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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 pr.esented a paper
on future developments in automotive sensors gnd thel.r.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 veh‘ic]es of the .fut.ure
with their sophisticated electronic controls on engine, transmission,
suspension, braking, instrumentation and dl‘lVP:I' Il'lfOI'lTlat-lOn systems.
Writing a book involves a significant corprmtment 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 t}lose with a gengral
interest in the vitally important area of sensors for use in the motor vehicle
as well as those involved as USETS, developers and researchers of
automotive control systems and the sensors which make such systems

practical.
We have attempted 0
sensors currently used in a

describe in reasonable detail the whole range of
utomotive 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

ich highli idi t developments.
1 h highlights the rapldlty_of recen
Ofg:lct)tﬁgzg’n?cl;lrliechsology is of special interest and we have made some

predictions on this and how developments in conjunction v_.rith computer
systems of increasing sophistication but reduced cost and size f:ould lead
paradoxically to simplified sensor and control systems with added

i i i oved diagnostics.
1 inst system failure and impr _ . |
Pl'g}:ﬁ;::?g (r:j:ctroniyc 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 be'e? wﬁﬁ;ﬂ_
Finally, we should like t0 record our thanks to Daniela Ho matim(i

without whose efforts the manuscript would never have reache

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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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 'Fhe back of the_ dashboard.
This arrangement has an unfortunate propensity tc? leak, which not only
endangers the engine but is also injurious .to the driver’s trousers, as _both
authors can testify! This measurement 1S NOW often made by micro-
thick-film pressure transducers. Oil pressure is not
wadays since modern bearings are very reliable.
asurements in modern vehicles are normally used
d warning in the event of catastrophic oil

machined silicon or
usually displayed no
Lubricant pressure me
simply to illuminate a dashboar
loss.

A complex electromechanical system such as a motor vehicle has to be

controlled by the operator in an environment which is const‘antly
changing, and which can generate an_almost. unlimited amoun_t of input
data. To successfully control a vehicle in traffic as many as possnblff of the
mechanical functions of the vehicle need to be aptomated, leaving the
driver free to determine the vehicle’s spec-_:d apd direction. The need for
reliable, low-cost instrumentation in a vehicle is consequently very great.
The critical quantities which have to be measpred for powertrain control
are ignition timing, airflow into the engine, th.rottle position and
transmission speed, although useful supplefn'entary information can also
be gained from measurement of other quantities such ;s torque: .
As noted above, early ignition control systems use mechanical sensing
devices to control spark plug firing. Inlet manifold vacuum pressure is also
measured in a mechanical system and used to 'mflfl:r ell1g1ne loaq. The
manifold pressure changes are used to mechanically alter the time at

: i k.
W i sed to create the spar _ |
hﬁgdaei:]tli;;i Zlosensors use electromagnetic, Hall effect or optical

approaches to detect the motion of a projection atta_chgld e a; il
to the crankshaft. A certain amount of BIESF 15 mev(;tz - mIt -es{feksylrste;n ::
due to vibration and torsion (wind-up) in the gearec Crive. tis kel t ?
in the future this will be eliminated b)f makmf t']ml(;lgf measurfé?::llrz
directly on the crankshaft. Engine load is then derived irom a p
. i vacuumnl. i

timing can be determined from a thre?'dlmf.msmnal tablde - atgtgh;acrize
speed to ignition advance. This function is implemented 11 a
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manner by the mechanical techniques described 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 has 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 mass
flowrate in'to the engine are critical. Information on airflow can be derived
by measuring inlet manifold vacuum with a pressure sensor, 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, however, now preferred, and was first accomplished by
th-e B(?sch 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

alrstrean_l. The flap angle is related to mass-flow rate and is transduced by
a potentiometer.

An alte.rnative form of airflow sensor which is becoming widely used is
the hot-wire anemo

At meter. Automotive versions of thesc_a were also fi'rst
eveloped by Bosch. They have the advantage of containing no moving
parts, giving increased reliability, but require correction for changes in air
temperature and can be susceptible to contamination of the hot-wire
surface. Further development by Hitachi, discussed in chapter 4, has

produced !mproved, robust devices which are now in full production use.
poll?‘f;‘;asmgly stringent restrictions are being placed on the amounts of
EXhaustgerg;zsrhmh a car exhaust can emit. To reduce these so-called
entering the e(:ln:s th approaches are adopted: first, the alr—fgel ratio
st air—fuel ratio is i‘l‘;: 'S controlled to ensure complete combustion. The
the exhaust. SeconcllFFd from measurement_s of the amm.mt of oxygen in
exhaust to eTiove E/h o ﬂ_ll'.ee-way catalytic converter is placfed in the
unburnt hydrocarbon € critical pollutants of carbon monoxide (CO),

Exhaust gas ox s (HC), and nitrogen oxides (NO,).

migration of oxyggfe-n (EGO) sensors make use of the fact that .the
function of the {J:a\rti]olnS across a membrane separating two gases is a
stoldiimwtise air—fuela Qressure of qx_ygen in the two gases. At the
the fuel) the partial re‘:‘tlo (when sufflf:lent oxygen is present to burn all
the atmosphere. If Suit Stl)l]re of oxygen in the exhaust gases equ.als that of
barrier a voltage outputaa ° @ eotroden ate placs:d on eitl}er side of The
stoichiometry. Ppears only when the air-fuel ratio departs from

the future, research will up

doubtedly be directed towards improvin
ensors and measurement g ¢ > g

ystems described in this book. The move

In
the s
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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 and include self-calibration and diagnostic functions both for
themselves and for the systems 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 alternative semiconductor materials
seems likely. One suitable candidate may be gallium arsenide, which is
currently the subject of much research.

In general, an instrumentation system may be considered as falling into
one of two categories. First, there are the laboratory or experimental
measurement techniques used for research and development. This
classification includes the instruments used to study the performance of an
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 work is 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 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.

For a well understood system such as a motor vehicle, a lower degree of
instrument performance than that required for research is usually
sufficient. For example, the accuracy of the average automotive
speedometer is 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 system can be produced at an economic cost.

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 coverage is not restricted solely to sensors for volume
application, although these predominate, but also includes a number of
devices (such as torque transducers) which are at present restricted to use
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in development laboratories because of their cost. The reasons for thus
extending the scope of this book are twofold: first, it is primarily intended

for use by those engaged in or having an interest in automotive
development, and secondly,

laboratory tool to become to

because historically the trend is for today’s
MOITOW’s consumer electronics.
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The Evolution of Automotive Sensors

L1 SENSORS IN VEHICLES BEFORE THE AGE OF ELECTRONICS

: : i iest days, certainly since

Sensors have been used " o Slﬂf: I;:euszglfs the ;referred rzethod
the time when the electric 5.park Cémeh cvlinder of the early Otto-cycle
for igniting the fuel-air mixture tllI: cte :tur);.
piston engipes i_n the late 1:1\1:;:2 the position of the engin_e cycle via the

o thfg C?nd developed through the distrlbl_ltor/contact-
magneto drive o Otto-cycle piston engines to the familiar cam and
breaketr ;;;:011 lfefr 13;firch has dominated ignition timing control for 60 years
contact-brea
fraartte L0 10 TV 19t8 (l))sr'eaker combined both sensing of epgine‘cycle

The cam and contaC£ the charge current into, the coil; in spite of
position and control O 4 contact surface deterioration, 1t was qnly
problerr;ls d\ylttih:";’gg O: rtl,y clectronic sensing methods and the separation
superseded in HOHOTL
frc?m that sensing of thehcirr;:;;%ng?iliuearly in the evolution of the car

Another sensor Whlgor ?l“he use of a rod to check the amount of fuel
was the fuel leve% Seﬂa ildly replaced by manometer tube devices lWthEh
remaining was fairly T Fon as the fuel tank was under the bonnet just in
remained usal?le for as bugt a5l 15 pumped fuel feed nglaced gravity
front of the w1qucreen. K was moved to its present posmqn at the rear
feed to the engine, the tartlo use electrical means fOr' measuring fuel level
and it became r?ecessagy driver. This led to the bllfth of the' ﬂoat' and
and indicating it to t ?h cither a current sensing display device using a
potentiometer sensor Wi the needle or a balanced electromagnetic
bimetallic device 10 mogz)at and potentiometer Sensor 18 st1!l Wth us,
instrument display- Tie es much to be desired in the present s1tua_t10n of
although its accuracy leav hape. Development has concentrated mainly on
shallow tanks of C(_)mplex . trgcks of variable resistance with deflection
producing potentlgmeterf 1 tank characteristic. However, new methods‘
which is matCh?d " th‘f bllle and will be discussed in detail in chapter. 1}.
gre now be:cotrltllm%l j:talaid potemiometer is such a low-cost device it 1s

ut because the

e A A R
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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 only 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, this output then being used as the input to an integrating
elect_romagnetic speedometer display instrument.

Qll pressure level, particularly 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 of pump supply 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 th.e dashboard as the of] pll?essure I%Ee. It hacﬁj Zn unfortunate

Propensity for leaking and dripping oil on the knee of the driver, as the
author.s Can verify from personal experience! ’

Engine temperature measurement was alsg included, although only on

the more expensive cars, The method used for this was a bulb

theqnocouple screwed into the engine block giving a voltage signal to a

_ instrument; the ubiquitous and robust
thermistor hag long displaced this r !

12 THE ADVENT OF ELECTRONIC CONTROLS

ll;l;:: gfg;f;rrl;(lir::rof lingtl;sy?eegi car engines haqd always been limited by the
s it fim aggaill] ble 1gmtion system a¢ high engine speeds, owing t0
available with the carﬁ/cgnttzciht?r?:k;he' CO'“' o e o s Period
- : -AXeT Ignition system. The stem also
o ﬁiﬁ;g;ﬁi aore_latrvely short life ang a continuing deteri)gration in
b g t }\lvemguti?dwear between the cam and cam follower on the
Hiloes 0;1 s uPlOf the deposits of arcing on the contact

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
ransistor (and suitable power transistors were then
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 gsed suc.ces‘st_"ully 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 fo¥ a reason that
is critical when any application of new technology is considered for th.e
motor vehicle; it cost significantly more than the contact-breaker system 1t
replaced. : " .

So. electronic breakerless jgnition was in existence as an available
imprbvement but was not adopted outsi‘de the specialist car mar‘ket ungl
the increasing environmental pressures in the USA and, in particular, in
California, on the ‘smog’ issue forced an agonising appralsal of what could
be done to reduce the levels of carbon monox1d_e (CO) and the
hydrocarbons (HC) emitted from the exhaust of I_JS veh1c1e§, r.eady for the
first introduction of emission control regulations in California in 1966.

One of the actions quickly establish_ed was'that beftter control of 1gn1tilon
timing had an important part to play 11 making an lmPf‘_)fVemfeILts and t ac:
that improvement could be maintan?ed throu._lghout the life of the car, an
certainly over the required 40 000 mile test distance, if breakerless ignition
was used. It was also shown thflil the accuratq control of ﬂ.le timing
advance characteristic of the ignition system, which relates el“gm? SP“?Ed
and load (represented by the mal}lflold vacuum pressure leive )lto ignition
advance angle, was critical in obtaining the l.ow.e.st emlsstlor; evels. ; )

This initial introduction of electronics to ignition contro triggered muc

i i e, particularly in respect
i of how engine performanc .
more detailed studies be improved by the use of electronics, and

issions, could . TR
(r)f ei;h?lus:t elﬂlsséevelopment of electronic fuel injection in the US.A,
e 67 Bosch and Lucas were in production with

9
Germany and the UK. BY ! ¢ designed primarily to improve

ems for EUrop ; ’
;léerlforc[;):;rcc;l rast)lf:f than reduce emissions. In the USA, however, in spite

-« electronic fuel control was not introduced in
o the carly WOk by B when the increasing sevrity of the e
emission regulations made the use of cataly_sts 1r]1 tte ?i ?}T&sth:)}(;s eof
necessary and with this the need for precise £oC rOlzllel(—:ctrorlic fuel
controlling fuelling unavoidable. So, 'electr_omc 1g{1j1;1§n. ;3mt I
injection became established very Wldely. &l _the ith r heust emi si(? .
the only effective method, in combination with exha ission

charged using a power t
becoming available),
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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).

1.3 STAND-ALONE AND INTEGRATED SYSTEMS

Initially separate ignition and fuelling control systems were used, but it
quickly 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
same 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
W 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 basis up to the 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.

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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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 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
interrogation signals on the data bus.

The theme of the 1990s in automotive sensor development seems
certain 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 sensor itself (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 means of a data link or multiplex wiring system,
since the coding and decoding functions required for such a system can,
potentially, also be included in 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 number of sensor inputs.

The second long-term development seems likely to be the advent of
smart sensors with the capability of self-calibration. Here we may expect
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 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 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
we call ‘embedded simulation’ (this will be discussed more fully 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, 'lhlS requ1r}tlss
substantial computing power and memory, but it seems certain thal‘by the
turn of the century computing power of this order will be available in lowi
cost/small-package devices. At this point it seems probable t_hat conlrol
systems for vehicles (and probably other se_lf—contame?d real-time contliot
systems in industry and around the home) will change in character, so tha

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 t_he
actual performance of the vehicle, as measured by suitable sensors, \jvlth
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 i

active diagnostics possible.
Another benefit of such as
vehicle satisfactorily even wh

ation is suitably modified to take this into
account,

These three areas, integrated smart Sensors, smart self-calibrating
Sensors and embedde simulation, seem certain to cause major






