amplitude of the flexural vibrations of the rod is very small. 
Reference [3J gives as a typical figure ± 1 f-Lm. The change in resonance 
frequency is tberefore mainly a function of the fluid loading ratber tban 
being due to viscous or shear effect . It is claimed that ensors of this 
type can measure fluid mass, if the geometry of the urrounding 
container is known and if the fluid density is constant. The density 
dependence probably means that this technology is restricted to fuel tank 
level sensing, since other automotive liquids (and in particular engine oil 
and hydraulic fluid) experience quite large density changes as their 
temperatw-e rises. 
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liquid level. A number of liquid level sensors of this type have been
proposed(see, for example, [3]). However, other reports suggest thatit is
difficult to distinguish between a moistened (i.e. covered with a liquid
film) and an immersedsensorof this type over the full temperature range
found in automotive applications[5].

A typical sensor construction is shown in figure 11.7. A rod of
aluminium orstainless steel is used, which acts as an electromechanical

resonator. Two piezoelectric transducers are attached to the orthogonal
axes of the rod. One of these provides the actuation which sets the rod
into bending resonance, while the other transduces the motion back into
an electrical signal whichis fed to a phase-locked loop (PLL) circuit. As the
depth of immersion is varied the resonance frequency changes, and the
output from the PLL circuit is a function of this depth.

Piezoelectric
transducers

Liguid level

Thermistor

pex) and densitysensor {if needed)

  
Figure 11,7 Resonating rod level sensor.

The amplitude of the flexural vibrations of the rod is very small.
Reference [3] gives as a typical figure +1 jum. The change in resonance
frequency is therefore mainly a function of the fluid loading, rather than
being due to viscous or shear effects. It is claimed that sensors of this
type can measure fluid mass, if the geometry of the surrounding
container is known and if the fluid density is constant. The density
dependence probably meansthat this technologyis restricted to fuel tank
level sensing, since other automotive liquids (and in particular engine oil
and hydraulic fluid) experience quite large density changes as their
temperaturerises.
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According to [3], devices of the type described above are commercially 
available for sensing the level of fuel in bulk delivery vehicles. However, 
widespread automotive use of the resonator principle has not been 
reported. This is probably because of technical difficulties such as the 
density dependen~~ mentioned above, and may also be because the 
technology required is relatively expensive and cannot compete in cost with 
the simple float/potentiometer designs described earlier. 

11.5 THERMAL LIQUID LEVEL SENSORS 

Thermistors (see chapter 5) are sometimes used to give a crude indication 
of liquid level. Since a thermistor is self-heating, its equilibrium 
temperature when subjected to a constant current depends on the heat 
transfer conditions between the device and its environment. The 
temperature of a ther,mistor obviously affects its resistance, and a step 
change in resistance i~ seen if a previously submerged thermistor is 
exposed to the air (or ~ice versa). This phenomenon can be exploited in 
the design of sensors for engine oil, hydraulic fluid and windscreen washer 
water level. No analogue indication of the liquid level is given, but a 
simple 'yes/no' level warning can readily be obtained. 

Thermistor level sensors of this type are most commonly used as dipstick 
engine oil detectors. This is because the small physical size (see chapter 5) 
of a thermistor allows it to be mounted on a conventional engine dipstick 
and inserted through the narrow opening provided for access. 

A number of difficulties are commonly experienced with this type of level 
detection. First, there is a delay in reaching steady-state conditions after the 
current is switched on. In severe cases this may mean that the car can be 
driven away before an indication of dangerously low oil level is given. 

Other problems are that the 'switching point' is partially dependent 
upon the temperature of the working fluid (normally oil). The switching 
point may also be affected by any liquid film adhering to the sensor. Since 
the impedance of a thermistor is relatively low, special care is needed to 
ensure that low-resistance cable and interconnections are used. 

REFERENCES 

[1] Clark A J and Sikka J 1979 A new capacitive fuel level transducer 
Proc. 2nd Int. Conf on Automotive Electronics (London: lEE) pp 
159--65 ISBN 0 85296 210 X 

[2] Huddart J 1979 An alternative approach to automotive fuel gauging 
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According to [3], devices of the type described above are commercially
available for sensing the level of fuel in bulk delivery vehicles. However,
widespread automotive use of the resonator principle has not been
reported. This is probably because of technical difficulties such as the
density dependence mentioned above, and may also be because the
technologyrequired is relatively expensive and cannot compete in cost with
the simple float/potentiometer designs described earlier.

11.5 THERMAL LIQUID LEVEL SENSORS

Thermistors (see chapter 5) are sometimes usedto give a crude indication
of liquid level. Since a thermistor is self-heating, its equilibrium
temperature when subjected to a constant current depends on the heat
transfer conditions between the device and its environment. The

temperature of a thermistor obviously affects its resistance, and a step
change in resistance is seen if a previously submerged thermistor is
exposed to the air (or vice versa). This phenomenoncan be exploited in
the design of sensors for engine oil, hydraulic fluid and windscreen washer
water level. No analogue indication of the liquid level is given, but a
simple ‘yes/no’ level warning can readily be obtained.

Thermistorlevel sensors of this type are most commonlyused as dipstick
engine oil detectors. This is because the small physical size (see chapter 5)
of a thermistor allows it to be mounted on a conventional engine dipstick
and inserted through the narrow opening providedfor access.

A numberof difficulties are commonly experienced withthis type of level
detection. First, there is a delay in reaching steady-state conditions after the
current is switched on. In severe cases this may mean that the car can be
driven awaybefore an indication of dangerously low oil levelis given.

Other problems are that the ‘switching point’ is partially dependent
upon the temperature of the working fluid (normally oil). The switching
point mayalso be affected byanyliquid film adhering to the sensor. Since
the impedance ofa thermistoris relatively low, special care is needed to
ensure that low-resistance cable and interconnections are used.
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Smart Sensors 

The term 'smart sensor' is not yet in widespread use, although a number of 
somewhat conflicting definitions have been promulgated. Indeed, at the 
time of writing it is claimed that there are no integrated smart sensors on 
the market [1]. It is sensible therefore to try and define what a smart 
sensor is, and what it can do, before moving on to examine the potential 
automotive applications of such a device. 

A smart sensor is an electronic device which combines all of the 
functions needed for measurement and subsequent data conversion to 
produce a bus-compatible digital output signal. To create a smart sensor 
many silicon micromachining and fabrication techniques are exploited: a 
silicon sensing element is combined with analogue signal conditioning 
circuits, temperature or other compensation systems, linearisation circuits, 
and analogue to digital conversion. 

Smart sensors do not necessarily have to take the form of a single-chip 
silicon device. Studies have been reported in which two or three silicon 
devices are interconnected using thick-film hybrid construction 
techniques. Thick-film sensing elements may also be used. The resulting 
assembly is called a smart sensor by some workers, although the 
package size is of course larger than that achieved by a single-chip 
silicon device. 

The output of a smart sensor is configured in a standard digital form, 
suitable for connection to a microprocessor bus. Many smart sensor 
designs include a microprocessor on the chip to handle tasks such as 
compensation, linearisation and bus communication. Self-testing, 
calibration or diagnostic functions can also be built-in. However, in at least 
one study it has been found that there is an unacceptable increase in 
silicon area and complexity, and hence a prohibitive cost penalty, when a 
microprocessor is included on the chip [2]. The optimum division of 
responsibility between the smart sensor and the main system 
microprocessor appears to be a very difficult matter to determine. 
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The term ‘smart sensor’ is not yet in widespread use, although a numberof
somewhatconflicting definitions have been promulgated. Indeed, at the
time of writing it is claimed that there are no integrated smart sensors on
the market [1]. It is sensible therefore to try and define what a smart
sensor is, and whatit can do, before moving on to examine the potential
automotiveapplications of such a device,

A smart sensor is an electronic device which combinesall of the

functions needed for measurement and subsequent data conversion to
produce a bus-compatible digital output signal. To create a smart sensor
many silicon micromachining and fabrication techniques are exploited: a
silicon sensing element is combined with analogue signal conditioning
circuits, temperature or other compensation systems, linearisationcircuits,
and analogueto digital conversion.

Smart sensors do not necessarily have to take the formofa single-chip
silicon device. Studies have been reported in which twoorthree silicon
devices are interconnected using thick-film hybrid construction
techniques. Thick-film sensing elements mayalso be used. The resulting
assembly is called a smart sensor by some workers, although the
package size is of course larger than that achieved by a single-chip
silicon device.

The output of a smart sensoris configured in a standard digital form,
suitable for connection to a microprocessor bus. Many smart sensor
designs include a microprocessor on the chip to handle tasks such as
compensation, linearisation and bus communication. Self-testing,
calibration or diagnostic functions can also be built-in. However, inat least
one studyit has been found that there is an unacceptable increase in
silicon area and complexity, and hence a prohibitive cost penalty, when a
microprocessor is included on the chip [2]. The optimumdivision of
responsibility between the smart sensor and the main system
microprocessor appearsto be a very difficult matter to determine.
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12.1 THE NEED FOR SMART SENSORS IN AUTOMOTIVE 
ENGINEERING 
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Sensors are essential in any automatic control system. In general control of 
any automated process (such as management of the ignition timing or fuel 
injection in a car engine) is achieved by three functional blocks, as shown 
in figure 12.1. Sensors are used to acquire information about the process to 
be controlled, a microprocessor is w;ed to decide what action should be 
taken, and finally actuators are used to carry out the actions determined 
by the microprocessor. 

Figure 12.1 The three blocks comprising an automated process. 

The costs associated with these three blocks have changed in a markedly 
different manner over the past 20 years. For actuators, such as electric 
motors, the price-performance ratio has improved by a factor of 
approximately 10. For microprocessors and computing power in general 
the improvement is much more marked, and has been estimated to be of 
the order of 1000 [1]. For an average sensor, however, the 
price-performance ratio has only improved by a factor of three. Moreover, 
each kind of sensor requires its own specialised signal conditioning system, 
which makes the application of electronic instrumentation expensive. This 
lag in the progress of sensor technology hampers the process of 
automation and it application to motor vehicles, and it is this deficiency 
which the 'smart sensor' approach is attempting to address. 

The modern car contains on average about 30 sensors. These include, 
for example, the transducers necessary to ensure efficient and clean 
operation of the engine. Typical automotive measurands are described 
elsewhere in this book, and include temperature, air flowrate, pressure, 
chemical concentration and so on. In a conventional data acquisition 
system these transducers are connected to the central microprocessor in a 
'star' configuration, as shown in figure 12.2(a). Each sensor is connected to 
its own local signal conditioning circuit and has its own wiring. The size 
and cost of the wiring looms is rapidly becoming unacceptable, and the 
problem is likely to grow, since it is predicted that the number of sensors 
on a vehicle will exceed 100 by the end of the century [3]. 

The wiring problem outlined above is solved by the adoption of the 
smart sensor approach shown in figure 12.2(b). Each sensor is now 
provided with its own integrated circuit, which conditions the sensor 
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12.1 THE NEED FOR SMART SENSORS IN AUTOMOTIVE
ENGINEERING

Sensors are essential in any automatic control system. In general control of
any automated process (such as managementofthe ignition timing orfuel
injection in a car engine) is achieved by three functional blocks, as shown
in figure 12,1. Sensors are used to acquire information aboutthe processto
be controlled, a microprocessor is used to decide what action should be
taken, and finally actuators are used to carry out the actions determined
by the microprocessor,

>| Sensor oe | Computer [> / Actuator Le( l .} Le
Ph

Figure 12.1 The three blocks comprising an automated process.

 

 

The costs associated with these three blocks have changed in a markedly
different manner over the past 20 years. For actuators, such as electric
motors, the price-performance ratio has improved by a factor of
approximately 10. For microprocessors and computing powerin general
the improvement is much more marked, and has been estimated to be of
the order of 1000 [1]. For an average sensor, however, the
price—performanceratio has only improvedbya factor of three. Moreover,
eachkind of sensorrequires its own specialised signal conditioning system,
which makes the application of electronic instrumentation expensive. This
lag in the progress of sensor technology hampers the process of
automation, andits application to motorvehicles, and it is this deficiency
which the ‘smart sensor’ approachis atlempting to address.

The modern car contains on average about 30 sensors. These include,
for example, the transducers necessary to ensure efficient and clean
operation of the engine. Typical automotive measurands are described
elsewhere in this book, and include temperature, air flowrate, pressure,
chemical concentration and so on. In a conventional data acquisition
system these transducers are connected to the central microprocessor in a
‘star’ configuration, as shownin figure 12.2(a). Each sensor is connected to
its own local signal conditioning circuit and has its own wiring. The size
and cost of the wiring loomsis rapidly becoming unacceptable, and the
problemis likely to grow, since it is predicted that the number of sensors
on a vehicle will exceed 100 by the end ofthe century [3].

The wiring problem outlined above is solved by the adoption of the
smart sensor approach shownin figure 12.2(b). Each sensor is now
provided with its own integrated circuit, which conditions the sensor
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signal, compensates and linearises it as necessary, and interfaces with a 
digital transducer bus which links all the sensors in a 'ring-main' 
arrangement as shown. This systematic and standardised approach has 
obvious advantages and greatly simplifies the wiring. A similar strategy 
has been applied in aircraft for a number of years, but separate sensing, 
signal conditioning and digital modules are used. The approach used in 
aircraft has until now been far too expensive for automotive engineering, 
but now seems likely to become cost-effective with the introduction of 
single-chip smart silicon or hybrid microelectronic sensing devices. The 
manufacturing technology which has made possible a thousand-fold 
reduction in the cost of computing power can also be used to manufacture 
smart sensors, in which the sensor and its associated electronics are 
integrated on one chip, without the need for any external components. 

Central 
processor 

Central 
processor 

I al 

Figure 12.2 Wiring simplification achieved by smart sensors. (a) 
Conventional star connection for automotive sensing. (b) Distributed 
smart sensing system with ' ring main' digital bus. Sensors are shown as 

•• 
12.2 MANUFACTURING SMART SENSORS 

To make a smart sensor the appropriate transducers and circuits have to 
be combined on a single piece of silicon, or else fabricated using thick-film 
techniques as a hybrid circuit. The manufacturing processes used can 
severely restrict the sensing techniques available. The feasibility of 
manufacturing an integrated (silicon or hybrid) sensor may be assessed by 
answering the following questions: 
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signal, compensates and linearises it as necessary, and interfaces with a
digital transducer bus which links all the sensors in a ‘ring-main’
arrangement as shown. This systematic and standardised approach has
obvious advantages andgreatly simplifies the wiring. A similar strategy
has been appliedin aircraft for a numberof years, but separate sensing,
signal conditioning and digital modules are used. The approach used in
aircraft has until now beenfar too expensive for automotive engineering,
but nowseemslikely to become cost-effective with the introduction of
single-chip smart silicon or hybrid microelectronic sensing devices. The
manufacturing technology which has made possible a thousand-fold
reduction in the cost of computing powercan also be used to manufacture
smart sensors, in which the sensor and its associated electronics are

integrated on one chip, without the need for any external components.

Central
processor  
Central
processor  

Figure 12.2) Wiring simplification achieved by smart sensors. (a)
Conventional star connection for automotive sensing. (b) Distributed
smart sensing system with ‘ring main’ digital bus. Sensors are shown as

12.2; MANUFACTURING SMART SENSORS

 To make a smart sensor the appropriate transducers and circuits have to
be combined on a single piece ofsilicon, or else fabricated using thick-film
techniques as a hybrid circuit. The manufacturing processes used can

\ severely restrict the sensing techniques available. The feasibility of
manufacturing an integrated (silicon or hybrid) sensor maybe assessed by
answering the following questions:
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(i) Is the device to be made in sufficient quantities to warrant the 
expense of setting up a silicon production facility? As a very rough rule of 
thumb, silicon devices only become cost-effective if at least 300000 are to 
be made. 

(ii) Can a suitable transducer be made using standard silicon 
micromachining techniques? Or is it possible to use thick-film 
piezoresistors as the sensing element? 

(iii) What signal conditioning and conversion circuits are needed, and 
can they be implemented without external components (which 
dramatically increase the cost)? 

(iv) If the answers to questions (i) , (ii) and (iii) rule out a single-chip 
silicon solution, is a hybrid (surface-mounted silicon components with 
thick-film interconnections and/or sensing element) solution feasible? 

(v) Do any new possibilities result from combining sensors and 
circuits on one device? 

(vi) Is a large research effort necessary to design the device? 

12.2.1 Restrictions Inherent in Silicon Processing 

Standard IC fabrication techniques have been used to produce sensors 
for the six energy domains summarised in table 12.1, which is taken from 
[1]. It should of course be borne in mind whenever the use of silicon 
is contemplated that the upper operating temperature is limited to about 
200°C. This restriction does not apply to thick-film sensing elements, 
which in the form of piezoresistors will operate up to about 400°C. 

The silicon optical sensors are mainly diode-based. Up to 106 diodes can 
be placed on one silicon chip for use in applications such as charge
coupled device (CCD) solid state television cameras. Phototransistors are 
used for sensing low light levels, and position-sensitive photodetectors are 
also available for measuring the position of a light spot. The main 
difficulty encountered in fabricating optical sensors from silicon is that a 
transparent window is required. 

Silicon temperature sensors are also relatively easy to make. As 
discussed in chapter 5 (section 5.4), a PN junction makes a good 
temperature sensor. The ambient temperature usually penetrates a 
standard IC package relatively quickly, although care has to be taken to 
ensure that the on-board circuitry does not generate so much self-heat that 
an error is introduced. Thermocouple arrays can also be deposited by 
standard thin-film techniques, and with this approach quite small 
temperature changes (of the order of ±0.1 0c) can be detected. Heat-flux 
sensors (again see chapter 5) can also be made by adapting the packaging 
technique used. 
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(i) Is the device to be made in sufficient quantities to warrant the
expense of setting up a silicon productionfacility? As a very rough rule of
thumb,silicon devices only become cost-effective if at least 300000are to
be made.

(ii) Can a suitable transducer be made using standard silicon
micromachining techniques? Or is it possible to use thick-film
piezoresistors as the sensing element?

(iii) What signal conditioning and conversion circuits are needed, and
can they be implemented without external components (which
dramatically increase the cost)?

(iv) If the answers to questions(i), (ii) and (iii) rule out a single-chip
silicon solution, is a hybrid (surface-mounted silicon components with
thick-film interconnections and/orsensing element) solution feasible?

(v) Do any newpossibilities result from combining sensors and
circuits on one device?

(vi) Isa large research effort necessary to design the device?

12.2.1 Restrictions Inherent in Silicon Processing

Standard ic fabrication techniques have been used to produce sensors
for the six energy domains summarised in table 12.1, which is taken from
[1]. It should of course be borne in mind whenever the use of silicon
is contemplated that the upper operating temperature is limited to about
200°C, This restriction does not apply to thick-film sensing elements,
whichin the form ofpiezoresistors will operate up to about 400 °C.

Thesilicon optical sensors are mainly diode-based. Up to 10° diodes can
be placed on one silicon chip for use in applications such as charge-
coupled device (ccD) solid state television cameras. Phototransistors are
used for sensing low light levels, and position-sensitive photodetectors are
also available for measuring the position of a light spot. The main
difficulty encountered in fabricating optical sensors from silicon is that a
transparent windowis required.

Silicon temperature sensors are also relatively easy to make. As
discussed in chapter 5 (section 5.4), a PN junction makes a good
temperature sensor. The ambient temperature usually penetrates a
standard Ic package relatively quickly, although care has to be taken to
ensure that the on-board circuitry does not generate so muchself-heat that
an error is introduced. Thermocouple arrays can also be deposited by
standard thin-film techniques, and with this approach quite small
temperature changes (of the order of +0.1 °C) can be detected. Heat-flux
sensors (again see chapter 5) can also be made by adapting the packaging
technique used.
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Table 12.1 Sensors which can be fabricated in silicon by standard Ie proccsses. 

Sensor type Main problems 

1 Optical 
Photodiode for sensing 

brightness 
colour 
radiation 

Charge-coupled devices: 
Phototransistor 
Position sensitive devices 

2 Mechanical 
Piezorcsistors for sensing 

force 
pressure 
acceleration 

Capacitive techniques for 
displacement 
tactile sensing 

3 Thermal 
PN junctions for temperature 
Thermocouples for temperature and 'heat-f1ux 

4 Magnetic sensors 

5 Hall effect for proximity, rotation rate 

6 Chemical sensors 
Chemocapacitors for moisture 
ISFET for chemical concentration, pH 
SAW (surface acoustic wave) devices for 

gas composition 

Encapsulation 

Encapsulation 

Micromachining 

Encapsulation 

Self-heating 
Encapsulation 

None 

Special processing 
Special processing 
Special processing 

Much more difficult problems have to be overcome in designing 
mechanical sensors in silicon. The measurand here is usually displacement 
(or a derived quantity such as force, pressure, acceleration etc). 
Piezoresistors and piezojunctions can be made using standard processes, 
but micromachining techniques are required if membranes, cantilevers or 
other mechanical structures are required. 

Chemical sensors are also difficult to manufacture in silicon. Integrated 
circuits are normally encapsulated to shield the device from chemical 
attack by water or other aggressive agents. However, this requirement is in 
direct contravention to the need to expose the device to chemical agents 
for measurement purposes. Nevertheless, measurands such as the 
hydrocarbon concentration in a car exhaust have been addressed 
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Table 12.1. Sensors which canbe fabricated in silicon by standard Ic processes. 

Sensor type Main problems  

1 Optical
| Photodiodelorsensing Encapsulation

brightness
colour
radiation

} Charge-coupled devices: Encapsulation
b Phototransistor

Position sensitive devices |

2 Mechanical

' Piezoresistors for sensing Micromachining
force

| pressure /
acceleration

Capacitive techniques for Encapsulation
displacement
tactile sensing

 
 ———

3. Thermal

PN junctions for temperature Self-heating
Thermocouples for temperature and‘heat-flux Encapsulation

4 Magnetic sensors |

5 Hall effect for proximity, rotation rate None

6 Chemical sensors

Chemocapacitors for moisture Special processing
ISFET for chemical concentration, pH Special processing
saw(surface acoustic wave) devices for Special processing

gas composition

 Much more difficult problems have to be overcome in designing
; mechanical sensorsin silicon. The measurand hereis usually displacement

(or a derived quantity such as force, pressure, acceleration etc).
Piezoresistors and piezojunctions can be made using standard processes,
but micromachining techniques are required if membranes, cantilevers or

Hl other mechanical structures are required.
Chemical sensors are also difficult to manufacture in silicon. Integrated

. circuits are normally encapsulated to shield the device from chemical
‘ attack by water or other aggressive agents. However, this requirementis in

direct contravention to the need to expose the device to chemical agents
| for measurement purposes. Nevertheless, measurands such as the

hydrocarbon concentration in a car exhaust have been addressed
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successfully using transducers such as ion-sensitive field effect transistors 
(rsFETs). 

The final ensor group likely to be of interest to automotive engineers is 
magnetic transducers. Silicon magnetic sen ors are almost alway based on 
tile Hall effect [4]. and can easily be integrated u iog standard fabrication 
proces es for application such as contaclle s switches, proximity sen ors 
or rotation rate transducers. A magnetic field wi ll readily penetrate most 
standard [ packages. 

12.2.2 Restrictions Inherent in Thick-film Hybrid Manufacturing 

Thick-film materials are fired at a temperature of around 800-900°C. 
They must therefore be laid down onto a suitable substrate. The materials 
most commonly used are alumina-ba ed ceramics or stainless steel [5J. 
Although thO requirement may appear to impose a severe restriction, it 
has the benefit of allowing thick-film transducer to be operated at 
temperatllres up to 300°C or more without damage. Obviously, with a 
hybrid construction in whjch silicon devices are placed on the arne 
substrate it is not possible to operate at such rugb 'temperature without 
resorting to peGial cooling or in ulating techniques. 

Thick-film sen ors are u ually based on piezoresi tors and are therefore 
routinely used in application such as force , acceleration or pre ure 
measurement. Research is cUlTently under way into other area, such as 
chemical sensing and the production of piezoelectric thick-film inks and it 
ee01S likely lhat thick-,fiLm transducers will eventually be available for use 

with measurands other than force/displacement. 

12.3 CONCLUSIONS 

Combining the sensing element and some or all of the signal processing 
and conversion circuits on one chip or hybrid assembly has a number of 
obvious advantages. The device is low cost if sufficient numbers are 
produced, and since batch processing is used the device-to-device variation 
is very small. The interconnections are very short, so the sensitivity to 
elecll'omagnetic interference is greatly reduced. This may be a very 
con iderabJe advantage in automotive applications. A considerable wiring 
reduction is achieved, with typically onJy two wires being required to 
connect the smart devic to a central controller. Cross sensitivities may be 
reduced or eliminated by adding sensing elements which respond only to 
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successfully using transducers such as ion-sensitive field effect transistors
(ISFETs).

Thefinal sensor grouplikely to be of interest to automotive engineersis
magnetic transducers. Silicon magnetic sensors are almost always based on
the Hall effect [4], and can easily be integrated using standard fabrication
processes for applications such as contactless switches, proximity sensors
or rotation rate transducers. A magnetic field will readily penetrate most
standardIc packages.

12,2,2 Restrictions Inherent in Thick-film Hybrid Manufacturing

Thick-film materials are fired at a temperature of around 800-900 °C.
They must therefore be laid down onto a suitable substrate, The materials
most commonly used are alumina-based ceramics or stainless steel [5].
Although this requirement may appear to impose a severe restriction, it
has the benefit of allowing thick-film transducers to be operated at
temperatures up to 300°C or more without damage. Obviously, with a
hybrid construction in which silicon devices are placed on the same
substrate it is not possible to operate at such high temperatures without
resorting to special cooling or insulating techniques.

Thick-film sensors are usually based on piezoresistors, and are therefore
routinely used in applications such as force, acceleration or pressure
measurement. Research is currently under way into other areas, such as
chemical sensing and the production of piezoelectric thick-film inks, and it
seemslikely that thick-film transducers will eventually be available for use
with measurands other than force/displacement.

12.3 CONCLUSIONS

Combining the sensing element and someorall of the signal processing
and conversion circuits on one chip or hybrid assembly has a numberof
obvious advantages. The device is low cost if sufficient numbers are
produced,andsince batch processing is used the device-to-device variation
is very small. The interconnections are very short, so the sensitivity to
electromagnetic interference is greatly reduced. This may be a very
considerable advantage in automotive applications. A considerable wiring
reduction is achieved, with typically only two wires being required to
connect the smart device to a central controller. Cross sensitivities may be
reduced or eliminated by adding sensing elements which respond only to
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the unwanted parameters, enabling appropriate corrections to be made at 
the signal processing stage. Similarly, offsets and nonlinearities can be 
adjusted. Smart sensors can be made very small, and may therefore be 
placed in positions which are not practical when 'standard' sensors are 
used. In automotive engineering this may for example make it possible to 
perform much more detailed cylinder-by-cylinder monitoring of the 
combustion process than is possible at present. 

In considering any engineering system it is seldom possible to present a 
list of advantages without compiling a corresponding list of disadvantages, 
and smart sensors are no exception. The main drawbacks of smart sensors 
are that the initial tooling-up costs of silicon fabrication are high, and may 
only be justified when a large number (>100000) of devices arc required. 
If smaller numbers are needed thick-film hybrid construction may be a 
better alternative. The close proximity of sensing elements and circuitry 
can lead to unexpected feedback problems, such as self-heating. It is 
difficult to make the transducing clement sensitive to a given measurand 
without also giving the adjacent circuitry some sensitivity. In many smart 
sensors made from silicon the circuitry is exposed to the measurand, which 
compounds the problem. 
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13 

Sensors for Intelligent Vehicles on the 
Road 

For almost its entire existence the car has been considered to be a self
contained people-transporting system, with its control and communication 
with the outside world handled entirely by the driver, perhaps with help 
from the passengers on some occasions! The driver views the traffic and 
the road scene ahead and controls the vehicle appropriately for the 
situation in that scene. The driver listens to the engine noise and changes 
gear accordingly, and even monitors normal operation by subconsciously 
listening for unusual noises as an indicator of any incipient fault. However, 
as traffic congestion has increased, road systems have become more 
complicated and practical vehicle speeds have increased, the sensory and 
control load on the driver has become greater and the driver's ability to 
react in an emergency has been compromised. 

Together with this increase in driver load has been combined the long
present problem of navigation of the vehicle in what may be an unfamiliar 
road system to a destination identified only as a point on a street map. 
This frequently results in dangerous situations where the driver attempts 
to drive and read a street map at the same time, usually in a congested 
traffic situation. 

Because of the heavy traffic now commonly existing, the driver also has 
difficulty in reacting quickly enough to rapidly changing traffic and 
anticipating dangerous situations ahead such as obstacles (particularly in 
fog) , accidents and the dangerous overtaking conditions which may exist 
on high-speed motorways. 

This unsatisfactory situation has led to extensive development of vehicle 
navigation systems, and of methods of communication between individual 
vehicles and between vehicles and the road infrastructure, giving the 
ability to provide vehicle route guidance and navigation systems and 
warnings to the driver of dangerous situations, accidents and traffic 
congestion which can then be avoided. Much of this development is 
currently taking place within the major joint European research 
programmes PROMETHEUS and DRIVE, where it is known as Road 

231

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

13

Sensorsfor Intelligent Vehicles on the
Road
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contained people-transporting system, with its control and communication
with the outside world handled entirely by the driver, perhaps with help
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gear accordingly, and even monitors normal operation by subconsciously
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anticipating dangerous situations ahead such as obstacles (particularly in
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This unsatisfactorysituation has led to extensive developmentofvehicle
navigation systems, and of methods of communication between individual
vehicles and between vehicles and the road infrastructure, giving the
ability to provide vehicle route guidance and navigation systems and
warnings to the driver of dangerous situations, accidents and traffic
congestion which can then be avoided. Much of this development is
currently taking place within the major joint European research
programmes PROMETHEUS and DRIVE, where it is known as Road
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Transport Informatics (RTI). Similar work is also in progress in the USA 
(known there as Intelligent Vehicle Highway Systems (IVHS)) and in 
Japan. 

The PROMETHEUS programme was started as an initiative of the 
European automotive industry and has been operating since 1986 within 
the framework of the Europe-wide EUREKA research project; it is 
dedicated to considering vehicles as active elements integrated into the 
road traffic and transport system. The DRIVE programme was started in 
1987 and is a European Community (EC) project concerned more with the 
development of the infrastructure associated with road traffic and 
transport than with the vehicle itself. 

The two projects have operated interdependently from the start, but 
have become more closely integrated since 1989 through a coordinating 
committee (SEFCO), and since 1991 through a more comprehensive 
coordinating organisation (ERTICO), with the task of defining a suitable 
implementation strategy for the results of the developments from 
PROMETHEUS, DRIVE and other relevant European R&D projects. 

The major PROMETHEUS and DRIVE projects which involve the 
significant use of sensors in vehicles are: 

(i) Dual-mode route guidance - the combination of an autonomous 
route guidance system using an on-board digital road map and dead
reckoning navigation equipment combined with an infrastructure-based 
system. 

(ii) Cooperative driving - self-organised cooperation between 
vehicles based on direct vehicle communication and vehicle 
infrastructure-vehicle communication supporting the control of 
manoeuvres within traffic for lane changing and overtaking, intelligent 
cruise control for harmonising speed and distance between 
vehicles, intelligent intersection control and medium-range pre
information to inform the driver in advance of safety and traffic-related 
occurrences. 

(iii) Vision enhancement - methods of enhancing visibility in adverse 
environmental conditions by the use of technologies such as infrared 
and/or ultraviolet illumination of the scene ahead of the driver, thermal 
imaging and gated intensified video camera technology combined with a 
head-up display. 

(iv) Collision avoidance - perceiving the environment and traffic 
situations using multiple sensors, predicting possible collisions with objects 
and other vehicles and providing appropriate driver information and 
possible intervention where appropriate. 

Similar issues and systems of vehicle information and control are being 
addressed in the USA through the more recently started IVHS 
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and other vehicles and providing appropriate driver information and
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programme and also in Japanese cooperative projects. Some of the 
equipment developed for use in these and other related projects and the 
systems and the sensors required are described in detail in the remainder 
of this chapter. 

13.1 NAVIGATION AND ROUTE GUIDANCE SYSTEMS 

Navigation systems for road vehicles have been of interest for a number of 
years, but it is only recently that the technology has become sufficiently 
developed to make possible reliable systems at an acceptable cost. 

The first practical system was developed by Blaupunkt (Bosch) and is 
known as ALI; it makes use of the inductive loop sensors in the road, 
which are commonly used to control traffic lights, to communicate 
between an inductive loop receiver/transmittex mounted in the vehicle and 
a central computer which coordinates traffic information for the area. 
Drivers input their required destination using a keyboard in the car; this is 
transmitted via the inductive loop system to the central computer which 
calculates the best route to the required destination avoiding traffic jams, 
road works, etc. It then gives the driver this routing information in the 
form of turning and direction instructions at each junction. 

Since ALI was developed two other methods, using short-range radio or 
infrared, have been used to communicate with vehicles at junctions, 
particularly to permit the transfer between vehicle and infrastructure of 
larger amounts of information. Development of self-contained on-board 
(autonomous) navigation systems has also made considerable progress in 
the last few years, making use of low-cost precision magnetic field sensors 
to obtain bearing heading information, and differential wheel rotation 
counting for turn information and distance travelled, together with 
comprehensive map information on compact disc and the capability of 
identifying the true position of the vehicle by matching the turns made by 
the vehicle to this map information. 

Systems making use of navigational information from satellites have 
also been developed, and the capability of some systems to use traffic 
information transmitted on the new radio data system (RDS) currently 
being introduced in Europe is under investigation, as is the possibility of 
using cellular radio. 

A large number of companies and organisations are developing systems, 
and significant development is taking place at Bosch/Blaupunkt, Philips 
and Siemens/GEe in Europe and ETAK in the USA. There is also a joint 
programme in Japan including all the major motor manufacturers and 
electronics suppliers. 
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programme and also in Japanese cooperative projects. Some of the
equipment developed for use in these and otherrelated projects and the
systems and the sensors required are described in detail in the remainder
of this chapter.

13.1 NAVIGATION AND ROUTE GUIDANCESYSTEMS

Navigation systems for road vehicles have beenof interest for a numberof
years, but it is only recently that the technology has become sufficiently
developed to makepossible reliable systems at an acceptable cost.

The first practical system was developed by Blaupunkt (Bosch) andis
known as ALI; it makes use of the inductive loop sensors in the road,
which are commonly used to control traffic lights, to communicate
betweenan inductive loop receiver/transmitter mounted in the vehicle and
a central computer which coordinates traffic information for the area.
Drivers input their required destination using a keyboardin the car;this is
transmitted via the inductive loop system to the central computer which
calculates the best route to the required destination avoiding traffic jams,
road works, etc. It then gives the driver this routing information in the
form of turning and direction instructions at each junction.

Since ALI was developed twoother methods, using short-range radio or
infrared, have been used to communicate with vehicles at junctions,
particularly to permit the transfer between vehicle and infrastructure of
larger amounts of information. Development ofself-contained on-board
(autonomous) navigation systems has also made considerable progress in
the last few years, making use of low-cost precision magnetic field sensors
to obtain bearing heading information, and differential wheel rotation
counting for turn information and distance travelled, together with
comprehensive map information on compact dise and the capability of
identifying the true position of the vehicle by matching the turns made by
the vehicle to this map information.

Systems making use of navigational information from satellites have
also been developed, and the capability of some systems to use traffic
information transmitted on the new radio data system (RDS) currently
being introduced in Europe is under investigation, as is the possibility of
using cellular radio,

A large number of companies and organisations are developing systems,
and significant development is taking place at Bosch/Blaupunkt, Philips
and Siemens/GEC in Europe and ETAK in the USA. There is alsoajoint
programme in Japan including all the major motor manufacturers and
electronics suppliers.
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The Bosch/Blaupunkt system is called Travelpilot and is modelled on a 
design by ET AK. It is self-contained and based on the storage of map 
information over a large area in digital form on a compact disc in the 
vehicle. This is combined with a dead-reckoning system which 
continuously measures distance travelled, differential wheel rotation and 
vehicle directional bearing. The driver selects a destination by punching in 
a suitable code on a keyboard in the vehicle and is then given a map of the 
area displayed on a cathode-ray tube with the positioning of the vehicle 
shown and the position and general direction of the destination, it is then 
up to the driver to follow the route on the displayed map which 
continually changes position to maintain the vehicle's position at the 
centre of the screen. 

The system overcomes the problems of accumulating error by 
identifying the true position of the vehicle by matching the turns made 
by the vehicle with the map stored on the compact disc. There is 
currently no capability for feeding traffic information into the system, 
although inputs from RDS or radio beacons could be added at additional 
cost. 

The Philips system, known as CARIN , is very similar in method of 
operation to the Bosch system, but as an alternative to the map display it 
can also provide a route guidance display as well as using voice synthesis 
to give information to the driver. It also requires a digitised map which is 
stored on compact disc in the vehicle, and in the same way as Bosch 
employs map matching to overcome the dead-reckoning accumulated 
error problem. Similarly to the Bosch system, there is currently no 
capability for feeding external traffic information into the system, but this 
could be provided at additional cost. Philips have been working closely 
with Renault on developing their system for in-vehicle use. 

The Siemens/GEC system, originally known as 'Autoguide' in the UK 
(now as APPLE) and 'ALI-SCOUT' in Germany, operates by using 
infrared transmitterlreceiver beacons at selected junctions to 
communicate directly with vehicles equipped with similar infrared 
transmitterlreceivers. Those beacons connect each vehicle to a central 
computer. A driver entering the area selects a destination by punching in 
a suitable code on a keyboard and the system displays the direction in 
which to turn at each junction, gives information on the distance from 
the turn and voice information on the necessary road lane to adopt. 
Route guidance is by a combination of the map information stored in the 
central computer and dead-reckoning based on measuring directional 
bearing and distance travelled, any resetting required taking place at 
infrared beacons. No compact disc storage of map information is 
required in the vehicle. 

A major advantage of the system in the urban situation is that the 
central computer automatically records the speed with which equipped 
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The Bosch/Blaupunkt systemis called Travelpilot and is modelled on a
design by ETAK., It is self-contained and based on the storage of map
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vehicle directional bearing. The driver selects a destination by punching in
a suitable code on a keyboard in the vehicle andis then given a map of the
area displayed on a cathode-ray tube with the positioning of the vehicle
shown and the position and general direction of the destination, it is then
up to the driver to follow the route on the displayed map which
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centre of the screen.

The system overcomes the problems of accumulating error by
identifying the true position of the vehicle by matching the turns made
by the vehicle with the map stored on the compact disc. There is
currently no capability for feeding traffic information into the system, 
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operation to the Bosch system, but as an alternative to the map displayit
can also provide a route guidance display as well as using voice synthesis
to give information to the driver. It also requires a digitised map whichis
stored on compact disc in the vehicle, and in the same way as Bosch
employs map matching to overcome the dead-reckoning accumulated
error problem. Similarly to the Bosch system, there is currently no
capability for feeding external traffic information into the system, but this
could be provided at additional cost, Philips have been working closely
with Renault on developing their systemforin-vehicle use.

The Siemens/GECsystem, originally known as “Autoguide’ in the UK
(now as APPLE) and ‘ALI-SCOUT’ in Germany, operates by using
infrared transmitter/receiver beacons at selected junctions to
communicate directly with vehicles equipped with similar infrared
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A major advantage of the system in the urban situation is that the
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vehicles travel between beacon-equipped junctions, and therefore can 
immediately redirect following vehicles on alternative routes if that speed 
drops below a certain specified level due to traffic jams, roadworks or 
other hold-ups. The capability to react in real time to road traffic 
conditions is the major strength of the Siemens/GEC system compared to 
the autonomous Bosch and Philips systems. 

Pilot schemes have been run in London and Berlin and there are plans, 
which are still under review, to extend these to give full-scale operation 
with extensive network infrastructures; in the London case this will cover a 
substantial section of the area within the M25 orbital motorway. 

As has already been described the European PROMETHEUS and 
DRIVE joint research programmes are particularly involved with 
developing navigation and route guidance systems to operate within 
Europe-wide standards and to develop dual-mode systems using a 
combination of autonomous and infrastructure-based technology to 
provide a Europe-wide compatible system by the late 1990s. 

In the USA early work was done by ET AK on the system eventually 
licensed by Bosch/Blaupunkt but interest in these systems has increased as 
road congestion has become an increasing problem, with the establishment 
in 1990 of the Integrated Vehicle Highway Systems (IVHS) programme. 
Both GM and Ford are now developing systems. 

In Japan, however, the Ministry of International Trade and Industry 
(MITI) has worked with industry to promote the development and use of 
automobile navigation aids since the early 1980s. Systems developed 
jointly by Japanese government agencies and industry include RACS 
(Road and Automobile Communication System), which uses proximity 
microwave beacons to connect vehicles to the infrastructure combined 
with dead-reckoning, and AMTICS (Advanced Mobile Traffic 
Information and Communications System), which uses cellular radio to 
communicate traffic data to vehicles. The Japanese automotive companies 
have also been extremely active, with Mazda, Toyota and Nissan all 
developing systems using dead-reckoning with map matching and, in the 
case of Mazda, with navigation satellites being used to give position 
updates. 

All these systems use similar sensors, in particular those for directional 
bearing, distance travelled using wheel rotation measurement and turn 
direction using differential wheel rotation measurement. These sensors are 
common to virtually all systems since they provide the basic dead
reckoning information to enable sophisticated map matching techniques to 
be used, or to enable a vehicle to navigate between successive position 
updates from the infrastructure. In the case of systems using infrared 
methods of communication with the infrastructure, the infrared sensor 
technology and information processing used in the transmitterlreceiver is 
of interest from the point of view of sensor development. 
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13.1.1 Directional Bearing Measurement 

All current vehicle navigational systems use a device for sensing the 
direction in which the vehicle is pointing relative to the earth's magnetic 
field, this being essential for dead-reckoning and map-following 
navigation. 

Current methods of sensing the direction of the earth's magnetic field, 
using flux gate magnetometers, are unfortunately not as accurate as is 
really required and they are severely affected by the proximity of the 
vehicle to large steel-framed buildings and large metal vehicles. The 
possible solution to this is the use of gyroscopic methods of directional 
bearing measurement and this alternative for the future will be discussed 
later. 

I a) I b) 

-y 

Figure 13.1 Directional sensitivity of flux gate magnetometer to an 
external field (8n ,) (a) perpendicular to probe axis (~) and (b) along 
probe axis showing the cosine response with minimum sensitivity at an 
angle of 90° to tbc longitudinal axis of the element and maximum 
sensitivity on the longitudinal axis. 

The flux gate magnetometer actually measures field strength, but with 
suitable probe design has a directional sensitivity as shown in figure 13.1. 
It operates by comparing the magnetic field to be measured with a 
magnetic reference field generated in a premagnetisation winding within 
the magnetometer (figure 13.2). The magnetic reference field normally has 
a triangular form, and this is applied to a coil surrounding the probe to 
superimpose an induced magnetic field on the externally applied earth 's 
field. Figure 13.3(a) shows the principle. A pick-up coil also surrounding 
the probe picks up the combined magnetic field variations and by 
detecting the zero cross-over points, as shown in figure 13.3(b), a pulse 
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the probe picks up the combined magnetic field variations and by
detecting the zero cross-over points, as shownin figure 13.3(b), a pulse
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Holder 

Probe (ore 

Figure 13.2 Flux gate magnetometer showing premagnetisation and 
configuration of pick-up winding. 

I a) 

I b) 

autputt 
signal 

---t 

Figure 13.3 (a) Triangular reference flux (Bror) superimposed on two 
different external flux levels (Box, and B' ex.) and showing cross-over 
times (ll , t~ ) . (0) Pulse width modulated signal derived from (a) with 
the width being proportional to the external flux level. 

signal can be produced with a width which is a linear function of the 
external field strength. Since the probe has a maximum sensitivity along its 
magnetic axis and minimum sensitivity at 90°, directional information can 
be obtained, although as can be seen from figure 13.1 this directional 
sensitivity varies as a cosine function. The ratio of sensitivities between the 
two axes is reported as being about 10-5 [1]. By arranging three probes 
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™ Probe core

Figure 13.2. Flux gate magnetometer showing premagnetisation and
configuration ofpick-up winding.

  
Figure 13.3. (a) Triangular reference flux (B,,;) superimposed on two
different external flux levels (B,,, and B'.,,) and showing cross-over
times (f,, f,). (6) Pulse width modulated signal derived from (a) with
the width being proportional to the external flux level,

signal can be produced with a width whichis a linear function of the
external field strength. Since the probe has a maximumsensitivity along its
magnetic axis and minimum sensitivity at 90°, directional information can
be obtained, although as can be seen from figure 13.1 this directional
sensitivity varies as a cosine function. The ratio ofsensitivities between the
two axes is reported as being about 10-5 [1]. By arranging three probes
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orthogonally on x, y and:: axes it is possible to sense the magnetic field 
vector independently of the orientation of the probe system and 
reasonable accuracies of bearing measurement (± 1°) can be obtained in 
ideal conditions. In practice, however, in the vehicle, the distortion of the 
earth's magnetic field by substantial metal objects on or close to the road 
reduces this accuracy considerably and makes it essential to combine the 
output of the flux gate magnetometer with an independent measure of the 
amount the vehicle has turned. This is obtained by measuring the 
difference between the rotations made by two (ideally undriven) wheels of 
the vehicle. 

On vehicles equipped with anti-lock braking (ABS) , the wheel rotation 
sensors already used for the ASS system may conveniently be used. For 
those vehicles not so equipped, suitable sensors would need to be added. 
The ABS sensors are described in detail in section 8.7.1. The wheel rotation 
sensors also give distance travelled to a reasonable degree of accuracy. 

Piezaelel ectrlc 

Figure 13.4 Magnetic ricld sensor using a magnetostrictivel 
piczoclectric laminate with DC and AC excitation. 

An alternative method of sensing the direction of the earth's magnetic 
field has been described [2] in which the magnetic field sensing element 
consists of a laminate of magnetostrictive and piezoelectric materials in 
the form of a thin strip which is placed inside a coil through which AC 

excitation and optional DC bias conditions are passed (see figure 13.4). The 
magnetostrictive material is directly mounted onto the piezoelectric 
clement, and when subjected to a magnetic field its length changes by an 
amount proportional to the square of the magnetic field. If in the device 
proposed AC excitation is applied so that the magnetostrictive material is 
subjected to an AC magnetic field then the magnitude and phase of the 
extension is dependent on the DC magnetic bias. 
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' orthogonally on x, y and z axes it is possible to sense the magnetic field
vector independently of the orientation of the probe system and

| reasonable accuracies of bearing measurement (+1°) can be obtainedin
ideal conditions. In practice, however, in the vehicle, the distortion of the
earth’s magnetic field by substantial metal objects on or close to the road
reduces this accuracy considerably and makes it essential to combinethe
output ofthe flux gate magnetometer with an independent measure ofthe
amount the vehicle has turned. This is obtained by measuring the
difference betweenthe rotations made by two(ideally undriven) wheels of
the vehicle.

Onvehicles equipped with anti-lock braking (ABs), the wheel rotation
sensors already used for the ABs system may convenicntly be used. For
those vehicles not so equipped, suitable sensors would need to be added.
The ABS sensors are describedin detail in section 8.7.1. The wheel rotation

sensors also give distancetravelled to a reasonable degreeof accuracy.

 
Electrode

 
Prezoelelectric 
 

    Figure 13.4 Magnetic ficld sensor using a magnelostrictive/
piezocleciric laminate with bc and AC excitation.

 
 
 

An alternative methodofsensing the direction of the earth’s magnetic
field has been described [2] in which the magnetic field sensing element
consists of a laminate of magnetostrictive and piezoelectric materials in
the form of a thin strip which is placed inside a coil through which ac
excitation and optional Dc bias conditions are passed(see figure 13.4). The
magnetostrictive material is directly mounted onto the piezoelectric
element, and when subjected to a magnetic field its length changes byan

: amount proportional to the square of the magnetic field. If in the device
proposed Ac excitation is applied so that the magnetostrictive material is
subjected to an AC magnetic field then the magnitude and phaseofthe
extension is dependenton the pc magnetic bias.
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The magnetic field, HITI' experienced by the magnetostrictive material 
consists of three separate elements 

Hm = H" + Hb + HI cos wt 

where H" is the external magnetic field to be measured, Hb is the applied 
DC magnetic bias, and H I cos wt is the AC magnetic bias. The extension of 
the magnetostrictive material is therefore proportional to 

H~ = [(H" + Hb)2 + Hr/2] + [2(H" + Hb)HI cos wt] + [(Hr cos 2wt)/2]. 

This extension is directly converted into an electrical signal by means of 
the piezoelectric element directly attached to it, producing a signal 
proportional to H~. Figure 13.5 illustrates the principle. At the AC 

excitation frequency w, it can be seen that the magnitude and phase of the 
output voltage, for a constant AC excitation, HJ, depends on the total DC 

magnetic bias, H" + H b, as shown in figure 13.5 for different DC bias 
conditions A, Band C. 

Ou tput A 

~"" "': 
c 
o 
.;; 
c 
.e! 

;,,· .. ·rv 
Output ( 

x 
u.J 

Magnet fie,ld. Hm 

(> 2 2 
[ B A 

Input excitation 

Output B 

Figure 13.5 Magnetic lield (Hili) combining external magne tic field 
11.) with appli ed 0 magne tic bias (H h and showing output 

proportional to H", ob tained from the piezoclcctr.ic layer for three 
different DC bias conditions with superimposed excita tion. 

When the magnetometer is used to sense the direction of the earth 's 
magnetic field, two methods of use are possible with a single element. In 
the open loop method no DC bias is applied; the magnetostrictive material 
is extended by the earth's magnetic field as the device is rotated, the AC 

signal output moves from the minimum at the DC bias B position in figure 
13.5 towards either position A or C depending on the direction of the 

239

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 

 

 
 
 
 
 

 
 
 
 
 

 

 

SENSORS FOR INTELLIGENTVEHICLES ON THE ROAD 221

The magnetic field, H,, experienced by the magnetostrictive material
consists of three separate elements

H,, = H, +H, +H, cos wt

where H,is the external magnetic field to be measured, HA, is the applied
Dc magnetic bias, and H, cos wf is the AC magnetic bias. The extension of
the magnetostrictive material is therefore proportional to

H2 = ((H,+H,)? + H32] + [2(H, + H,)H, cos wt] + [(H?2 cos 2wt)/2].

This extension is directly converted into an electrical signal by means of
the piezoelectric element directly attached to it, producing a signal
proportional to Hz. Figure 13.5 illustrates the principle. At the ac
excitation frequencyw, it can be seen that the magnitude and phaseof the
output voltage, for a constant AC excitation, H,, depends on the total pc
magnetic bias, H, + AM,, as shown in figure 13.5 for different Dc bias
conditions A, B and C.

\

 
Output A

Output C

Output Btt

Magnet fieid, Hm

C

Input excitation

Figure 13.5 Magnetic field (17,,) combining external magnetic field
(/7,) with applied pc magnetic bias (/,) and showing output
proportional to //,, obtained from the piezoelectric layer for three
different pc bias conditions with superimposed AC excitation

When the magnetometeris used to sense the direction of the carth’s
magnetic field, two methods of use are possible with a single element. In
the open loop method no Dcbiasis applied; the magnetostrictive material
is extended bythe earth’s magnetic field as the deviceis rotated, the Ac
signal output moves from the minimumat the Dcbias B position in figure
13.5 towards either position A or C depending on the direction of the
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external field, and there is a corresponding increase in the AC signal output 
at the appropriate phase. In the closed loop method, a DC bias field is used 
to cancel the earth's magnetic field so that Hb = H". The device is kept in 
this condition while it is rotated by feedback from the output to maintain 
zero output. The level of the feedback signal then represents the strength 
of the external field. 

If two orthogonal axis elements are used, then if the first element is at 
an angle 0 to the maximum magnetic flux, its output is proportional to H" 
cos e cos wt. If the second element is energised in antiphase (sin wt), then 
its output V2 is proportional to H" sin 8 sin wt. Subtraction of these output 
signals gives a voltage proportional to H" cos (wt + e) and hence 8 can be 
determined from the phase relative to the drive signal. It is this 
arrangement that would probably be most suitable for use in vehicles for 
navigation purposes, although a three-axis system, which can provide 
absolute field strength and direction, may prove necessary. 

The possible bearing accuracy obtainable with the device has not yet 
been fully established and largely depends on the methods used for signal 
processing, but it would appear to offer a small-size low-cost device with 
comparable performance to the flux gate magnetometer when used in the 
vehicle. 

An alternative for the future, which does not suffer from the accuracy 
problems caused by having to detect the direction of the earth's magnetic 
field, is to make use of a gvroscopic device. 

Conventional mechanical gyroscopes with high-speed rotating masses 
are too expensive and complex to be practical for use in mass-produced 
vehicles, but a vibratory gyroscope, which relies on the effect induced in a 
vibrating structure - usually a cylinder when it is rotated - is a possible, 
relatively low-cost alternative. GEC-Ferranti have been working on such a 
device [3] which uses a piezoelectric (PZT) ceramic cylinder on which 
electrodes are plated, as shown by the hatched areas in figure 13.6. The 

Figure 13.6 Piezoelectric vibratory gyro, showing the vibrating 
cylinder made from piezoelectric material. Plated electrodes are 
shown by the hatched areas (from [3]). 
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external field, and there is a corresponding increase in the ACsignal output
at the appropriate phase. In the closed loop method, a Dc biasfield is used
to cancel the earth’s magnetic field so that H,,= H,. The device is kept in
this condition while it is rotated by feedback from the output to maintain
zero output. The level of the feedback signal then represents the strength
of the external field.

If two orthogonal axis elements are used, thenif the first element is at
It an angle 0 to the maximummagnetic flux, its output is proportional to H,

cos @ cos wf. If the second element is energised in antiphase (sin wf), then
i its Output V, is proportional to 1, sin 6 sin wf. Subtraction of these output

| signals gives a voltage proportional to H, cos (wf + 0) and hence 0 can be
determined from the phase relative to the drive signal. It is this
arrangement that would probably be most suitable for use in vehicles for
navigation purposes, although a three-axis system, which can provide
absolute field strength and direction, may prove necessary,

The possible bearing accuracy obtainable with the device has not yet

been fully established and largely depends on the methods usedfor signal |
processing, but it would appearto offer a small-size low-cost device with
comparable performance to the flux gate magnetometer when usedin the
vehicle.

Analternative for the future, which does not suffer from the accuracy
problems caused by having to detect the direction of the earth’s magnetic
field, is to make use of a gyroscopic device.

Conventional mechanical gyroscopes with high-speed rotating masses

  
are too expensive and complex to be practical for use in mass-produced

. vehicles, but a vibratory gyroscope, which relies on the effect induced in a
: vibrating structure — usually a cylinder whenit is rotated — is a possible,

relatively low-cost alternative. GEC-Ferranti have been working on such a
device [3] which uses a piezoelectric (pzT) ceramic cylinder on which
electrodes are plated, as shown bythe hatched areas in figure 13.6. The

   Figure 13.6 Piezoelectric vibratory gyro, showing the vibrating
cylinder made from piezoelectric material. Plated electrodes are
shownbythe hatchedareas (from[3]). 
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cylinder can be excited into oscillation by the application of appropriate 
voltages to alternate electrodes and the static vibration mode is shown by 
the full curve ·of figure 13.7. If the cylinder i then rotated rotation
induced secondary modes appear as shown by the broken curves, their 
relative amplitude being a function of rotation rate. The voltages 
generated in the piezoelectric ceramic cylinder by these secondary modes 
can be picked off by the electrodes between those being used to induce the 
oscillation and how a direct relationship to rotation rate· for greater 
accuracy a feedback ignaJ can be deve.loped to cancel these rotation
induced secondary modes, the feedback signal then providing a 
measurement of high angular rotation rates up to 5000° S-I. 

Figure 13.7 These cylindrical gyroscope modes show a primary 
vibration mode (full ellipses) and a secondary rotation-induced 
vibration mode which is an oscillation between the two broken 
ellipses. 

The device is aimed particularly at suspension control systems rather 
than navigation; however, if the accuracy could be made sufficient, it 
might be possible to use it for both functions. 

Another approach is to use a solid state version of the optical gyroscope 
using optical fibres. This has the promise of a low-cost device of sufficient 
sensitivity and fast enough Tespon e for use in vehicle navigation. 

The optical gyroscope works on the principle shown in figure 13.8(a) 
and is known a the Sagnac interferometer. In this a narrow frequency 
band opticaJ source, normally a laseT. projects light onto a balf-silvered 
double-sided mirror A. This splits the light into two separate paths x and 
y which are then reflected in opposite directions round 3600 by the mirrors 
B C and D. At mirror A they recombine and are reflected/transmitted to 
a detector. When the system is static the time for the light to traverse the 
two equal-length light path is the same and the returning signals are 
perfectly in phase; if, however, the system is rotated the transit time of the 
light in one direction is increased by a very small amount and the transit 
time in the opposite direction decreased by a very small amount. It is 
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cylinder can be excited into oscillation by the application of appropriate
voltages to alternate electrodes and the static vibration mode is shown by
the full curves of figure 13.7. If the cylinder is then rotated, rotation-
induced secondary modes appear as shown by the broken curves, their
relative amplitude being a function of rotation rate. The voltages
generated in the piezoelectric ceramic cylinder by these secondary modes
canbe picked off by the electrodes betweenthose being used to induce the
oscillation and showa direct relationship to rotation rate; for greater
accuracy a feedback signal can be developed to cancel these rotation-
induced secondary modes, the feedback signal then providing a
measurementof high angular rotation rates up to 5000° s~'.

 
Figure 13.7 These cylindrical gyroscope modes show a primary
vibration mode (full ellipses) and a secondary rotation-induced
vibration mode which is an oscillation between the two broken

ellipses.

The device is aimed particularly at suspension control systems rather
than navigation; however, if the accuracy could be made sufficient, it
might be possible touse it for both functions,

Another approachis to use a solid state version of the optical gyroscope
using optical fibres. This has the promise of a low-cost device ofsufficient
sensitivity and fast enough responsefor use in vehicle navigation.

The optical gyroscope works on the principle shownin figure 13.8(a)
and is known as the Sagnac interferometer. In this a narrow frequency
band optical source, normally a laser, projects light onto a half-silvered
double-sided mirror, A. This splits the light into two separate paths x and
y whichare then reflected in opposite directions round 360° by the mirrors
B, C and D. At mirror A they recombine andare reflected/transmitted to
a detector. When the systemis static the time for the light to traverse the
two equal-length light paths is the same and the returning signals are
perfectly in phase; if, however, the system is rotated the transit time of the
light in one direction is increased by a very small amount and the transit
time in the opposite direction decreased by a very small amount. It is
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possible to detect the destructive interference caused by this rotation and 
the consequent phaseshift, and hence obtain a measure of the rotation 
rate. 

I a) 

I b I 

I ( I 

I Detector I 
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Loop 
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Figure 13.8 (a) Sagnac interferometer using mirrors and a beam 
splitter. (b) Sagnac interferometer using optical fibre. (c) Practical 
optical fibre gyroscope configuration. 

With a single interferometer as described the sensitivity is very low, but 
it can be increased by substituting a multiturn optical fibre for the 
arrangement of mirrors as shown in figure 13.8(b). It is of course necessary 
to couple the optical fibres at the start and Cinish of the coil to obtain the 
appropriate tran fer of optical energy both as the light enters from the 
sO[JJ'ce and as it returns to the detector. The phaseshlft between the two 
light paths is multiplied directly by the number of turns on the optical fibre 
coil. 

A more practical form of this fibre optic gyroscope has been realised 
using the arrangement shown in figw:es 13.8(c) and 13.9 in which a 
poLariser is incorporated to reduce the catter caused by interference 
between the different planes of polarisation of the laser light. It has 
proved possible to realise the parts of the system within the broken line 
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possible to detect the destructive interference caused by this rotation and
the consequent phaseshift, and hence obtain a measure of the rotation
rate.
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Figure 13.8 (a) Sagnac interferometer using mirrors and a beam
splitter. (b) Sagnac interferometer using optical fibre. (c) Practical
optical fibre gyroscope configuration.

With a single interferometeras described the sensitivity is very low, but
it can be increased by substituting a multiturn optical fibre for the
arrangement of mirrors as shownin figure 13.8(b). It is of course necessary
to couple the optical fibres at the start and finish of the coil to obtain the
appropriate transfer of optical energy both as the light enters from the
source and as it returns to the detector. The phaseshift between the two
light paths is multiplied directly by the numberof turns on the opticalfibre
coil.

A more practical form of this fibre optic gyroscope has been realised
using the arrangement shownin figures 13.8(c) and 13.9, in which a
polariser is incorporated to reduce the scatter caused by interference
between the different planes of polarisation of the laser light. It has
proved possible to realise the parts of the system within the broken line
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box shown in figure 13.9 using integrated optics etched from a silicon 
wafer, this improves the control over the optical path lengths and makes 
possible independent modulation of the optical energy in the two paths. 

I a J 

I bJ 

Figure 13.9 (a) Bulk optical fibre gyroscope. (b) Equivalent structure 
with integrated optics. 

Hitachi in Japan have been working on a low-cost automotive gyroscope 
thought to be using the above principles, and a vehicle navigation system 
using a gyroscope to replace a flux gate magnetometer has been developed 
by Mazda. However, at the time of writing all other navigation systems use 
the flux gate sensor and we will now consider how it is used in a complete 
system. 

The information obtained from the flux gate directional sensor and the 
wheel sensors are combined in a position-finding device which when 
integrated with a navigation system provides dead-reckoning navigation 
position and direction information relative to the point at which the 
system started or was reset. This is the arrangement used in 
infrastructure-based systems to navigate between reset points. The 
information can also be used in an autonomous navigation system such as 
the Bosch Travelpilot or Philips CARIN to compare the distance and 
direction travelled continuously with map information shared within the 
navigation system, usually on a compact disc. This map-following 
technique makes it possible to relate turns made by the vehicle to turns in 
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box shown in figure 13.9 using integrated optics etched fromasilicon
wafer, this improves the control over the optical path lengths and makes
possible independent modulation of the optical energy in the two paths.

la) |

' Beam |
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Figure 13.9 (a) Bulk optical fibre gyroscope. (6) Equivalent structure
with integrated optics.

Hitachi in Japan have been working on a low-cost automotive gyroscope
thought to be using the above principles, and a vehicle navigation system !
using a gyroscope to replace aflux gate magnetometer has been developed {
by Mazda. However,at the time of writing all other navigation systems use
the flux gate sensor and wewill nowconsider howit is used in a complete
system.

The information obtained from the flux gate directional sensor and the |
wheel sensors are combined in a position-finding device which when
integrated with a navigation system provides dead-reckoning navigation
position and direction information relative to the point at which the
system started or was reset. This is the arrangement used in i
infrastructure-based systems to navigate between reset points. The
information can also be used in an autonomous navigation system such as
the Bosch Travelpilot or Philips CARIN to compare the distance and
direction travelled continuously with map information shared within the
navigation system, usually on a compact disc. This map-following
technique makesit possible to relate turns made bythe vehicle to turns in
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the road on the recorded map and this information can in turn be used to 
reset the dead-reckoning system to the coordinates of that particular 
piece of road. It is on this principle that most autonomous vehicle 
navigation systems work. 

13.1.2 Communication Systems 

An alternative approach to that discussed in the previous section is to use 
an infrastructure which is able to communicate with the vehicle at 
intervals to reset the dead-reckoning system. This is the principle used in 
the Autoguide/ALI-SCOUT (APPLE) system. 

If the communication is made two-way, so that the infrastructure and 
the vehicle can exchange messages, then much more detailed information 
than just position can be given, for example alternative routes, traffic hold
ups, parking information and so on. However, to achieve this it is 
necessary to find a medium of communication which can be used for a 
number of vehicles at a junction simultaneously, but is of short enough 
range not to cause interference. 

In Japan use has been made of microwave radio, whereas in Europe 
infrared communication has been preferred, and one of the reasons for 
this is that if more than one microwave beacon of the same frequency is 
required at a junction to avoid 'shadowing' by large vehicles of the vehicle 
receiving or transmitting information , then problems with interference and 
cancellation due to the coherent nature of the radiation may occur. In the 
case of infrared radiation, incoherent radiation is transmitted and cannot 
interfere in the same way. Information is transmitted on the infrared link 
by pulsing all the beacons at a particular junction simultaneously, infrared 
emitting diodes being used as transmitting devices. The pulsing helps in 
reducing power dissipation and makes possible relatively high emitted 
power levels. Reception is by means of an infrared-sensitive photodiode 
matched to the infrared frequency being used. 

The full system arrangement for communication and signal processing 
[4] is shown in figure 13.10 which shows the Siemens AU-SCOUT/GEC 
Autoguide (APPLE) system (now known as EUROSCOUT). 

To ensure the best fault-free communication in both directions between 
the vehicle and the beacons a protocol for pulsing the infrared transmitters 
known as High Level Data Link Control (HDLC) is used. The pulse signals 
this uses are shown in figure 13.11, and as can be seen a binary code is 
used in which the HOLC protocol output retains its previous status when a 
'1 ' is output and changes its signal state only when a '0' appears. To 
synchronise the receiver a '0' is introduced automatically after five 
consecutive '1' states. The pulsed infrared flashes are emitted only on the 
transitions from '0' to '1' and '1' to '0'. 
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the road on the recorded map andthis information can in turn be used to
reset the dead-reckoning system to the coordinates of that particular
piece of road. It is on this principle that most autonomous vehicle
navigation systems work.

13.1.2.) Communication Systems

An alternative approachto that discussed in the previous sectionis lo use
an infrastructure which is able to communicate with the vehicle at

intervals to reset the dead-reckoning system. This is the principle usedin
the Autoguide/ALI-SCOUT (APPLE) system.

If the communication is made two-way, so that the infrastructure and
the vehicle can exchange messages, then much more detailed information
than just position can be given, for example alternative routes, traffic hold-
ups, parking information and so on. However, to achieve this it is
necessary to find a medium of communication which can beused fora
number of vehicles at a junction simultaneously, but is of short enough
range not to cause interference.

In Japan use has been made of microwave radio, whereas in Europe
infrared communication has been preferred, and one of the reasons for
this is that if more than one microwave beacon ofthe same frequencyis
required at a junction to avoid ‘shadowing’ bylarge vehicles of the vehicle
receiving or transmitting information, then problems with interference and
cancellation due to the coherent nature of the radiation mayoccur. In the
case of infrared radiation, incoherent radiation is transmitted and cannot

interfere in the same way. Informationis transmitted on the infrared link
by pulsing all the beacons at a particular junction simultaneously, infrared
emitting diodes being used as transmitting devices. The pulsing helps in
reducing power dissipation and makes possible relatively high emitted
powerlevels. Reception is by means of an infrared-sensitive photodiode
matched to the infrared frequencybeing used.

The full system arrangement for communication andsignal processing
{4] is shown in figure 13.10 which shows the Siemens ALI-SCOUT/GEC
Autoguide (APPLE) system (now known as EUROSCOUT).

To ensure the best fault-free communication in both directions between

the vehicle and the beaconsa protocol for pulsing the infrared transmitters
known as High Level Data Link Control (HDLC) is used. The pulse signals
this uses are shown in figure 13.11, and as can be seen a binary code is
used in which the HDLCprotocol output retains its previous status when a
‘1’ is output and changes its signal state only when a ‘0’ appears. To
synchronise the receiver a ‘0’ is introduced automatically after five
consecutive ‘1’ states. The pulsed infrared flashes are emitted only on the
transitions from ‘0’ to ‘1’ and ‘1’ to ‘0’”
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Figure 13.10 Siemens EURO COUT infrastructure-based route guidance and 
information system. P, position-finding device with magnetic field sensor MS and 
wheel puJ er WP; N navigalion device; 0 , peration board with input keyboard 
direction indicator and direction t re DS· MT, measuring device for travel time; 
fT. infrared transmitter; IR infrared receiver; TO , traffic guidance computer; 
T . traffic ignal contr Her; BE, beacon electronic device; SR, infrared-beacon 
receiver; ST, infrared-beacon transmitter. 
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Figure 13.11 Data transmission between beacons and vehicle using modulated 
infrared transmission. 
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Figure 13.10 Siemens EUROSCOUTinfrastructure-based route guidance and
information system. P, position-finding device with magnetic field sensor MS and |
wheel pulser WP; N, navigation device; O, operation board with input keyboard
direction indicator and direction store DS; MT, measuring device for travel time;
IT, infrared transmitter; IR, infrared receiver; TGC, traffic guidance computer;
TC, traffic signal controller, BE, beacon electronic device; BR, infrared-beacon
receiver; BT, infrared-beacon transmitter.
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Figure 13.11 Data transmission between beacons and vehicle using modulated
infrared transmission.
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The system requires the synchronisation of the transmitter and receiver, 
and this is achieved by controlling the receive clock from the receive data 
by the use of a digital phase lock loop (DPLL) circuit which operates with a 
clock signal frequency 32 times greater than the data transmission rate. 
This provides a sampling pulse located in the centre of the receive data bit 
elements as shown in figure 13.12 with a maximum deviation of only 1132 
of the width of the bit elements due to deviations between the frequencies 
of the transmitter and receiver crystals. 
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Figure 13.12 Bit synchronisation during data transmission between beacon and 
vehicles. 

The information from the beacons to the vehicles, currently transmitted 
at 10 kbytes, is split into 40 blocks of 256 bytes. In the case of information 
from the vehicles to the beacons, this is transmitted in blocks of 128 bytes 
during the beacons' pauses in transmission. With this system every vehicle 
can make a number of attempts to transmit its information at each beacon 
with a probability of success of 99.4% after four attempts. Higher data 
rates up to 64 kbytes at transmission rates of 500 kbytes are possible for 
future applications, but the system as currently designed has shown high 
capability in field trials in Berlin. 

The infrared sensor has its maximum sensitivity in the wavelength range 
830 mm to 940 mm and matches the output of the infrared-emitting diode 
used in the transmitter. This wavelength is less affected by weather than 
visible light, although because the car transmitter/receiver is normally 
mounted on the inside of the windscreen, there can be attenuation by dirt 
and frost and the use of heat-radiation-reducing windscreens. However, 
these problems seem to have been overcome by a suitable increase in the 
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The system requires the synchronisation of the transmitter and receiver,
and this is achieved by controlling the receive clock from the receive data
bythe use of a digital phase lock loop (DPLL) circuit which operates with a
clock signal frequency 32 times greater than the data transmission rate.
This provides a sampling pulse located in the centre of the receive databit
elements as shownin figure 13.12 with a maximumdeviation of only 1/32
of the width ofthe bit elements due to deviations between the frequencies
of the transmitter andreceiver crystals.
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Figure 13.12 Bit synchronisation during data transmission between beacon and
vehicles.

The information from the beacons to the vehicles, currently transmitted
at 10 kbytes, is split into 40 blocks of 256 bytes. In the case of information
from the vehicles to the beacons, this is transmitted in blocks of 128 bytes
during the beacons’ pausesin transmission. With this system everyvehicle
can make a numberof attempts to transmit its information at each beacon
with a probability of success of 99.4% after four attempts. Higher data
rates up to 64 kbytes at transmission rates of 500 kbytes are possible for
future applications, but the system as currently designed has shown high
capabilityin field trials in Berlin.

The infrared sensor has its maximumsensitivity in the wavelength range
830 mm to 940 mm and matchesthe output ofthe infrared-emitting diode
used in the transmitter. This wavelength is less affected by weather than
visible light, although because the car transmitter/receiver is normally
mounted on the inside of the windscreen, there can be attenuation bydirt
and frost and the use of heat-radiation-reducing windscreens. However,
these problems seem to have been overcomebya suitable increase in the
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sensitivity of the system and the use of low-cost optical components to 
concentrate both the radiation and the sensor sensitivity in the direction 
required. 

Thus sensors play a critical part in making navigation/route guidance 
systems practical. 

13.2 COLLISION A VOIDANCE AND AUTONOMOUS DRIVER 
WARNING SYSTEMS 

An area which is only just beginning to receive the attention it deserves is 
that of collision avoidance and driver warning. 

A well known curve (see figure 13.13) relates the reduction in frequency 
of collisions to the increase in driver antiCipation time of the collision 
situation. It indicates that if a collision can be anticipated 1 s earlier than 
by the unaided driver then 90% of the collisions can be avoided at 
intersections and in unidirectional traffic and 65% can be avoided in the 
caSe of two-directionru traffic. It is this increase in the anticipation time 
achieved by automatic driver warning of dangerous situations that has 
prompted a significant part of the Europe-wide PROMETHEUS 
precompetitive research programme. The situations which should trigger a 
driver warning range from a straightforward obstruction in the road 
perhaps a large object which has fallen from a truck, to the warning of a 
fa t car approaching when overtaking is about to take place or of an 
accident which has just taken place in front. 
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Figure 13.13 Reduction in frequency of collisions at intersections 
(fuJI curve), ill two-directional traffic (broken curve) and in one
directional traffic (dotted curve) with earlier driver anlicipation. 
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sensitivity of the system and the use of low-cost optical components to
concentrate both the radiation and the sensor sensitivity in the direction
required.

Thus sensors play a critical part in making navigation/route guidance
systemspractical.

13.2 COLLISION AVOIDANCE AND AUTONOMOUS DRIVER
WARNING SYSTEMS

An area whichis only just beginning to receive the attention it deservesis
that of collision avoidance and driver warning.

A well known curve (see figure 13.13) relates the reduction in frequency
of collisions to the increase in driver anticipation time of the collision
situation. It indicates that if a collision can be anticipated 1s earlier than
by the unaided driver then 90% of the collisions can be avoided at
intersections and in unidirectional traffic and 65% can be avoided in the

case of two-directional traffic. It is this increase in the anticipation time
achieved by automatic driver warning of dangerous situations that has
prompted a significant part of the Europe-wide PROMETHEUS
precompetitive research programme. Thesituations which should trigger a
driver warning range from a straightforward obstruction in the road,
perhaps a large object which has fallen from a truck, to the warning of a
fast car approaching when overtaking is about to take place or of an
accident whichhasjust taken place in front.

Reductioninfrequency ofcollisions(%) 
0 05°10 #15 20 25 3.0

Increased driver anticipaton(s)

Figure 13.13 Reduction in frequency of collisions at intersections
(full curve), in two-directional traffic (broken curve) and in one-
directional traffic (dotted curve) with earlier driver anticipation.
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13.2.1 Obstacle Detection 

To cover many of the most likely collision situations requires the 
capability to detect - particularly under adverse weather conditions -
objects in front of the vehicle and in the same road lane which are either 
stopped or travelling at a significantly lower speed, or to detect vehicles 
which are in an oncoming or passing situation and are travelling at 
substantially different speeds to the warned vehicle. 

The first of these situations requires some form of vehicle radar, 
probably combined with an infrared camera sensor to make it possible to 
relate the information obtained from both sources by intelligent 
electronics - perhaps using neural nets - to give a driver warning at a 
high level of reliability. 

The second condition requires a different approach, in which other 
vehicles are effectively used as remote sensors of the speed and direction 
of adjacent vehicles, this information then being transmitted to all the 
vehicles in the vicinity by short-range high-frequency radio. In this second 
case a vehicle might transmit messages which effectively mean 'I have just 
been passed by another vehicle travelling at 150 km h -) in the outside 
lane', so warning other vehicles in front in the inside lane not to pull out to 
pass at that time. The use of vehicles as remote sensors makes possible the 
provision to following vehicles, by successive transmission of the 
information, of accident warnings automatically triggered from a crash 
sensor when a vehicle is involved in an accident. 

For short-range back-up detection of the presence of objects or other 
vehicles, radar, infrared or ultrasonic methods of sensing have been 
used. The transmitterlreceiver for a typical ~ltrasonic system with a 
range of about 3.5 m for people and about twice this for a 0.5 X 0.5 m 
object, is shown in figure 13.14. For use for back-up obstacle detection 
the transmitter/receiver unit is mounted on the rear bumper at a 
suitable angle and the transmitter unit is pulsed with a short-frequency 
burst. This ultrasonic burst is directed over a wide angle to behind the 
vehicle where it will be reflected by any obstruction and the reflected 
burst picked up by the ultrasonic sensor/receiver. The pulse envelope, 
after detection, is then compared with the pulse envelope of the 
transmitted signal, the difference in timing giving the distance of the 
obstruction. Conversion of the timing difference to a voltage by 
integration makes it possible to derive the distance of the obstruction as 
a simple analogue or digital signal, display it to the driver and to sound 
a warning buzzer. 

Because of the relatively long wavelengths used, very small objects, or 
objects with edge angles at or near 45° from the direction of sensing, can 
be difficult to detect. However, the system is simple and of relatively low 
cost. 
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13.2.1 Obstacle Detection

To cover many of the most likely collision situations requires the
capability to detect — particularly under adverse weather conditions —
objects in front of the vehicle and in the same road lane which are either
stopped or travelling at a significantly lower speed, or to detect vehicles
which are in an oncoming or passing situation and are travelling at
substantially different speeds to the warned vehicle.

The first of these situations requires some form of vehicle radar,
probably combined with an infrared camera sensor to makeit possible to
relate the information obtained from both sources by intelligent
electronics — perhaps using neural nets — to give a driver warning at a
high level of reliability.

The second condition requires a different approach, in which other
vehicles are effectively used as remote sensors of the speed and direction
of adjacent vehicles, this information then being transmitted to all the
vehicles in the vicinity by short-range high-frequencyradio. In this second
case a vehicle might transmit messages whicheffectively mean ‘I have just
been passed by another vehicle travelling al 150kmh™'! in the outside
lane’, so warning other vehicles in front in the inside lane not to pull out to
passat that time. The use of vehicles as remote sensors makespossible the
provision to following vehicles, by successive transmission of the
information, of accident warnings automatically triggered from a crash
sensor when a vehicle is involved in an accident.

For short-range back-up detection of the presence of objects or other
vehicles, radar, infrared or ultrasonic methods of sensing have been
used. The transmitter/receiver for a typical ultrasonic system with a
range of about 3.5 m for people and about twice this for a 0.5 * 0.5 m
object, is shown in figure 13.14. For use for back-up obstacle detection
the transmitter/receiver unit is mounted on the rear bumper at a
suitable angle and the transmitter unit is pulsed with a short-frequency
burst. This ultrasonic burst is directed over a wide angle to behind the
vehicle where it will be reflected by any obstruction and the reflected
burst picked up by the ultrasonic sensor/receiver. The pulse envelope,
after detection, is then compared with the pulse envelope of the
transmitted signal, the difference in timing giving the distance of the
obstruction. Conversion of the timing difference to a voltage by
integration makesit possible to derive the distance of the obstruction as
a simple analogue or digital signal, display it to the driver and to sound
a warning buzzer.

Because of the relatively long wavelengths used, very small objects, or
objects with edge angles at or near 45° from the direction of sensing, can
be difficult to detect. However, the systemis simple and of relatively low
cost. 
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Ultrasonic receiver 

Ultrasonic 
emitter 

Figure 13.14 Transmitter/receiver for back-up obstacle detection. 

Another application of ultrasonics, in this case to blind-spot sensing, has 
been described [5]. (The blind spot is the area to the side and rear of the 
car and not within the viewing angle of the internal and external mirrors 
(see figure 13.15).) Use was made in this experimental system of a low-cost 
ultrasonic ranging device developed for automatic camera focusing. A 
device of this type is capable of detecting the distance of objects from 0.3 
to 10 m with a resolution of about 30 mm. Operation is similar in principle 
to the back-up device already described. A short burst of ultrasound is 
transmitted and the delay of the resulting echo measured. (Continuous
wave systems which measure the phase change between transmitted and 
received signals have also been used but the range is limited since phase 
changes of more than about 70° become much more difficult to measure 
by simple means.) 
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Figure 13.15 Area of blind spot not covered by either external or 
internal mirror field of view. 
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Figure 13.14 Transmitter/receiver for back-up obstacle detection.

Anotherapplication of ultrasonics, in this case to blind-spot sensing, has
been described [5]. (The blind spot is the area to the side and rear of the
car and not within the viewing angle of the internal and external mirrors
(see figure 13.15).) Use was madein this experimental system of a low-cost |
ultrasonic ranging device developed for automatic camera focusing. A
device ofthis type is capable of detecting the distance of objects from 0.3
to 10 m with a resolution of about 30 mm. Operationis similar in principle |
to the back-up device already described. A short burst of ultrasoundis
transmitted and the delay of the resulting echo measured. (Continuous-
wave systems which measure the phase change between transmitted and
received signals have also been used but the rangeis limited since phase
changes of more than about 70° become much moredifficult to measure
by simple means.)

  
  
  
  
  
  
  
  
  
   

 
 

 
Figure 13.15 Area of blind spot not covered by either external or
internal mirrorfield of view.  
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This system requires two transducers mounted at the rear of the vehicle 
on the driver's side and they must be arranged so that both the presence of 
a vehicle and its direction of travel is detected. This is done by measuring 
the interval between detection of the vehicle by each of the two devices. 

The transducer in the system acts as both transmitter and receiver. In 
thi transducer a foil j stretched over a grooved plate to form a capacitor 
which when charged and discha:rged in the transmitting mode 
electrostatically deflects the foil and pr duces acoustic energy from 
electrical energy. In the receiving mode the returned energy deflects lhe 
foil and thi deflection is measured by measuring the consequent 
capacitance change. In normal operation as a camera ranging device, the 
transducer is pul ed with a 1 ill burst of 56 pulses and then becomes a 
microphone to detect the return burst. Because of the 200 radiation angle 
of these transducers it i necessary to operate them alternately 0 that each 
transducer receives only the return ignal from its own transmission. It is 
also necessary to pulse them at a rate fa t enough to permit detection of 
the shortest vehicles at the highest speeds likely to be encountered, but 
since thi also reduces the detection range by limiting the time available 
for the received pulse to be returned a compromi e i necessary. For a 
range of 2.5 m (which was determined in practice to be a suitable detection 
distance), the frequency of pulsing had to be not more than 20 Hz, but this 
meant that under certain circumstances fast motorcycles were not always 
detected. 

An alternative solution to blind-spot monitoring is to use an infrared 
ystem. U ing this medium tran it time is not a problem. An experimental 

passive sy tern has been described [6] which uses two infrared detectors 
mounted at the front and rear of the vehicle on the driver's side and 
detects the infrared radiation from the warm engine compartment. The 
time between detection by rear and front detectors and the relative speeds 
of vehicles travelling in the same and opposite directions ensures that only 
the vehicles travelling in the same direction trigger the warning. 

An active infrared system developed in the USA, and which has reached 
the production stage, has also been described, although little technical 
information is available. The system makes use of 21 pulsed infrared 
beams in four sensor modules mounted on the rear halt of the vehicle 
which scan the 'blind zone' for the presence of vehicles out to 2.~ m. 

For longer-range obstacle detection it is necessary to use either radar or 
optical methods. Optical methods may use visible or infrared laser 
rangefinders and/or cam)ing television systems to determine lateral 
obstacle spacing and distance. Generally infrared systems require some 
cooling for adequate sensitivity and may require mechanical scanning. 
Costs seem unlikely to become low enough to enable realistic systems to 
be installed in production" vehicles. Systems working in the visible 
spectrum, however, have potential for low-cost production but do not 
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This system requires two transducers mountedat the rearofthe vehicle
on the driver’s side and they must be arranged so that both the presence of
a vehicle andits direction of travel is detected. This is done by measuring
the interval betweendetectionof the vehicle by each of the twodevices.

The transducer in the system acts as both transmitter and receiver. In
this transducerafoil is stretched over a grooved plate to form a capacitor
which when charged and discharged in the transmitting mode
electrostatically deflects the foil and produces acoustic energy from
electrical energy. In the receiving mode the returned energydeflects the
foil and this deflection is measured by measuring the consequent
capacitance change. In normal operation as a camera ranging device, the
transducer is pulsed with a 1 ms burst of 56 pulses and then becomes a
microphoneto detect the return burst. Because of the 20° radiation angle
of these transducersil is necessary to operate them alternately so that each
transducer receives only the return signal from its own transmission. It is
also necessary to pulse them at a rate fast enough to permit detection of
the shortest vehicles at the highest speeds likely to be encountered, but
since this also reduces the detection range bylimiting the time available
for the received pulse to be returned a compromise is necessary. For a
range of 2.5 m (which was determinedin practice tobe asuitable detection
distance), the frequencyofpulsing had to be not more than 20 Hz, but this
meant that undercertain circumstances fast motorcycles were not always
detected.

An alternative solution to blind-spot monitoring is to use an infrared
system. Using this mediumtransit time is not a problem. An experimental
passive system has been described [6] which uses twoinfrared detectors
mounted at the front and rear of the vehicle on the driver’s side and

detects the infrared radiation from the warm engine compartment. The
time between detection by rear and front detectors and the relative speeds
of vehicles travelling in the same and opposite directions ensures that only
the vehicles travelling in the same direction trigger the warning.

Anactive infrared system developed in the USA, and whichhas reached
the production stage, has also been described, although little technical
information is available. The system makes use of 21 pulsed infrared
beams in four sensor modules mounted on the rear half of the vehicle

which scan the “blind zone’ for the presence of vehicles out to 2.5 m.
For longer-range obstacle detectionit is necessary to use either radar or

optical methods. Optical methods may use visible or infrared laser
rangefinders and/or scanning television systems to determine lateral
obstacle spacing and distance. Generally infrared systems require some
cooling for adequate sensitivity and may require mechanical scanning.
Costs seem unlikely to become low enoughto enable realistic systems to
be installed in production’ vehicles. Systems working in the visible
spectrum, however, have potential for low-cost production but do nol
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work effectively in periods of atmospheric obscuration or in darkness, 
when it can be argued that obstacle detection is most needed. It seems 
then that millimetric wave radar is likely to be the most effective medium 
for all-weather operation. 

A low-cost 94 GHz ystem developed by Philips ha been described [7] 
aud is considered to be suitable for 11 in vehicles. It uses a frequency
modulated continuous-wave (FMCW) technique which involves the 
transmission of a continuous frequency-modulated signal rather than the 
short pulses normally used. The frequency is modulated by a witch at 1 
kHz. The time delay between the transmitted and reflected signals then 
produces a frequency difference between the transmitted and received 
signal which is a function of the lal'get range, the relationship being given 
by f = 2 arlc where f is the frequency, a the frequency sweep rate ,. the 
target range and c the peed of ligbt. This technique makes it possible to 
achieve an accuracy of about 2 m at ranges up to 150 m using a 2°, 10 mW 
beam. Tbe development has been particularly aimed at use in an 
inteUigent cruise control system which automatically controls the peed of 
the vehicle so a to follow tbe vehicle in front at a safe distance and at a 
matched speed by controlling the acceleration and braking of the vehicle 
according to the speed and distance measured. 

Low cost has been achieved by the use of injection-moulded plastic with 
a 'flash coating of gold metallisatiol1 to make the waveguide component. 
These component are made in two halve with the waveguides formed by 
mating grooves in each half. Active components such a Gunn diode 
o ciilator' and gallium ar enide Scbottky diode mixers are suspended in 
the waveguides by pieces of dielectric. 

The major problem with vehicle radar i overcoming false reflection 
from vehicles in different Toad lanes or from road furniture or bridge 
pillars. This is a particular problem on curve , but is likely to be much less 
of a problem when used in an intelligent cruise control sy tern than in 
general obstacle detection because of the shorter distances involved. 
Recognition of another vehicle could of course be greatly eased if all 
vehicles were equipped with a small corner reflector on the rear of the 
vehicle, but without legislation this is unlikely ever to be possible. 

Inl'rastructure-based driver warning systems are as old as motoring. 
Permanent or temporary roadside signs giving instructi ns or information 
to the driver have been used for rno t of the motoring era. Apart from 
traffic lights it is only in tbe last 20 years that roadsigns have become 
active with the ability to be changed remotely to fit tra'ffic circumstances. 
The police-controlled igllS on motorways are typical example. Their 
usefulness is closely related to the accuracy of the information input and 
the speed with which changes are made. We are all aware that lhere can 
be considerable delays in changing signs after an accident or obstruction 
has happened and an even longer delay after it has been cleared. 
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work effectively in periods of atmospheric obscuration or in darkness,
whenit can be argued that obstacle detection is most needed, It seems
then that millimetric wave radar is likely to be the most effective medium
for all-weatheroperation.

A low-cost 94 GHz system developed by Philips has been described [7]
and is considered to be suitable for use in vehicles. It uses a frequency-
modulated continuous-wave (FMCW) technique which involves the
transmission of a continuous frequency-modulated signal rather than the
short pulses normally used. The frequency is modulated bya switchat 1
kHz. The time delay between the transmitted andreflected signals then
produces a frequency difference between the transmitted and received
signal whichis a function of the target range, the relationship being given
by f=2 ar/e where f is the frequency, a the frequency sweep rate, r the
target range and cthe speedoflight. This technique makesit possible to
achieve an accuracyof about 2 mat ranges up to 150 m using a 2°, 10 mW
beam. The development has been particularly aimed at use in an
intelligent cruise control system which automatically controls the speed of
the vehicle so as to follow the vehicle in front at a safe distance and at a

matched speed by controlling the acceleration and braking of the vehicle
according to the speed and distance measured,

Lowcost has been achieved by the use of injection-mouldedplastic with
a flash coating of gold metallisation to make the waveguide components.
These components are made in two halves with the waveguides formed by
mating grooves in each half. Active components such as Gunn diode
oscillators and gallium arsenide Schottky diode mixers are suspended in
the waveguides bypieces ofdielectric.

The major problem with vehicle radar is overcoming false reflections
from vehicles in different road lanes or from road furniture or bridge
pillars. This is a particular problem oncurves,but is likely to be much less
of a problem when used in anintelligent cruise control system than in
general obstacle detection because of the shorter distances involved.
Recognition of another vehicle could of course be greatly easedif all
vehicles were equipped with a small corner reflector on the rear of the
vehicle, but without legislation this is unlikely ever to be possible.

Infrastructure-based driver warning systems are as old as motoring.
Permanent or temporary roadside signs giving instructions or information
to the driver have been used for most of the motoring era. Apart from
traffic lights, it is only in the last 20 years that roadsigns have become
active with the ability to be changed remotelytofit traffic circumstances.
The police-controlled signs on motorways are typical examples. Their
usefulness is closely related to the accuracy of the information input and
the speed with which changes are made, Weareall aware that there can
be considerable delays in changing signs after an accident or obstruction
has happened and an even longerdelay after it has been cleared.
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The most recent development in this area is the appearance of 
infrastructure-based systems which can be accessed by electronics within the 
vehicle to give direct information to the driver. An example of this is the 
Trafficmaster system which is currently operational on the M25 motorway 
around London and is scheduled to be extended to other UK motorways; it 
is also under review for use in the USA. It makes use of bridge-mounted 
detectors using active infrared technology to illuminate two strips across 
each outside lane of a motorway with coded infrared radiation through 
which vehicles must pass (see figure 13.16). The reflected infrared radiation 
is detected and processed by a bridge-mounted microprocessor to 
determine the speed of the vehicles passing underneath. If the vehicle speed 
drops below 40 km h- I a signal is sent to a control via the Paknet radio
accessed packet data network. The data showing sensor location, speed on 
both carriageways and vehicle count are then sent to the subscriber's vehicle 
by means of the Air Call radio-paying network and shown on an LCD map 
display to give a complete picture of the motorway network with an 
indication of where traffic is slow moving or stationary. 

Plan I " II I 

Direction 
of flow 

Figure 13.16 Infrared transmitters and receivers used in the 
Trafficmaster system to sense the speed of passing motorway vehicles. 

The information obtained from a system of this type could clearly be 
used to control road signs and could be used as a real-time input to a 
vehicle navigation system, which could then provide alternative route 
information when congestion was indicated. 

Tbe ability to detect congestion accidents and other road obstructions 
is further extended by the use of each vehicle as a sensor of the 
conditions existing at its location with the capability of automatically 
communicating that information by a uitable microwave radio link both 
to other vehicles and to the infrastructure for wider distribution. The 
development of the sensors and systems which make this possible is one 
of the prime concerns of the European PROMETHEUS and DRIVE 
research programmes. 
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234 AUTOMOTIVESENSORS

The most recent development in this area is the appearance of
infrastructure-based systems which can be accessed byelectronics within the
vehicle to give direct information to the driver. An example of this is the
Trafficmaster system which is currently operational on the M25 motorway
around London andis scheduled to be extended to other UK motorways;it
is also under review for use in the USA.It makes use of bridge-mounted
detectors using active infrared technology to illuminate two strips across
each outside lane of a motorway with coded infrared radiation through
which vehicles must pass (see figure 13.16). The reflected infrared radiation
is detected and processed by a bridge-mounted microprocessor to
determine the speed ofthe vehicles passing underneath. If the vehicle speed
drops below 40 kmh! asignal is sent to a control via the Paknet radio-
accessed packet data network. The data showing sensor location, speed on
both carriageways and vehicle count are then sent to the subscriber's vehicle
by meansof the Air Call radio-paying network and shown on an LCD map
display to give a complete picture of the motorway network with an
indication of wheretraffic is slow movingor stationary.
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Figure 13.16 Infrared transmitters and receivers used in the
Traflicmaster system to sense the speed of passing motorwayvehicles.

The information obtained from a system of this type could clearly be
used to control road signs and could be used as a real-time input to a
vehicle navigation system, which could then provide alternative route
information when congestion was indicated,

The ability to detect congestion, accidents and other road obstructions
is further extended by the use of each vehicle as a sensor of the
conditions existing at its location with the capability of automatically
communicating that information by a suitable microwave radio link both
to other vehicles and to the infrastructure for wider distribution. The

development of the sensors and systems which makethis possible is one
of the prime concerns of the European PROMETHEUSand DRIVE
research programmes.
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14 

Future Developments 

Future developments expected in the field of automotive sensors are 
concerned particularly with making sensors more reliable, of higher 
quality, easier to use, cheaper to make and more accurate; this will be 
achieved by various means such as the use of improved materials, better 
processing and greater use of smart electronics to compensate for the 
unavoidable inaccuracies in the different devices. In particular, the use of 
silicon-based sensors is expected to increase dramatically, and the use of 
such devices with added intelligence will be widespread within the next 
few years. 

There are three areas of general development in the use of sensors 
which are going to be of most importance, the first two in the 1990s and 
the third after the turn of the century. These areas are: 

(i) integrated system sensors; 
(ii) self-calibrating sensors; 
(iii) embedded simulation. 

14.1 INTEGRATED SYSTEM SENSORS 

Up to the present automotive sensors have been 'stand-alone' devices 
providing a specific output to an electronic control unit in which the 
information from the sensor was then processed together with that from 
other sensors to control a system in the vehicle. If more than one system 
needs to use the same information, for example when throttle position and 
movement is required by the engine control system and the suspension 
system, it has generally been the practice to use two separate sensors 
measuring the same physical quantity. System designers have been 
reluctant to feed the signal from a common sensor into their electronics 
and allow the second system requiring the information to take a parallel 
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Future developments expected in the field of automotive sensors are
concerned particularly with making sensors more reliable, of higher
quality, easier to use, cheaper to make and more accurate; this will be
achieved by various means such as the use of improved materials, better
processing and greater use of smart electronics to compensate for the
unavoidable inaccuracies in the different devices. In particular, the use of
silicon-based sensors is expected to increase dramatically, and the use of
such devices with added intelligence will be widespread within the next
few years.

There are three areas of general development in the use of sensors
which are going to be of most importance, the first two in the 1990s and
the third after the turn of the century. These areasare:

(i) integrated system sensors;
(ii) self-calibrating sensors;
(iii) embedded simulation.

14.1 INTEGRATED SYSTEM SENSORS

Up to the present automotive sensors have been ‘stand-alone’ devices
providing a specific output to an electronic control unit in which the
information from the sensor was then processed together with that from
other sensors to control a system in the vehicle. If more than one system
needs to use the same information, for example when throttle position and
movement is required by the engine control system and the suspension
system, it has generally been the practice to use two separate sensors
measuring the same physical quantity. System designers have been
reluctant to feed the signal from a common sensorinto their electronics
and allow the second system requiring the information to take a parallel
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signal from the sensor, because of the difficulty of determining which 
system is responsible in a fault situation and the risk of increased 
electromagnetic interference (EM!) between systems. However, with the 
advent of in-car multiplex wiring systems, each control system can be 
independently fed with coded signals from a single sensor for each 
parameter of interest. 

The original concept of multiplex wiring was to use a single, large gauge 
ring circuit to distribute electrical current to all parts of the vehicle (see 
figure 14.1), then at each take-off point where current is required (for rear 
lamps, stop lamps, direction flashers, heated backlight etc), there is an 
integrated circuit control module which includes an electronic switch 
capable of controlling the current to the component, plus a sensing circuit 
module that can detect and act on a digital control information code 
passed down a separate control wire. The dashboard carries a low-current 
switch which incorporates a code pulse generator and can be as physically 
small as required by the car designer. 

ElectroniC engine DiagnostiC panel 
control Unit 

Mulliplex ring mOln 
and diagnostic system 

Integrated Circuit 
control and sensl ng 
modules 

Figure 14.1 A multiplex wiring ring circuit. 

The sensing circuit also has the capability to transmit diagnostic 
information back down the control wire indicating whether the component 
to be switched on is in a normal state, short circuited or open circuit. Thus, 
for example, a diagnostic display of bulb condition can be easily provided 
without additional wiring or sensors. 

It is also possible to transmit sensor information on the mUltiplex link 
from one part of the vehicle to another. For example, information about 
engine speed may be needed by a number of the control systems and this 
can be made available to all systems on the multiplex link. By the use of 
very high-frequency data codes on the control link it is even possible to 
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interconnect operating control systems to provide complex real-time 
interactive control functions. 

Recent multiplex systems have moved away from the single ring main 
around the vehicle and all systems now in use or development split the 
vehicle into zones fed on a 'star' network by power cables and data links, 
so that failure in one zone can be isolated from the rest of the system. 

Early muJtiplex sy terns made use of simple repetitive digital control 
codes (protocols). However, all recent systems make use of what is known 
as a 'contention protocol. In tbis, any remote logic circuit module can 
generate a digital 'word' describing the information or instruction to be 
transferred at any time, but each source has a predetermined priority, so 
that if two or more messages coincide, whichever message has the highest 
priority is allowed to proceed to its destination and the lower-priority 
message source has to try again. 

The Bosch CAN system in Europe and the SAE J1850 system in the 
USA are examples of multiplex ysterns which use contention protocols. 
In these systems, it is only necessary to send the control instruction once 
and have it acknowledged to switcb a particular load on or off or to send a 
particular piece of information. The transmis ion of sen or information is 
therefore possible provided that each sensor has as ociated with it a 
suitable electronic module to represent its (u ually) analogue signal at a 
sufficient number of levels of that signal to give the required accuracy and 
to convert those levels to a series of binary digits which can be 
electronically incorporated into the full digital word required by the 
multiplex system. Thi fujI word will include an indication of the priority 
of the input from each sensor, 0 that changes in output can rapidly be 
transmitted to the control system making use of the information. For 
example a change in throttle position wo'uJd have very high priority a an 
input signal to both an engine control system and a suspen ion control 
system. whereas a change in engine temperature, or fue] level , because 
they can only change comparatively slowly would not require a high
priority designation in the multiplex system. 

It is essential that the pulse repetition rate of the multiplex system is 
sufficiently high to ensure that rapid changes in sensor input are 
transmitted to the control system in a time which is short compared with 
the response rate of the system being controlled . This requires pulse 
repetition rales in the 50-200 kHz range for the transmission of sensor 
data, and pulse repetition rates up to 1 MHz if the sensor is included in a 
real-time control loop and system instability is to be avoided. This 
requirement has led to the division of multiplex systems into three 
different ranges: 

(i) Class A. Low-frequency pulse repetItIOn rates of 5-30 kHz, 
suitable for basic switching functions in the vehicle. 
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interconnect operating control systems to provide complex real-time
interactive control functions.

Recent multiplex systems have moved away from the single ring main
around the vehicle and all systems now in use or development split the
vehicle into zones fed on a ‘star’ network by power cables and datalinks,
so that failure in one zone can be isolated from the rest of the system.

Early multiplex systems made use of simple repetitive digital control
codes (protocols). However,all recent systems make use of what is known
as a ‘contention’ protocol. In this, any remote logic circuit module can
generate a digital ‘word’ describing the information or instruction to be
transferred at any time, but each source has a predeterminedpriority, so
that if two or more messages coincide, whichever message has the highest
priority is allowed to proceed to its destination and the lower-priority
message source hasto try again.

The Bosch CAN system in Europe and the SAE J1850 system in the
USA are examples of multiplex systems which use contention protocols,
In these systems,it is only necessary to send the control instruction once
and have it acknowledged to switch a particular load on or off or to send a
particular piece of information. The transmission of sensor informationis
therefore possible provided thal each sensor has associated with it a
suitable electronic module to represent its (usually) analogue signal at a
sufficient numberoflevels of that signal to give the required accuracy and
to convert those levels to a series of binary digits which can be
electronically incorporated into the full digital word required by the
multiplex system. This full word will include an indication of the priority
of the input from each sensor, so that changes in output can rapidly be
transmitted to the control system making use of the information, For
example a changein throttle position would have very high priority as an
input signal to both an engine control system and a suspension control
system, whereas a change in engine temperature, or fuel level, because
they can only change comparatively slowly, would not require a high-
priority designation in the multiplex system.

It is essential that the pulse repetition rate of the multiplex system is
sufficiently high to ensure that rapid changes in sensor input are
transmitted to the control system in a time which is short compared with
the response rate of the system being controlled. This requires pulse
repetition rates in the 50-200 kHz range for the transmission of sensor
data, and pulse repetition rates up to 1 MHzif the sensoris included in a
real-time control loop and system instability is to be avoided. This
requirement has led to the division of multiplex systems into three
different ranges:

(i) Class A. Low-frequency pulse repetition rates of 5-30 kHz,
suitable for basic switching functions in the vehicle.
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(ii) Class B. Medium-frequency pulse repetition rates of 50-200 kHz, 
suitable for transmission of sensor and other real-time data. 

(iii) Class C. High-frequency pulse repetition rates of 500 kHz-2 MHz, 
suitable for the inclusion of sensors and actuators within the control 
system direct feedback loop. 

In the multiplex systems expected to be used during the 1990s, some 
combination of Class A and B functions, possibly in a two-level multiplex 
system, seems most probable. In the longer term Class C multiplex will be 
used to produce an integrated total vehicle system which can be looked upon 
as a complete vehicle control system, with all systems being fully interactive. 

The use of optical fibres instead of 'twisted pair' copper cables for 
multiplex interconnection seems a strong possibility after the turn of the 
century and would lead to further developments in the multiplex protocol 
to take advantage of the much greater bandwidth which would become 
available. This technology requires that there is a multiplex module for 
each inlet and outlet port to the system. So that each sensor has its own 
electronic module. This arrangement is a halfway-house to the 'smart' 
sensors described in chapter 12, where the electronics instead of being in a 
separate module is integrated onto the same substrate or even the same 
chip as the sensor itself. 

As was said in chapter 12, very few sensors have so far been developed 
to this level since it is necessary that the sensor element itself should be 
suitable for integration; that is, it is either a semiconductor sensor such as 
a Hall effect magnetic field probe, or a substrate sensor such as a thick
film strain gauge. However, this is an area in which there is considerable 
development, and when these smart sensors are fully developed they will 
include not only the standardised coding/decoding functions required for 
multiplex wiring but also electronics with the capability for processing the 
sensor information to provide checks on operation within range, 
repeatability and linearity. This capability leads on to a second long-term 
development likely in automotive sensors, that of self-calibration. 

14.2 SELF-CALIBRATING SENSORS 

The ability of a sensor to be self-calibrating is likely to be a potent means 
of reducing sensor costs in future. 

Many low-cost sensors suffer from poor linearity over their operating 
range, although their repeatability is good. The fuel level sensor is an 
excellent illustration of this, for in spite of careful calibration during 
development, the inherently low cost of the sensor means that only very 
simple methods of linearity correction are possible, with the consequence 
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(ii) Class B. Medium-frequency pulse repetition rates of 50-200 kHz,
suitable for transmission of sensor and otherreal-time data.

(iii) Class C. High-frequency pulse repetition rates of 500 kHz-2 MHz, if
suitable for the inclusion of sensors and actuators within the control iq

system direct feedback loop. |

In the multiplex systems expected to be used during the 1990s, some |
combination of Class A and B functions, possibly in a two-level multiplex
system, seems most probable. In the longer term Class C multiplex will be

used to produce an integrated total vehicle system which can be looked upon |
as a complete vehicle control system, withall systems beingfully interactive.

The use of optical fibres instead of ‘twisted pair’ copper cables for |
multiplex interconnection seems astrong possibility after the turn of the
century and would lead to further developments in the multiplex protocol
to take advantage of the much greater bandwidth which would become
available. This technology requires that there is a multiplex module for
each inlet and outlet port to the system. So that each sensor has its own
electronic module. This arrangement is a halfway-house to the ‘smart’
sensors described in chapter 12, where theelectronics instead of being in a
separate module is integrated onto the same substrate or even the same
chip as the sensoritself.

As wassaid in chapter 12, very few sensors have so far been developed |
to this level since it is necessary that the sensor element itself should be |
suitable for integration; that is, it is either a semiconductor sensor such as
a Hall effect magnetic field probe, or a substrate sensor such as a thick- |
film strain gauge. However, this is an area in which there is considerable
development, and whenthese smart sensors are fully developed theywill
include not only the standardised coding/decoding functions required for
multiplex wiring but also electronics with the capability for processing the
sensor information to provide checks on operation within range,
repeatability and linearity. This capability leads on to a second long-term
developmentlikely in automotive sensors, that ofself-calibration.

 

14.2 SELF-CALIBRATING SENSORS

The ability of a sensor to be self-calibratingis likely to be a potent means

of reducing sensorcosts in future. |
Many low-cost sensors suffer from poor linearity over their operating

range, although their repeatability is good. The fuel level sensor is an
excellent illustration of this, for in spite of careful calibration during
development, the inherently low cost of the sensor means that only very
simple methodsoflinearity correction are possible, with the consequence
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that significant nonlinearity exists under operational conditions. This 
inaccuracy has been compounded by the susceptibility of the fuel tank 
sensor to distortion of the float arm during assembly and the small depth 
of modern fuel tanks, with the result that fuel level readings in vehicles are 
a constant source of customer complaint, although the repeatability of the 
reading in each individual vehicle is good. 

In a self-calibrating system the system would be cycled under controlled 
conditions after assembly of the sensor into the fuel tank; this would be done 
by filling and emptying the tank by known increments, while the sensor 
smart electronics was instructed, through the multiplex controller, to record 
the readings at each increment of filling and to use these recorded data as 
the calibration against which all future measurements are read. 

Providing the sensor has good repeatability, then wide variations in 
linearity and range between nominally similar sensors can be accepted, 
giving the opportunity for the increasing use of low-cost devices. 

The third and longer-term development which in the authors' view will, 
in the early part of the next century, cause dramatic changes in the 
comprehensive vehicle control systems that will then be in use , is what we 
call 'embedded simulation'. 

14.3 EMBEDDED SIMULATION 

The development of computer simulation of vehicle systems such as the 
engine, transmission, suspension etc is currently proceeding apace, and 
further developments of the technique will involve combining those 
simulations to make it possible to represent the complete vehicle. 
Currently this requires substantial computing power and memory, but it 
seems certain that by early in the next century computing power of this 
order will be available in low-cost small-package devices, sufficiently 
compact to fit into a vehicle. 

At this point it seems probable that control systems for vehicles (and 
probably other self-contained real-time control systems around the home 
and in industry) will change in character, so that a full simulation of the 
system being controlled is embedded in the control system. With the 
availability of this simulation within the control system it will be possible 
to compare the actual performance of the vehicle, as measured by suitable 
sensors, with an ideal as specified by the embedded simulation. This not 
only provides the opportunity for comprehensive feedback control of all 
controllable functions, but also provides a target against which the 
performance of all these functions can be compared, hence making fully 
active diagnostics possible. 

Another benefit of such a system is the ability to continue operating the 
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that significant nonlinearity exists under operational conditions. This
inaccuracy has been compounded bythe susceptibility of the fuel tank
sensor to distortion of the float arm during assemblyand the small depth
of modern fuel tanks, with the result that fuel level readings in vehicles are
a constant source of customer complaint, although the repeatability of the
reading in eachindividual vehicle is good.

In a self-calibrating system the system would be cycled under controlled
conditions after assemblyof the sensorinto the fuel tank; this would be done
by filling and emptying the tank by known increments, while the sensor
smart electronics was instructed, through the multiplex controller, to record
the readings at cach incrementof filling and to use these recorded data as
the calibration against whichall future measurements are read.

Providing the sensor has good repeatability, then wide variations in
linearity and range between nominally similar sensors can be accepted,
giving the opportunity for the increasing use of low-cost devices.

The third and longer-term development whichin the authors’ viewwill,
in the early part of the next century, cause dramatic changes in the
comprehensive vehicle control systems that will then be in use, is what we
call ‘embedded simulation’,

14.39 EMBEDDED SIMULATION

The development of computersimulation of vehicle systems such as the
engine, transmission, suspension etc is currently proceeding apace, and
further developments of the technique will involve combining those
simulations to make it possible to represent the complete vehicle.
Currently this requires substantial computing power and memory, but it
seems certain that by early in the next century computing powerofthis
order will be available in low-cost small-package devices, sufficiently
compactto fit into a vehicle.

At this point it seems probable that control systems for vehicles (and
probably otherself-contained real-time control systems around the home
and in industry) will change in character, so that a full simulation of the
system being controlled is embedded in the control system. With the
availability of this simulation within the control system it will be possible
to compare the actual performance ofthe vehicle, as measured bysuitable
sensors, with an ideal as specified by the embedded simulation. This not
only provides the opportunity for comprehensive feedback control ofall
controllable functions, but also provides a target against which the
performance ofall these functions can be compared, hence making fully
active diagnostics possible.

Anotherbenefit of such a system is the ability to continue operating the
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vehicle satisfactorily even when failure of major parts of the main control 
system in particul-ar sensors, occurs. In fact one benefit might weU be the 
ability to dispense with many of the existing sen ors since given infonnation 
00 for example only engine speed torque and temperature tbe simulation 
- particularly if it is designed to be adaptive - may well be ab le to pecify 
the full operating conditions of the engine. Then, as major slowly varying 
condition such as wear fuelling or altitude of operation change, the 
imulation is automaticaUy modified to take this into account. 

An example of how this system might work in practice is shown in the 
diagram of figuTe 14.2. In this a comprehen ive vehicle control system is 
shown in which three major cOI)trol units are used for power train, chassi 
sy terns and body/information systems. These contTol un its are connected 
to a high-speed multiplex data link and are capable of operating together 
through the multiplex link with their associated ensors and actuators a 
direct real-time feedback control system for their de-signated functions. 

Diagnost ic I unit 

Measured comprehensive f 
sensor data 

Comparator 

t 
Powertrain 
systems 
electroni c 
control 
unit 

Simulated comprehensive 

• Engine spe .. d 
• Engine torque 
• Vehicl. speed 
• Brake pedal position 
• Throttle position 
·St.ering position 
• Su spension movement 
( Accelldisplacement) 
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.. nsor data 

Simulation 
.. nsor data 

IB) High-speed data link 

Ch ass is 
systems 
el ectroniC 
control 
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Bodyl information 
systems 
electronic 
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IA) Multiplex data I 
to smart sensors 
and actuators 

Figure 14.2 A comprehensive embedded simulation system. 
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vehicle satisfactorily even when failure of major parts of the main control
system, in particular sensors, occurs. In fact one benefit might well be the
ability to dispense with many of the existing sensors, since given information
on for example only engine speed, torque and temperature, the simulation
— particularly if it is designed to be adaptive — may well be able to specify
the full operating conditions of the engine. Then, as major slowly varying
conditions such as wear, fuelling or altitude of operation change, the
simulationis automatically modified to take this into account.

An example of how this system might work in practice is shown in the
diagramoffigure 14.2. In this a comprehensive vehicle contro] system is
shownin which three major control units are used for power train, chassis
systems and body/information systems. These control units are connected
to a high-speed multiplex data link and are capable of operating together
through the multiplex link with their associated sensors and actuators as
direct real-time feedback control systems for their designated functions. |
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electronic clectromec electronic
control control control
unit unt unit

  
 
 

1A) Multiplex data /to smart sensors
and actuators

Figure 14.2 A comprehensive embedded simulation system.
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The three control systems are also directly interconnected by a high
speed data link, along which sensor data can be rapidly exchanged. This 
data link is also fed with data which can modify the sensor data under 
the control of the simulation/comparator system shown at the top of the 
diagram. 

The simulation/comparator system contains a full simulation of the 
vehicle systems, and is fed with basic sensor data, the suggested list of 
parameters required being shown. These inputs control the operating 
conditions and parameters of the simulation which then transmits the 
resulting comprehensive sensor data for an accurate simulation to the 
comparator where it is compared with the measured comprehensive 
sensor data from the multiplex data link (A). Any differences are 
transmitted via data link (B) to the three system control units and 
weighted according to their importance and priority and then used to 
modify the control loops to correct the system towards the optimum as 
defined by the simulation. The output of the comparator is also 
transmitted to a diagnostic unit which can assess the importance of the 
deviations from the simulated optimum sensor readings and flag 
substantial deviations which could indicate a serious malfunction in either 
sensors or actuators. 

In the case of a gross disruption of sensor information, the simulation 
could be used to reconstitute sensor signals to keep the vehicle running 
under the best practicable conditions, consistent with the extent and 
severity of the failure . 

In the longer term, there is the possibility of reducing the number of 
sensors to those basic parameters listed on the diagram, and relying on the 
simulation to reconstitute the comprehensive sensor data required for full 
system control, with a corresponding dramatic reduction in cost and 
improvement in reliability. 

This technique of embedded simulation is of course applicable to a 
whole range of complex control systems, not only in automotive 
applications but in many other areas where complex real-time control is 
essential. 

14.4 THE CAR OF THE FUTURE 

The car of the future seems likely to be comprehensively controlled and 
optimised by sophisticated real-time controls so that it is intelligent 
enough to both compensate for minor aging and deterioration as well as 
being able to warn the driver - and through the external driver 
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The three control systems are also directly interconnected by a high-
speed datalink, along which sensor data can be rapidly exchanged. This
data link is also fed with data which can modify the sensor data under
the control of the simulation/comparator system shownat the top ofthe

diagram.
The simulation/comparator system contains a full simulation of the

vehicle systems, and is fed with basic sensor data, the suggested list of
parameters required being shown. These inputs control the operating
conditions and parameters of the simulation which then transmits the
resulting comprehensive sensor data for an accurate simulation to the
comparator where it is compared with the measured comprehensive
sensor data from the multiplex data link (A). Any differences are
transmitted via data link (B) to the three system control units and
weighted according to their importance and priority and then used to
modify the control loops to correct the system towards the optimum as
defined by the simulation. The output of the comparator is also
transmitted to a diagnostic unit which can assess the importance of the
deviations from the simulated optimum sensor readings and flag
substantial deviations which could indicate a serious malfunction in either
sensors or actuators.

In the case of a gross disruption of sensor information, the simulation
could be used to reconstitute sensor signals to keep the vehicle running
under the best practicable conditions, consistent with the extent and
severityofthe failure.

In the longer term, there is the possibility of reducing the numberof
sensors to those basic parameterslisted on the diagram, and relying on the
simulation to reconstitute the comprehensive sensor data required forfull
system control, with a corresponding dramatic reduction in cost and
improvementin reliability.

This technique of embedded simulation is of course applicable to a
whole range of complex control systems, not only in automotive
applications but in many other areas where complex real-time controlis
essential.

144 THE CAR OF THE FUTURE

The car of the future seems likely to be comprehensively controlled and
optimised by sophisticated real-time controls so that it is intelligent
enough to both compensate for minor aging and deterioration as well as
being able to warn the driver — and through the external driver
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communication network the nearest repair and rescue services - of major 
failures or accidents. 

In many ways, the vehicle system can be seen to approach the way in 
which human beings operate as a complex control sy tern [1] since a 
human being uses all the techniques we have described to operate 
effectively on a day to day basis. A person requires a comprehensive 
sensor set to enable them to operate, just as does a motor vehicle. In fact 
cutting either system off entirely from their sensors is a sure way of 
obtaining rapid and total system failure! 

The combination of sophisticated internal controls with the ability to 
communicate with the outside world through the driver communication, 
collision avoidance vision enhancement and navigation systems described 
in chapter 13 makes the car of the future part of a complex and 
sophisticated transportation system which will optimise road travel while 
retaining the individual control of destination, speed and direction that 
people consider to be of great importance. The sensors described in this 
book are essential in making all this possible. 

REFERENCE 

[1] Westbrook M H 1984 The human body and its transducers: a real 
time, real life computing and control system Proc. lEE 131 A 10--16 
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communication network the nearest repair and rescue services — of major
failures or accidents.

In many ways, the vehicle system can be seen to approach the way in
which human beings operate as a complex control system [1], since a
human being uses all the techniques we have described to operate
effectively on a day to day basis. A person requires a comprehensive
sensor set to enable them to operate, just as does a motor vehicle. In fact
cutting either system off entirely from their sensors is a sure way of
obtaining rapid and total system failure!

The combination of sophisticated internal controls with the ability to
communicate with the outside world through the driver communication,
collision avoidance, vision enhancement and navigation systems described
in chapter 13, makes the car of the future part of a complex and
sophisticated transportation system which will optimise road travel while
retaining the individual control of destination, speed and direction that
people consider to be of great importance. The sensors described in this
bookare essential in makingall this possible.
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flame, 

colour, 102 
front arrival, 17, 18, 104 
ionisation, 104 
temperature, 102 
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gearbox-based torque sensor, 

114-115 
Gray code, 142 
greenhouse effect, 175 
Gunn diode oscillator, 233 
gyroscope, 

optical, 223-225 
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infrared, 
communication, 215-217, 227, 228 
gas sensors, 189-190 
illumination, 214 
laser rangefinder, 232 
spectrometer, 192 
vehicle sensor, 234 

infrastructure-based system, 214, 225 
inlet air temperature, 75 
inlet manifold mass air flow, 63-74, 

95 
inlet manifold pressure, 3,4, 8, 13, 

63 
see also MAP sensor 

integrated engine control, 4 
integrated system sensors, 236-240 
intelligent cruise control, 214, 233 
Intelligent Vehicle Highway Systems 

(IVHS), 214, 215 
interactive engine control, 7, 19 
Invar,85 
ion drift flow meter, 14 
ion mobility, 71 
ionisation, 

arc, 106 
combustion sensors, 103-106 
current, 12 
detector, 17, 18 

IVHS, 214, 215 

jiggle-pin, 90, 91 

Kistler pressure sensor, 99 
knock,99,105 

limit, 12 
sensing, 11, 12, 17,96,101,102, 

106-108 

LOT, 134-135 
lean-burn,16,17,176 

catalyst, 194 
EGO sensor, 16, 17, 182-188 

linear displacement transducer 
(LOT),134-135 

linear feedback circuit for 
capacitance measurement, 
52-53 
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transformer (LVDT), 21, 132, 
135-137 

linearisation, 5 
linearity, 

of an LVDT, 137 
of capacitive sensors, 140 
of a potentiometer sensor, 

127-129 
liquid crystal temperature sensor, 

87-88 
liquid level sensor, 

optical, 193,201-202 
potentiometer-based, 197, 199 
resonant, 202-204 
thermal, 204 

lithography, 41 
Lucas, optical torque sensor, 

120 -121 
LVDT,21,132,135-137 

linearity of, 137 
range of, 137 

magnet circuit, 132 
magnetic field sensors, 215-222 
magnetic permeability, 121 
magnetic sensors, 211 
magnetic torque sensor, 121-123 
magneto, 1 
magnetometer, 218 
magnetomotive force (MMF), 

132-133 
magnetostrictive/piezoelectric 

laminate, 220 
manifold absolute pressure, see MAP 

sensor 
manifold vacuum, 3, 10, 95 
manometer, xiv, 1,32 
manufacturing smart sensors, 

208-211 
manufacturing techniques for silicon 

devices, 209-211 
map matching and following, 217, 

218,225 
MAP sensor, 10, 34, 36, 61, 95 
mass air flow, 14,63-74 
mass air flow sensing, 4, 13, 63-74 
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methane, 190 
methanol, 176, 190, 191 
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micromachining, 41, 209-211 
microphone, 48 
microprocessor, xii 

price-performance ratio of, 207 
microwave beacons, 217, 227 
MTI, Japan, 217 
mixed-cycle engines, 17, 176, 

182-185,188,194 
MMF,132-133 
modulating transducer, 75 
mounting techniques for 

accelerometers, 171 
multiplex data bus, 24, 237-239 
multiplex wiring, 4, 5, 237-239 

navigation and route guidance 
systems, 215-229 

negative temperature coefficient 
(NTc),78 

Nernst equation, 179 
Newton's second law, 150 
nitrogen oxides, 4, 175, 176 
noise, 

in capacitive sensors, 50-51 
in potentiometers, 130 
triboelectric, 171 

non-contact torque sensor, 
117-123 

NTC thermistors, 78 

off-axis modes of silicon 
accelerometers, 164 

ohmmeter technique, 81 
oil level, 26 
oil level sensor, 

optical, 201 
thermal, 204 

oil pressure, 2 
oil level warning lamp, 199 
optical fibres, 99,100, 103, 190,224, 

225,239 
optical sensors, 

angular encoder, 141-143 
combustion, 17-18, 101-103 
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dirt problems, 141 
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fuel level, 25, 201-202 
liquid level, 201-202 
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pressure, 99-100 
silicon, 209 
steering wheel, 22 
torque, 117 
translational encoder, 143 
transmission, 21 

overrange (;ffects, pressure sensor, 
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oxidation-reduction reaction, 180 
oxides of nitrogen, 4, 175, 176 
oxygen, 

diffusion, 183,184 
generation, 175 
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partial pressure, 16, 17, 178, 179 
pumping, 16, 182-185 
sensor, 15 

parking aids, 126, 145 
ultrasonic, 126 

pedestal and ring pressure sensor, 
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permeability, 121, 133 
permittivity, 50,138 
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155 
phase-sensitive demodulator, 137 
Philips CARIN system, 216 
photoelectric sensor, 3 
photolithography, 166 
phototransistors, 209 
piezoceramic tube, 97 
piezoelectric, 

accelerometer, 11,23,150-151, 
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ceramic ring, 11, 23 
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pressure sensor, 17, 18,96-99 
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liquid level, 201-202
oil level, 201

pressure, 99-100
silicon, 209

steering wheel, 22
torque, 117
translational encoder, 143
transmission, 21

overrange effects, pressure sensor,
57

oxidation-reduction reaction, 180

oxides ofnitrogen, 4, 175, 176
oxygen,

diffusion, 183, 184

generation, 175
ions, 15

partial pressure, 16, 17, 178, 179
pumping, 16, 182-185
sensor, 15

parkingaids, 126, 145
ultrasonic, 126

pedestal and ring pressure sensor,
46-7

permeability, 121, 133
permittivity, 50, 138
petrol gauge, 125, 196
phase distortion of accelerometers,

155

phase-sensitive demodulator, 137
Philips CARIN system, 216
photoelectric sensor, 3
photolithography, 166
phototransistors, 209
piezoceramic tube, 97
piezoelectric,

accelerometer, 11,23, 150-151,
157-160

ceramic ring, 11, 23
effect, transverse, 98

pressure sensor, 17, 18, 96-99
sensors, 4, 97

vibratory gyroscope, 222, 223
piezoresistance, 42-46, 161-162

 



piezoresistive, 
accelerometer, 151, 160-166 
strain gauge, 43 

piezoresistors, 40, 211 
plasma etching, 42 
platinum electrodes, 178, 179 
platinum resistance thermometer, 

77-78 
PN junction temperature sensor, 

86-87,93 
position-sensitive photodetectors, 

209 
positive temperature coefficient 

(PTc),79 
potentiometer, 

carbon film, 130 
cermet, 130 
conductive plastic, 130 
hybrid, 130 
wire-wound, 129-130 

potentiometer sensors, 
linearity, 127-129 
resolution, 129-130 

potentiometer-based sensors, 126, 
127-131 

potentiometers, for liquid level 
sensing, 197, 199 

power and torque in a rotating shaft, 
111 

powertrain control, 7, 96 
pressure, 

absolute, 31 
differential, 31 
gauge, 31 

pressure doubling, 50 
pressure measurement, dead-weight, 

33 
pressure sensors, 

bellows, 34 
Bourdon tube, 34 
chemical attack on, 57 
diaphragm, 33, 37-39 
effect of acceleration on, 58-59 
electromagnetic susceptibility of, 

60 
environmental design constraints, 

57 
overrange effects, 59 
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thermal sensitivity of, 59-60 
pressure switches, 55-56 
price-performance ratio, 

of actuators, 207 
of processors, 207 
of sensors, 207 
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principle of equipartition, 76 
PROMETHEUS programme, 213, 

214,217,229,234 
propane, 190 
PTC thermistors, 79 
push-pull capacitance sensor, 51-52 
pyrometer, 75, 88-89 

RACS,217 
radar, 28,232,233 
radiation thermometer, 88 
radio data system (ROS), 215 
radio-frequency interference (RFI), 

60,115 
range, 

of capacitive displacement sensor, 
139 

of eddy current sensor, 138 
of LVOT, 137 

ratiometric technique, 120 
Ros,215 
reactive ion etching (RIE), 42 
real-time feedback control, 238, 

241-242 
refractive index fuel sensor, 193 
relative permittivity, 138 
relaxation oscillator, 53-55 
reluctance sensors, 132-134, 168 
resistive temperature sensors, 77-81 
resolution, of a potentiometer 

sensor, 129-130 
resonance in accelerometers, 

156-157 
resonant liquid level sensor, 202-204 
reversing aids, 145 

ultrasonic, 126 
RFI, 60,115 

and accelerometers, 170 
ride height sensing, 126, 145 
RIE,42 
ring circuit, 237 
ring transducer, 100 
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plezoresistive,

accelerometer, 151, 160-166
strain gauge, 43

piezoresistors, 40, 211
plasmaetching, 42
platinum electrodes, 178, 179
platinum resistance thermometer,

77-18

PN junction temperature sensor,
86-87, 93

position-sensitive photodetectors,
209

positive temperature coefficient
(PTC), 79

potentiometer,
carbonfilm, 130
cermet, 130

conductive plastic, 130
hybrid, 130
wire-wound, 129-130

potentiometersensors,
linearity, 127-129
resolution, 129-130

potentiometer-based sensors, 126,
127-131

potentiometers,for liquid level
sensing, 197, 199

power and torquein a rotating shaft,
111

powertrain control, 7, 96
pressure,

absolute, 31
differential, 31

gauge, 31
pressure doubling, 50
pressure measurement, dead-weight,

33

pressure sensors,
bellows, 34

Bourdon tube, 34
chemicalattack on, 57

diaphragm,33, 37-39
effect of acceleration on, 58-59

electromagnetic susceptibilityof,
60

environmental design constraints,
57

overrange effects, 59

 

INDEX 251

thermalsensitivity of, 59-60
pressure switches, 55-56
price-performanceratio,

of actuators, 207

of processors, 207
of sensors, 207

principle of equipartition, 76
PROMETHEUSprogramme,213,

214, 217, 229, 234
propane, 190
pTcthermistors, 79
push-pull capacitance sensor, 51-52
pyrometer, 75, 88-89

RACS,217
radar, 28, 232, 233
radiation thermometer, 88
radio data system (RDs), 215
radio-frequency interference (RFT),

60, 115
range,

of capacitive displacementsensor,
139

of eddy current sensor, 138
of LvpT, 137

ratiometric technique, 120
RDS, 215

reactive ion etching (RIE), 42
real-time feedback control, 238,

241-242

refractive index fuel sensor, 193

relative permittivity, 138
relaxation oscillator, 53-55
reluctance sensors, 132-134, 168
resistive temperature sensors, 77-81
resolution, of a potentiometer

sensor, 129-130
resonance in accelerometers,

156-157

resonant liquid level sensor, 202-204
reversing aids, 145

ultrasonic, 126
RFI, 60, 115

and accelerometers, 170

ride height sensing, 126, 145
RIE, 42

ring circuit, 237
ring transducer, 100
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Road and Automobile 
Communication System 
(RACS),217 

Road Transport Informatics (RTI), 
214 

rotary transformer, 115 
rotation rate sensor, 134,146--147 
rotational speed, 10 
RTI, 214 

SAE 11850 system, 238 
Sagnac interferometer, 223, 224 
satellite location, 28 
satellite navigation, 215 
SCAP sensor, 46 
Schottky diode mixture, 233 
screen printing, 165-166 
seismometers, 150, 154 
selective gas sensors, 188-191 
self-calibration, 5, 6, 206, 236, 239, 

240 
self-generating transducer, 75 
self-heating error, 80 
self-testing, 206 
semiconductor gas sensors, 188, 189 
sensitivity of silicon accelerometers, 

163-164 
sensors, price-performance 

ratio of, 207 
shear stress, and torque sensor, 115 
silicon accelerometer, 23 

off-axis modes, 164 
piezoresistive, 162-164 
resonance, 163 
sensitivity, 163-164 
transverse sensitivity, 164 

silicon-based sensors, 41, 236 
capacitance absolute pressure 

(SCAP) sensor, 46 
diaphragm, 10 
microbeams,74 
microturbines, 74 
optical, 209 
rod, 101, 102 
strain gauges, 10 
temperature, 209 

silicon devices, manufacturing 
techniques, 209-211 

INDEX 

silicon micromachining, 61 
simulation/comparator system, 241, 

242 
size of wiring looms, 207 
slip rings, 115 
smart sensors, 5, 6,24,62,206-212, 

236,239 
manufacturing techniques, 

208-211 
sonar, 144 
spark plug, 

electrode, 103 
ionisation current, 12, 18 

spark timing, 96 
speedometer, xv, 2 
standoff distance, 138 
star configuration, 207 
stepping motor, 21 
stoichiometric operation, 15, 95, 97, 

176-182,186 
strain gauge, 40, 42, 162 

torque sensor, 112, 115-117 
strain gauge rosette, 116 
suspension control, 22, 23, 126, 145 

TCE, of potentiometer tracks, 131 
TCR, of thick film, 166 
telemetry, 115 
temperature coefficient of resistance 

(TCR), 78-79,166 
temperature compensation, 38 

of torque sensor, 116 
temperature inversion, 175 
temperature measurement, 2 
temperature sensor, 

bimetal, 85-86 
expansion, 89-91 
liquid crystal, 87-88 
PN junction, 86-87, 93 
silicon, 209 
thermistor, 78-80 

temperature sensors, 75-93 
thermal coefficient of expansion 

(TCE),131 
thermal liquid level sensors, 204 
thermal sensitivity, 

of accelerometers, 169 
of pressure sensors, 59-60 
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Road and Automobile

Communication System
(RACS), 217

RoadTransport Informatics (RTI),
214

rotary transformer, 115
rotation rate sensor, 134, 146-147

rotational speed, 10
RTI, 214

SAE J1850system, 238
Sagnac interferometer, 223, 224
satellite location, 28

satellite navigation, 215
SCAP sensor, 46

Schottky diode mixture, 233
screen printing, 165-166
seismometers, 150, 154

selective gas sensors, 188-191
self-calibration, 5, 6, 206, 236, 239,

240

self-generating transducer, 75
self-heating error, 80
self-testing, 206
semiconductorgas sensors, 188, 189
sensitivity of silicon accelerometers,

163-164

sensors, price-performance
ratio of, 207

shearstress, and torque sensor, 115
silicon accelerometer, 23

off-axis modes, 164

piezoresistive, 162-164
resonance, 163

sensitivity, 163-164
transverse sensitivity, 164

silicon-based sensors, 41, 236

capacitance absolute pressure
(SCAP) sensor, 46

diaphragm, 10
microbeams, 74
microturbines, 74

optical, 209
rod, 101, 102
strain gauges, 10
temperature, 209

silicon devices, manufacturing
techniques, 209-211

 

silicon micromachining, 61
simulation/comparator system, 241,

242

size of wiring looms, 207
slip rings, 115
smart sensors, 5, 6, 24, 62, 206—212,

236, 239

manufacturing techniques,
208-211

sonar, 144

spark plug,
electrode, 103
ionisation current, 12, 18

spark timing, 96
speedometer,xv, 2
standoffdistance, 138

star configuration, 207
stepping motor, 21
stoichiometric operation, 15, 95, 97,

176-182, 186

strain gauge, 40, 42, 162
torque sensor, 112, 115-117

strain gauge rosette, 116
suspension control, 22, 23, 126, 145

TCE, of potentiometer tracks, 131
TCR, ofthick film, 166

telemetry, 115
temperature coefficient of resistance

(TCR), 78-79, 166
temperature compensation, 38

of torque sensor, 116
temperature inversion, 175
temperature measurement, 2
temperature sensor,

bimetal, 85-86

expansion, 89-91
liquid crystal, 87-88
PN junction, 86-87, 93
silicon, 209
thermistor, 78-80

temperature sensors, 75—93
thermalcoefficient of expansion

(TCE), 131
thermal liquid level sensors, 204
thermal sensitivity,

of accelerometers, 169

of pressure sensors, 59-60
 
 



thermistor, 2, 25, 26, 75, 78-80, 92 
NTC, 78 
PTC, 79 

thermocouple, 2, 81-85 
arrays, 209 
cold junction compensation, 83-84 
materials, 81-82 

thermopile, 84-85 
thermostat, 75, 90, 91 

bellows, 90 
wax, 91 

thick-film sensors, 5, 40, 92, 119 
fabrication techniques, 79,165,211 
firing profile, 165 
heater, 181 
hybrid, 41,92, 165,206 
piezoresistive accelerometer, 151, 

164-166 
TCR,166 

thin-film circuit, 5 
thin-shell pressure sensor, 47 
three-dimensional map, 16 
three-axis flux gate magnetometer, 

222 
thruway catalyst, 15, 176, 177 
throttle angle, 96 
throttle position sensor, 22, 131 
tin oxide sensor, 188, 189 
titania oxygen sensor, 180-182 
torque 

definition of, 110-111 
measurement of, 19 

torque and power in a rotating shaft, 
111 

torque sensor, 110-124 
and axial stress, 115 
based on gearbox, 114-115 
and bending stress, 115 
capacitive, 118-120 
for EPAS, 120-121 
magnetic, 121-123 
non-contact, 117-120, 121-123 
optical, 117, 120-121 
strain gauge, 112, 115-117 
temperature compensation of, 116 
torsion bar, 116-121 

torque-speed characteristic, 20, 21, 
112-113 
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torsion bar torque sensor, 116-121 
traction control, 23, 146 
traffic data, 217 
Trafficmaster system, 234 
transducer bus, 208 
translational encoder, 143 
transmission control, 20, 21 
transmission load matching, 96 
transverse piezoelectric effect, 9S 
transverse sensitivity, silicon 

accelerometer, 164 
transverse sensitivity of 

accelerometers, 159-160 
Travelpilot, 28, 216, 225 
triboelectric noise, 171 
tyre condition monitoring, 88 

ultrasonic, 
beam, 67, 68 
detectors, 67 
displacement sensor, 72, 73 
mass air flow sensor, 72, 73 
parking aid, 126 
reversing aid, 126 

ultraviolet illumination, 214 

vane air meter, 64 
variable reluctance sensors, 23, 

132-134 
vehicle communication, 214, 230 
vehicle navigation, 27, 28, 213 
vehicle radar, 230 
vehicle route guidance, 213 
vibrating-rod fuel sensor, 25 
vision enhancement, 214 
vortex shedding mass air flow 

sensor, 15,68-70 

water pump, electrically driven, 90 
wax thermostat, 91 
wheel accelerometer, 23 
wheel rotation rate sensing, 23 
windscreen washer, 75, 197 
wire-wound potentiometer, 129-130 
wiring looms, size of, 207 

zirconia lean burn sensor, 182-188 
zirconia oxygen sensor, 178-179 
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thermistor, 2, 25, 26, 75, 78-80, 92

NTC, 78
pTc, 79

thermocouple, 2, 81-85
arrays, 209

cold junction compensation, 83-84
materials, 81-82

thermopile, 84-85
thermostat, 75, 90, 91

bellows, 90
wax, 91

thick-film sensors, 5, 40, 92,119
fabrication techniques, 79, 165, 211
firing profile, 165
heater, 181

hybrid, 41, 92, 165, 206
piezoresistive accelerometer, 151,

164-166

TCR, 166
thin-film circuit, 5
thin-shell pressure sensor, 47
three-dimensional map, 16
three-axis flux gate magnetometer,

222

thruwaycatalyst, 15, 176, 177
throttle angle, 96
throttle position sensor, 22, 131
tin oxide sensor, 188, 189
titania oxygen sensor, 180-182
torque

definition of, 110-111
measurementof, 19

torque and powerin a rotating shaft,
111

torque sensor, 110-124
and axial stress, 115

based on gearbox, 114-115
and bendingstress, 115
capacitive, 118-120
for EPAS, 120-121
magnetic, 121-123
non-contact, 117-120, 121-123
optical, 117, 120-121
strain gauge, 112, 115-117
temperature compensationof, 116
torsion bar, 116-121

torque-speedcharacteristic, 20, 21,
112-113
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torsion bar torque sensor, 116-121
traction control, 23, 146
traffic data, 217
Trafficmaster system, 234
transducer bus, 208
translational encoder, 143
transmission control, 20, 21
transmission load matching, 96
transverse piezoelectric effect, 98
transverse sensitivity, silicon

accelerometer, 164

transverse sensitivity of
accelerometers, 159-160

Travelpilot, 28, 216, 225
triboelectric noise, 171

tyre condition monitoring, 88

ultrasonic,
beam,67, 68
detectors, 67

displacement sensor, 72, 73
mass air flow sensor, 72, 73
parking aid, 126
reversing aid, 126

ultraviolet illumination, 214

vaneair meter, 64

variable reluctance sensors, 23,
132-134

vehicle communication, 214, 230
vehicle navigation, 27, 28, 213
vehicle radar, 230

vehicle route guidance, 213
vibrating-rod fuel sensor, 25
vision enhancement, 214
vortex shedding massair flow

sensor, 15, 68-70

water pump,electrically driven, 90
wax thermostat, 91

wheel accelerometer, 23

wheel rotation rate sensing, 23
windscreen washer,75, 197
wire-wound potentiometer, 129-130
wiring looms, size of, 207

zirconia lean burn sensor, 182-188

zirconia oxygen sensor, 178-179
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