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; Conirol,
" Instrumentation, and

Design

1.1 INTRODUCTION

] The demand for servnmechanisms in military applications during World War II pro-
; vided much incentive and many resources for the growth of controi technology.
Early efforts were devoted to the development of analog controllers, which are elec-
tronic devices or circuits that generate proper drive signals for a plant (process). Par-
allel advances were necessary in actuating devices such as motors, solenoids, and
valves that drive the plant. For feedback control, further developments in sensors
and transducers became essential. With added snphistication in control systems, it
was soon apparent that analog control techniques had serious limitations. In particu-
lar, linear assumptions were used to develop controllers even for highly nonlinear
plants. Furthermore, complex and costly circuitry was often needed to generate even
simple control signals. Consequently, mnst analog controllers were limited to on/off
and proportional-integral-derivative (PID) actions, and lead and lag compensation
networks were employed to compenstate for weaknesses in such simple contrnl ac-
tions.

The digital computer, first developed for large number-crunching jobs, was
employed as a contrnller in complex control systems in the 1950s and 1960s. Origi-
nally, cost constraints restricted its use primarily to aerospace applications that re-
quired the manipulation of large amounts of data (complex models, several hundred
signals, and thousands of system parameters) for control and that did not face serious
cost restraints. Real-time contrnl requires fast computatinn, and this speed of com-
putation is determined by the required control bandwidth (or the speed of control)
and parameters (e.g., time constants, natural frequencies, and damping constants) of
the process that is being controlled. For instance, prelaunch monitoring and control
of a space vehicle would require digital data acquisition at very high sampling rates
(e.g., 50,000 samples/second). As a result of a favorable decline of computation cost
{both hardware and software) in subsequent years, widespread application of digital
computers as control devices (i.e., digital control) has become feasible. Dramatic
developments in large-scale integration (LSI) technology and microprocessors in the
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1970s resulted in very significant drops in digital processing costs, which made digi-
tal control a very attractive alternative to analog cnntrol. Today, digital control has
become an integral part of numerous systems and applications, including machine
tools, robotic manipulators, automobiles, aircraft autopilots, nuclear power plants,
traffic control systems, and chemical process plants,

Control engineers should be able to identify or select components for a control
system, mndel and analyze individual components or overall systems, and choose
parameter values so as to perform the intended functions of the particular system in
accordance with some specifications. Component identification, analysis, selection,
matching and interfacing, and system tuning (adjusting parameters to obtain the re-
quired response) are essential tasks in the instrumentatinn and design of a control
system.

1.2 CONTROL SYSTEM ARCHITECTURE

Let us examine the generalized cnntrol system represented by the block diagram in
figure 1.1. We have identified several discrete blocks, depending on various func-
tions that take place in a typical contrnl system. Before proceeding, we must keep in
mind that in a practical control system, this type of clear demarcation of components
might be difficult; one piece of hardware might perform several functions, or more
than one distinct unit of equipment might be associated with one function. Neverthe-
less, figure 1.1 is useful in understanding the architecture of a general control sys-
tent. This is an analog control system because the associated signals depend on the
continuous time variable; no signal sampling or data encoding is involved in the sys-
tem, v :
Plant is the system or “process” that we are interested in controlling. By con-
trol, we mean making the system respond in a desired manner. To be able tn accom-
plish this, we must have access to the drive system or actuator of the plant. We apply
certuin command signals, or input, to the controller and expect the plant to behave
in a desirable manner. This is the open-loop control situation. In this case, we do not
use current information on system response to determine the control signals. In feed-
back control systems, the control loop has to be closed; closed-loop control means
making measurements of system response and employing that information to gener-
ate control signals so as to correct any output errors. The output measurements are
made primarily using analog devices, typically consisting of sensor-transducer units.

Reference
Input Signal S Analog
b gnal N
4 Conditioning Hca‘:gx:rle Actuator Plant Outouts

Signal - Analog Sensors- |
Conditioning Transducers |

Figure L.1.  Components of a typical analog control system.
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> OV P S B R

BNA/Brose Exhibit 1065

[PR2014-00417
Page 9




ligi-
has
hine
nts,

ntrol
008e
m in
tion,
e re-
.ﬂ[fOl

am 1o
func-
sep in
ments
more
erthe-
ol sys-
m the
€ Sys-

y con-
ccom-
- apply
yehave
do not
1 feed-
means
gener-
1ts are
*units.

-Outputs

Chap. 1

An important factor that we must consider in any practical control system is noise,
including external disturbances. Noise may represent actual contamination of signals
or the presence ol other unknowns, uncertainties, and errors, such as parameter
variations and modeling errors. Furthermore, weak signals will have to be am-
plified, and the form of a signal might have to be modified at various points of inter-
action. In these respects, signul-conditioning methods such as filtering, amplification,
and modulation become important,

tdentification of the hardware components (perhaps commercially available
off-the-shelf items) corresponding to each functional block in figure 1.1 is one of the
first steps of instrumentation. For example, in process control applications off-the-
shelf analog proportional-integral-derivative (PID) controllers may be used. These
controllers for process control applications have knobs or dials for control parameter
settings—that is, proportional band or gain, reset rate (in repeats of the proportional
action per unit time), and tate time constant. The control bandwidth (frequency
range of operation) of these devices is specified. Various control modes—such as
on/off, proportional, integral, and derivative, or combinations—are provided by the
same control box.

Actuating devices (actuators) include DC motors, AC motors, stepper motors,
solenoids, valves, and rtelays, which are also commercially available to various
specifications. Potentiometers, differential transformers, resolvers, synchros, strain
gauges, tachometers, piezoelectric devices, thermocouples, thermistors, and resis-
tance temperature detectors (RTDs) are examples of sensors used to measure process
response for monitoring performance and possible feedback. Charge amplifiers,
lock-in amplifiers, power ampliliers, switching amplifiers, linear amplifiers, tracking
filters, low-pass filters, high-pass filters, and notch filters are some of the signal-
conditioning devices used in analog control systems. Additional components, such
as power supplies and surge-protection units, are often needed in control, but they
are not indicated in figure 1.1 because they are only indirectly related to control
functions. Relays and other switching devices and modulators and demodulators may
also be included.

1.3 DIGITAL CONTROL

Direct digital control (DDC) systems are quite similar to analog control systems.
The main difference in a DDC system is that a digital computer takes the place of
the analog controller in figure 1.1. Control computers have to be dedicated machines
for real-time operation where processing has to be synchronized with plant operation
and actuation requirements. This also requires a real-time clock, Apart from these
requirements, control computers are basically no different from general-purpose dig-
ital computers. They consist of a processor to perform computations and to oversee
data transfer, memory for program and data storage during processing, mass storage
devices to store information that is not immediately needed, and input/output devices
to read in and send out information. Digital control systems might utilize digital in-
struments and additional processors for actuating, signal-conditioning, or measuring
functions, as well. For example, a stepper motor that responds with incremental mo-

Sec. 1.3 Digital Control 3
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tion steps when driven by pulse signals can be considered a digital actuator. Further-
mere, it usually contains digital logic circuitry in its drive system. Similarly, a two-
position solenoid is a digital (binary) actuator. Digital flow control may be
accomplished using a digital control valve, A typical digital valve consists of a
bank of orifices, each sized in proportion to a place value of a binary word
(2,i=0,1,2,...,n). Each orifice is actuated by a separate rapicl-acting on/off so-
lenoid. In this manner, many digital combinations of flow values can be obtained.
Direct digital measurement of displacements and velocities can be made using shaft
encoders. These are digital transdicers that generate coded outputs (e.g., in binary
or gray-scalc representation) or pulse signals that can be coded using counting cir-
cuitry. Such outputs can be read in by the control computer with relative ease. Fre-
quency counters also generate digital signals that can be fed directly into a digital
controller. When measured signals are in the analog form, an analog front end is
necessary to interface the transducer and the digital controller. Input/output interface
boards that can take both analog and digital signals are available with digital con-
trollers.

A block diagram of a direct digital control system is shown in figure 1.2. Note
that the functions of this control system are quite similar to those shown in figure
1.1 for an analog control system. The primary difference is the digital controller
(processor), which is used to generate the control signals. Therefore, analog inea-
sureimnents and reference signals have to be sampled and encoded prior to digital pro-
cessing within the controller. Digital processing can be conveniently used for signal
conditioning as well. Alternatively, digital signal processing (DSP) chips can func-
tion as digital controllers. However, analog signals are preconditioned, using analog
circuitry prior to digitizing in order to eliminate or minimize problems due to alias-
ing distortion (high-frequency components above half the sampling frequency ap-
pearing as low-frequency components) and leakage (error due to signal truncation)
as well as to improve the signal level and filter out extraneous noise. The drive sys-
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ADC processor
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Figure 1.2. Block diagram of a direct digital control systctn.
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tem of a plant typically takes in analog signals. Often, the digital output from con-
troller has to be converted into analog form for this reason. Both analog-to-digital
conversion (ADC) and digital-to-analog conversion {DAC) can be interpreted as
signal-conditioning (modification) procedures. If more than one output signal is
measured, each signal will have to be conditioned and processed separately. Ideally,
this will require separate conditioning and processing hardware for each signal chan-
nel. A less expensive (but slower) alternative would be to time-share this expensive
equipment by using a mulriplexer. This device will pick one channel of data from a
bank of data channels in a sequential maaner and connect it to a common input
device. Both analog and digital multiplexers are available. In a digital multiplexer,
the input signals come from a bank of digital sensors, and the output signal itself,
which would be in digital form, goes directly into the digital controller. High-speed
multiplexers (e.g., over 50,000 switchings/second) use electronic switching.

For complex processes with a large number of input/output variables (e.g., a
nuclear power plant) and with systems that have various operating requirements
(e.g., the space shuttle), centralized direct digital control is quite difficult to imple-
ment. Some form of distributed control Is appropriate in large systems such as man-
ufacturing cells, factories, and multicompenent process plants. A tavorite distributed
control architecture is provided by heirarchical control. Here, distribution of control
is availuble both geographically and functionally. An example for a three-level hier-
archy is shown in figure 1.3, Management decisions, supervisory control, and ¢oor-
dination between plants are provided by the management (supervisory) computer,
which is at the highest level (level 3) of the hierarchy. The next lower level computer
generates control settings (or reference inputs) for each control region in the corre-
sponding plant. Set points and reference signals are inputs to the divect digital con-

trol (DDC) computers that control each control region. The computers communicate
using a suitable information network. Information transfer in both directions (up and
down) should be possible for best performance and flexibility. In master—slave dis-
tributed control, only downloading of information is available.

1.4 SIGNAL CLASSIFICATION IN CONTROL SYSTEMS

A digital control system can be loosely interpreted as one that uses a digital com-
puter as the controller, It is more appropriate, however, to understand the nature of
the signals that are present in a control system when identifying it as a digital con-
trol system.

Analog signals are continuous in time. They are typically generated as outputs
of a dynamic system. (Note that the dynamic system could be a signal generator or
any other device, equipment, or physical system.) Analytically, analog signals are
represented as functions of the continuous time vatiable ¢.

Sampled data are, in fact, pulse amplitude-modulated signals. In this case, in-
formation is carried by the amplitude of euch pulse, with the width of the pulses
kept constant. For constant samnpling rate, the distance between adjacent pulses
is also kept constant. In a physical situation, a pulse amplitude—modulated signal is
generated through a sample-and-hold operation, in which the signal is sampled at

Sec. 1.4 Signal Ciassification in Contro! Systems 5
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Figure 1.3. A three-level hierarchicul control scheme.,

the beginning of the sampling period and kept constant at that value, irrespective of :
the true value of the signal over that perind. An important advantage of sampling is i
that expensive equipment can be shared among many signals. Furthermaore, sam-
pling is necessary in real-time digital processing to allow for the processing time.
Analytically, sampled data consist of a sequence of numbers (or a function of integer
variable).

Digital data are coded numerical data. For example, a binary code or ASCII
(American Standard Code for Information Interchange) may be used ta represent
each value in a sequence of digital data. The code itself determines the actual value
of a particular unit of digital information. Typically, digital data are generated by
digital processors, digital transducers, counters, encoders, and other such digital
devices.

Table 1.1 summarizes the identifying characteristics of these three types of
data. Analog systems generate analog signals only. Sampled-data systems depend on
analog data as well as sampled data. Digital systems, however, utilize all three types
of signals, generally at different levels of interaction. Sampled-data systems and dig-
ital systems may be modeled using discrete-time models (see table 1.2).

Control, Instrumentation, and Design Chap. 1
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TABLE 1.1 SIGNAL CATEGORIES FOR IDENTIFYING CONTROL SYSTEM TYPES

Signal (data)
category Description

Anpatog signals (data) Continnous in time 7; typically represents an output of a dynamic
system

Sampled data Pulse amplitude--modulated signals

Information carried by pulse amplitude

Typically generated by sample-and-hold process

Digital data Coded nunerical data; the particular cade delermines the nuinerical
value

Typically gencrated by digital processors, dipital transducers, and

counters

TABLE 1.2 REPRESENTATIVE ANALYT!CAL CHARACTERISTICS OF
CONTINUOUS-TIME AND DISCRETE-TIME SYSTEMS

Analytical niodel

System Time domain Transfer -function domain
Continuous-time Ditferential Laplace transfer functions
systems equations or Fourier frequency response
functions
Diserete-time Diffcrence Z-transform transfer functions
systems equations

Example 1.1

The sampling period AT for data acquisition is an important parameter in real-time dig-
ital control. Discuss the significance of the sampling period.

Solution On the one hand, AT has to be sufficiently large so that required processing
and data transfer can be done during that time for each control step. This is crucial in
real-time control. On the other hand, AT should be small enough to meet control band-
width and process dynamics requircments. Shannun’s sampling theorem states that in a
sampled signal, the maximum imcaningful frequency is the Nyquist frequency £, which
is given by half the sumpling rate:

1
24T

It follows that we should sclect AT such that the significant frequency content of the
input/output signals of the particular process stays within the Nyquist frequency. Notc
that to be able to control the process effcctively, all natural frequencies of interest in
the ptant should be smaller than f.. Once f£; is choscn in this manner for digital control,
it is also important to choose analog cumponents, such as signal-conditioning deviccs
in the control system, to have an operating bandwidth larger than f;. For example, if the

fo= (1.1)

Sec. 1.4

Signal Classification in Control Systems

BNA/Brose Exhibit 1065

[PR2014-00417
Page 14



operating bandwidth of a robotic manipulator is specified to be 50 Hz, one must make
sure that the associated analog sensurs and trunsducers (resolvers, tachomcters, etc.)
and signal-conditioning devices (e.g., low-pass filters, charge amplifiers) have an oper-
ating bandwidth greater than 50 Hz—preferably about 200 Hz., Furthermore, the sam-
pling period has to be smaller than 10 ms (from cquation 1.1), preferably about 2 ms. [t
is then necessary to make sure that the controf computer is capable of doing all the
processing necded in each control increment within this time. Otherwise, distribution
of control tasks niight be needed. Parallel processing is another option. Another altcr-
native is to cmploy a hardware implementation of the controller. Simplification of con-
trol aigorithis should also be attempted, but without sacrificing the accuracy require-
ments. In gencral, distributed contro] is better than using a single control computer of
larger capacity and [faster speed,

1.5 ADVANTAGES OF DIGITAL CONTROL

The current trend toward using dedicated, microprocessor-based, and often decen-
tralized (distributed) digital control systems in industrial applications can be rational-
ized in terms of the major advantages of digital controi. The following are some of
the important considerations.

1. Digital control is less susceptible to noise or parameter variation in instrutnen-
tation becuuse data ean be represented, generated, transmitted, and processed
as binary words, with bits possessing two identifiable states.

2. Very high accuracy and speed are possible through digital processing. Hard-
ware implementation is usually faster than software impleinentation.

3. Digital control can handle repetitive tasks extremely well, through program-
ming.

4. Complex control laws and signal conditioning methods that might be impracti-
cal to implement using analog devices can be programmed.

5. High reliability in operation can be achieved by minimizing analog hardware
components and through decentralization using dedicated microprocessors for
various control tasks (see figure 1.3).

6. Large amounts of data can be stored using compact, high-density data storage
methods.

7. Data can be stored or maintained for very long periods of time without drift
and without being affected by adverse environmental conditions.

8. Fast data transmission is possible over long distances without introducing dy-
namic delays, as in analog systems.

9. Digital control has easy and fast data retrieval capabilities.

10. Digital processing uses low operational voltages (e.g., 0-12 V DC).
11. Digital control bas low overall cost.

Some of these Features should be obvious; the rest should become clear as we pro-
ceed through the book.

Control, Instrumentation, and Design Chap. 1
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1.6 FEEDFORWARD CONTROL

Many control systems have inputs that do nnt participate in feedback control. In
other words, these inputs are not compared with feedback (measurement) signals to
generate control signals. Some of these inputs might be important variables in the
plant (process) itself. Others might be undesirable inputs, such as external distur-
bances that are unwanted yet unavoidable. Performance of a control system can gen-
erally be improved by measuring these (unknown) inputs and somehow using the in-
Jormation to generate control signals. Since the associated measurement and control
(and compensation) take place in the forward path nf the control system, this
method of control is known as feedforward control. Note that in feedback control,
unknown “‘outputs” are measured and compared with known (desired) inputs to gen-
erate control signals. In feedforward control, unknown “inputs” are measured and
that informatinn, alnng with desired inputs, is used to generate control signals that
can reduce errors due tn these unknown inputs or variations in them,

A block diagram of a typical control loop that uses feedforward cnntrol is
shown in figure 1.4. In this system, in addition to feedback cnntrnl, feedfnrward
cnntrol is used to reduce the effects of a disturbance input that enters the plant. The
disturbance input is measured and fed into the controller. The controller uses this in-
formatinn tn modify the control action sp as to compensate for the effect of the dis-
turbance input.

Disturbance
Input
Measurement
for
Feedforward

Reference
input
w3 Controller > Plant ~»— Qutput

Measurement
for -
Feedback

Figure 1.4. A typical feedback 1oop that uscs feedforward control.

As a practical example, cnnsider the natural gas home heating system shown in
figure 1.54. A simplified block diagram of the system is shown in figure 1.5b. In
conventional feedback control, the room temperature is measured and its deviation
from the desired temperature (set point) is used to adjust the natural gas fow into the
furnace. On/off control is used in most such applications. Even if propnrtinnal or
three-mode (propnrtinnal-integral-derivative) control is employed, it is not easy to
steadily maintain the room temperature at the desired value if there are large

See. 1.6

Feedforward Control
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Figure 1.5.  (a) A natural gas home heating system. (b) A block diagram representation of
the system.

changes in other (unknown) inputs to the system, such as water (low rate through the
furnace, temperature of water entering the furnace, and outdoor temperature. Better
results can be obtained by measuring these disturbance inputs and using that infor-
mation in generating the control action. This is feedforward control. Note that in the
absence of feedforward control, any changes in the inputs wi, wy, and wy in figure
1.5 will be detected only through their effect on the feedback signal (room tempera-
ture). Hence, the subsequent corrective action can lag behind the cause (changes in
w;) considerably. This delay will lead to large errors and possible instability prob-
lems. With feedforward control, information on the disturbance inputs w; will be

10 Control, Instrumentation, and Design Chap. 1
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available to the controller immediately, thereby speeding up the control action and
also improving the response accuracy. Faster action and improved accuracy are two
very desirable effects of feedforward control.

In some applications, control inputs are computed using accurate dynamic
models for the plants, and the computed inputs are used for control purposes. This is
a popular way for controlling robotic manipulators, for example. This method is also
known as feedforward controt. To avoid confusion, however, it is appropriate to de-
note this method as computed-input control.

1.7 INSTRUMENTATION AND DESIGN

In the previous discussion, we have identified several characteristic constituents of a
control system. Specifically, we are interested in

* The plant, or the dynamic system to be controlled

+ Signal measurement for system evaluation (monitoring) and for feedback and
feedforward control

* The drive system that actuates the plant

* Signal conditioning by filtering and amplification and signal modification by
modulation, demodutation, ADC, DAC, and so forth, into an appropriate form

+ The comtroller that generates appropriate drive signals for the plant

Each function or operation within a control system can be associated with one
or more physical devices, components, or pieces of equipment, and one hardware
unit may accomplish several of the control system functions. By instrumentation, in
the present context, we mean the identification of these various instruinents or hard-
ware components with respect to their functions, operation, and interaction with
each other and the proper selection and interfacing of these components for a given
application—in short, “instrumenting” a control system.

By design, we mean the process of selecting suitable equipment to accomplish
various functions in the control system; developing the system architecture; matching
and interfacing these devices; and selecting the parameter values, depending on the
system characteristics, in order to achieve the desired objectives of the overall con-
trol system (i.e., to meet design specifications), preferably in an optimal manner and
according to some performance criterion. In the present context, design is included
as an instrumentation objective. In particular, there can be many designs that meet a
given set of performance requirements.

Identification of key design parameters, modeling of various components, and
analysis are often useful in the design process. This bonk provides fundamentals of
sensing and actuation for electromechanical control systems. Emphasis is placed on
control systems that perform motion- and force-related dynamic tasks. Sensors and
transducers and actuators in this category will be discussed with respect to their per-
formance specification, principles of operation, physical characteristics, modeling
and analysis, selection, component interfacing, and determination of parameter val-

Sec. 1.7 Instrumentation and Design 1"
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1.6

1.4, You are asked to design a control system to turn on lights in an art gallery at night,

L5,

ues. Both analog and digital devices will be studied. Design examples and case stud-
ies drawn from applications such as automated manufacturing and robotics, transit
vehicles, dynamic testing, and process control will be discussed throughout the
book.

PROBLEMS

1.1. Giving appropriate examplcs, compare and contrast analog signals, sampled-data sig-

nals, and digital signals. What are the relative advantages and disadvantages of these
three types of data?

1.2, What are ditferential equations and what are differcnce cquations? Explain their

significanace in the context of control system analysis, discussing the need for their so-
lution as relatcd to a digital control system.

1.3. (a) What is an opcn-loop control systern and what is a feedback control systemn? Give

onc examplc of each case.

{b) A simple mass-spring-damper system (simple oscillator) is excited by an cxternal
force f{f). Its displacement responsc y (sce figure P1.3a) is given by the differen-
tial equation

my + by + ky = f(1)

A block diagram representation of this sytem is shown in figure P1.3b. Is this a
fecdback control system? Explain and justify your answer.

£{t)
1
moi fe) sims + b} >y
T 1y
14 b .
k
iz
{a) {b)

Figure P1.3. (a) A mechanical system rcprescnting a simple oscilfator. (b) A
block diagran representation of the simple oscillator.

provided that there are peoplc inside the gallery. Explain a suitable control system,
identifying the open-loop and feedback functions, if any, and describing thc control
system components,

Into what classification of control system components (actuators, signal modification
devices, controllers, and mcasuring devices) would you put the following?

(@) Stepping motor (e) DAC

(b) Propnrtinnal-plus-intergration circuit () Optical incremental encoder
(¢) Power amplifier (g) Process computer

(d) ADC (h) FFT analyzcr

In feedforward control (computed-torque comtrol) of robotic manipulaters, joint
torques (or forces) are computed from joint motion variables {(displaccments, veloc-

Control, Instrumentation, and Design Chap. 1
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ase stud- ities, and accelerations} using a suitable dynamic mpdel fnr the manipulator. A 6-df
Cfi‘ transit (degrec of freedom)} model of a particular manipulatnr, formulated using nonrccursive
cs, T the Lagrangian dynamic equations, required aproximtely 10 s for one cyclc of torque com-
ighout putation on a VAX 11/750 minicomputer. If a control bandwidth of at lcast 10 Hz is
needed for typical applications of this robot, discuss whether real-time computcd-
torque control is possible in this case. Suggest improvements.
1.7. Discuss possible sources of error that can make open-loop control or feedforward con-
trol mcaningless in some applications. How would you correct the sjtuation?
«-data sig- - 1.8. A flexiblc manufacturing cell consists of a sct nf machine tools, robots, parts transfer
jes of these units (e.g., conveyors), and gaging stations (c.g., vision-based) managed by a single
S host computer, Each robot has a separate computcr (c.g., Motorola M68000) for tra-
plain their K jectory generation and fr command sctting. Each joint of 2 manipulator is controlled
‘or their s0- - using a separate microprncessor (c.g., TMS-320), through dircct digital control. Iden-
’ tifying control functions in cach level, discuss the complete system as a hierarchical
stem? Give control system. A photograph of a flexible manufacturing cell is shown in figure P1.8,
an cxternal
1¢ diffcren-

b. Is this a

Figure P1.8. A flexible manufucturing
cell (courtesy of the Robotics Institute,
Carnegic Mclton University).

1.9. Compare analog control and dircct digital control for motion control in high-speed ap-
plications of industrial manipulators. Give the advantages und disadvantages of cach
control method for this application.
1.10. Resolution of a device is delined as the smallest useful and detectable increment

(change) in the output of the device, Dynamic range is the ratjo of cutput range to res-
olution, expressed in decibels (dB}. A digital control valve has four nrifices. Tt repre-
sents a four-digit binary number, and flow through cach orifice is proportional to the
corrcsponding position valuc. The smallest orifice allows 1 flow of £, through it. Caleu-
late the resclution and the dynamic range of the valve.

1.11. A soft-drink bottling plant uses an automated bottle-filling system. Desribe the opera-
tion of such a system, indicating various components in the control system and their
functions. Typical components would include conveyor belt; a motor for the conveyor,
with start/stop controls: a measuring cylinder, with inlet valve, exit valve, and level
sensors; valve actuators; and an alignment sensor fnr the bottle and the measuring
cylinder.

1.12. Consider the natural gas home heating system shown in figure 1.5. Describe the func-

tions of various components in the system and classify them into controller, actuator,

sensor, and signal modification function grnups. Explain the operation of the overall
system and suggest pnssiblec improvements to obtain more stable and accurate tempera-
turc control.

Probiems 13
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1.13. In each of the following cxamples, indicate at least one (unknown) input that should be
measured und uscd for fecdforward control to improve the accuracy of the control sys-
tem.

(a) A servo system for positioning a mechanical load. The scrve motor is a ficld-
controlled DC motor, with position feedback using a potentiometer and velocity
feedback using a tachometer.

(b) An electric heating system for a pipeline carrying a liquid. The exit temperature of
the liquid is ineasured using a thcrmocouple and is used to adjust the power of the
heater.

(e) A room heating system. Room temperature is measured and compared with the set
point. If it is low, a valve of a steam radiator is opened; if it is high, the valve is
shut.

(d) An assembly robot that grips a dclicate part to pick it up without damaging the
part.

(e) A welding robot that tracks the seam of a part to be welded,

1.14. Consider the system shown by the block diagram in figure P1.14a. Note that
G,(s} = plant transfer function
G.(5) = controller transfer function
H (5) = feedback transfer function
G¢(s) = feedforward compensation transfer function
Disturbance

Input
w

Feedforward
Signal

Driving N
Input < ) - Dutput
u 4

Feedback Signal

{a}
(M

b)

Figure P1.14. (a) A block diagraim for a system with feedforward control.
(b) Reduced form in the absence of the driving input.
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1.16
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1.17.

118

1.19.

PP

The disturbance input w is measured, compensatcd using Gy, and fed into the con-

troller, along with the driving input u.

(a) Obtain the transfer function relationship between the output y and the driving input
u in the absence of the disturbance input w.

(b) Show that in the absence of u, the black diagram can be drawn as in figure P1.14b.
Obtain the transfer relationship between y and w in this case.

(e} From (a) and (b), write an expressian for y in terms of & and w,

(d) Show that the cffect of disturbance is fully compensated if the teedforward com-
pensator is given by

1
e

A typical input variable is identificd tor each of the following examples of dynamic sys-

teims. Give at Jeast one output variable tor each system.

(a) Human body: neuroelectric pulscs

(b) Company: information

(¢) Power plant: {ucl rate

(d) Automobile: stecring wheel movement

(e} Robot: voltage to joint motor

Measuring devices (sensors-transducers) are usetul in measuring outputs of a process

for feedback control.

(a) Give other situations in which signal measurement would be important.

(b) List at least five different sensors used in an automobile engine.

Hicrarchical control has been applied in many industrics, including steel mills, oil

refineries, glass works, and automatcd manufacturing. Most applications have been

limited to two or three levels of hierarchy, however. The Jower levels usually cnnsist of
tight servo loops, with bandwidths on the order of 1 kHz. The upper levels typically
control production planning and scheduling events meusured in units of days or weeks.

(a) Estiinate event duration at the lowest level and control bandwidth (in hertz) at the
highest Icvel for this type of application.

(b) A five-level hicrarchy for a flexibie manufacturing facility is as follows: The lowest
level (level 1) handles servo control of robotic manipulator joints and muchine tool
degrees of freedom. The secnnd level performs activities such as coordinate trans-
formation in machine tools that are required in gencrating control eommands for
various servo loops. The third level converts task commands into motion trajecto-
rics (of manipulator end effector, machine tool bit, etc.) expressed in world coor-
dinates. The fourth level converts complex and general task commands into simple
task commands. The top level (level 5) performs supervisory control tasks for vari-
ous machine tools and material-handling devices, including conrdination, schedul-
ing, and definition of basic moves. Suppose that this facility is used as a flexible
manulacturing celi tor turbine blade production. Using diagrams to show tasks at
various levels of the hierarchy, describe the operation of this manufacturing cell,

According to some observers in the process control industry, early brands of analog
contro] hardware had a product lifc of ubout twenty years. New hardware controllers
can become obsolete in a couple 0f years, cven before their development costs are re-
covered. As 4 contro] instrutnentation enginecr responsible for developing an off-the-
shelf process controller, what features would you incorporate in the controller to cot-
rect this problem to a great extent?

The programmable controller (PC) is a scquential control deviee that can sequentially

and repcatedly activate a series of output devices (e.g., motors, valves, alarms, signal

Chap. 1 Probiems 15
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scnsors). Show how a programmable controtler and a vision system consisting of a
solid-statc camera and a simple image processor (say, with an edge-detection al-
gorithm) could be used for sorting fruits on the basis of quality and size for packaging
and pricing.
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2

Performance
Specification and
Component Matching

2.1 INTRODUCTION

In feedback control systems, plant response is measured and compared with a refer-
ence input and the error is automatically enployed in controlling the plant. It fol-
lows that a measurement system is an essential component in any feedback control
system and forms a vital link between the plant and the controller. Measurements
are needed in many engineering applications. The measurement process has to be
automated, however, in control systems applications.

A typical measurement system consists of one or more sensor-transducer units
and associated signal- conditioning (and modification) devices (see figure 2.1). Filter-
ing to remove unwanted noise and amplification to strengthen a needed signal are
considered signal conditioning. Analog-to-digital conversion (ADC), digital-to-
analog conversion (DAC), modulation, and demodulation are signal modification
methods. Note that signal conditioning can be considered under the general heading
of signal modification. Even though data recording is an integral function in a typical
data acquisition system, it is not a crucial function in a feedback cnntrol system. For
this reason, we shall not go into details of data recording devices in this book. In 2
multiple measurement environment, a maltiplexer could be employed prior to or fol-
lowing the signal-conditioning process, in order tn pick one measured signal at a
time from a bank of data channels for subsequent processing. In this manner, one
unit of expensive processing hardware can be time-shared between several signals.
Sensor-transducer devices are predominantly analog components that generate
anulog signals, even though direct digital transducers are becoming increasingly

Signal To
Oﬁltar:f‘ S Sensc'f[;Tfﬂ"“’““" = Conditioning and |——» Feedback
ol evices Modification Caontroller

Figure 2.1, Schematic representation of a measurcment system.
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popular in digital control applications. When analog transducers are employed,
analog-to-digital converters (ADCs) have to be used to convert analog signals into
digital data for digital control. This signal modification process requires sampling of
analog signals at discrete time points. Once a value is sampled, it is encoded into a
digital representation such as straight binary code, a gray code, binary-coded deci-
mal (BCD) code, or American Standard Code for Information Interchange (ASCII).
The changes in an analog signal due to its transient nature should not affect this pro-
cess of ADC. To puarantee this, a sample-and-hold operation is required during
each sampling period. For example, the value of an analog signal is detected
(sampled) in the beginning of each sampling period and is assumed constant (held)
throughout the entire sampling period. This is, in fact, the zero-order hold opera-
tinn. The operations of multiplexing, sampling, and digitizing have to be properly
synchronized under the control of an accurate timing device (a clock) for proper op-
eration of the control system. This procedure is shown schematically in {igure 2.2.

Control
Clock

| |
= }
J i
* ADC with

Sample and
Hold

Digital
Data

Analog Signal
Channels

Sensor - Transducer Anafog
Bank Multiplexer

Figure 2.2, Mcasurement, multiplexing, and analog-to-digital conversion,

All devices that assist in the measurement procedure can be interpreted as
components of the measurement system. Selection of available components for a
particular application or design of new components should rely heavily on perfor-
mance specifications for these components. A great majority of instrument ratings
provided by manufacturers are in the form of static parameters. In control applica-
tions, however, dynamic perforinance specifications are also very important. In this
chapter, we shall study instrument ratings and parameters for performance
specification, pertaining to both static and dynamic characteristics of instruments,

When two or more components are interconnected, the behavior of individual
components in the overall system can deviate significantly from their behavior when
each component opcrates independently. Matching of components in a multicompo-
nent system, particularly with respect to their impedance characteristics, should be
done carefully in order to improve system performance and accuracy. In this chap-
ter, we shall also study basic concepts of impedance and component matching. Al-

Performance Specification and Component Matching Chap. 2
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though the discussion is primarily limited to components in a measurement system,
the ideas are applicable to many other types of components in a control system. Dis-
cussions and developments in this chapter are quite general; they do not address
specific designs or hardware components. Specific instruments, their operating de-
tails, and physical hardware will be discussed in subsequent chapters.

2.2 SENSORS AND TRANSDUCERS

The output variable (or response) that is being measured is termed the measurand.
Examples are acceleratinn and velocity of a vehicle, temperature and pressure of a
process plant, and current through an electric circuit. A measuring device passes
through two stages while measuring a signal. First, the measurand is sensed, Then,
the measured signal is transduced {or converted) into a form that is particularly suit-
able for ransmitting, signal conditioning, processing, or driving a controller or actu-
ator. For this reason, output of the transducer stage is often un electrical signal. The
measurand is usually an analog signal, because it represents the output of a dynamic
system in feedback control applications. Transducer output is discrete in direct digital
transducers. This fucilitates the direct interface of a transducer with a digital proces-
sor. Since the majority of transducers used in control system applications are still
analog devices, we shall consider such devices first (in chapters 3 and 4). Digital
transducers will be discussed subsequently (in chapter 5).

The sensor and transducer stages of a typical measuring device are represented
schematically in figure 2.3a. As an example, consider the operation of a piezo¢lec-
tric uccelerometer (figure 2.3b). In this case, acceleration is the measurand. 1t is first
converted into an inertia force through a mass element und is exerted on a piezoelec-
tric crystal within which a strain (stress) is generated. This i considered the sensing
stage. The stress generates a charge inside the crystul, which appears as an electric
signal at the output of the accelerometer. This stress-to-charge conversion or stress-
to-voltage conversion can be interpreted as the transducer stage.

Measuring Oevice

Measurand

. , Signal o Transmittable Variable
Aﬁ;ﬂg'g;},’a” | Sensor Transducer {Typically Electrical)

Strain {Stress) Charge {Voitage)

Acceleration ———3- . "
n Generation Generation

—— Electrical Signal

(b}

Figure 2.3. (a) Schematic representation of 4 measuring device. (b) Operation of
a piezoelectric accelerometer.
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A complex measuring device can have more than one sensing stage. More of-
ten, the measurand goes through several traosducer stages before it is available for
control and actuating purposes. Sensor and transducer stages are functiooal stages,
and sometimes it is not casy or even feasible to identify physical elements associated
with them. Furthermore, this separation is not very important io using existing
devices. Proper separation of sensor and transducer stages (physically as well as
functionally) can be crucial, however, when designing new measuring instruments.

In some books, signal-conditioning devices such as electronic amplifiers are
also classified as transducers. Since we are treating signal-conditioning and
modification devices separately from ineasuring devices, this unified classification is
ayoided whenever possible in this book. Instead, the term transducer is used primar-
ily in refation to measuring instruments. Following the common practice, however,
the terms sensor and rransducer will be used interchangeably to denote measuring
instruments,

2.3 TRANSFER FUNCTION MODELS FOR TRANSDUCERS

Pure transducers depend on pondissipative coupling in the transduction stage. Pas-
sive trunsducers (sometimes called self-generating transducers) depend on their
power transfer characteristics for operation. It follows that pure transducers are es-
sentially passive devices. Some examples are electromagnetic, thermoelectric, ra-
dioactive, piezoelectric, and photovoltaic transducers. Active transdacers, on the
other hand, do not depend on power conversion characteristics for their operation. A
good example is a resistive transducer, such as a potentiometer, that depends on its
power dissipation to generate the output signal. Note that an active transducer re-
quires a separate power source (power supply) for operation, whereas a passive trans-
ducer derives its power from a measured signal (measurand). In this classification of
transducers, we are dealing with power in the immediate transducer stage associated
with the measurand, not the power used in subsequent sigoal conditioning. For ex-
ample, a piezoelectric charge generation is a passive process. But in order to condi-
tion the generated charge, a charge amplifier that uses an auxiliary power source
would be needed.

There are advantages uod disadvantages in both types of transducers. In partic-
ular, since passive transducers derive their energy alinost entirely from the measur-
and, they generally tend to distort (or load) the measured signal to a greater extent
than an active transducer would. Precautions can be taken to reduce such loading ef-
fects, as will be discussed in a future scction. On the other hand, passive transducers
are generally simple in design, more reliable, and less costly.

A majority of sensors-transducers can be interpreted as two-port elements in
which, under steady conditions, energy (or power) transfer into the device takes
place at the inpar port and energy (or power) transfer out of the device takes place at
the output porr. Each port of a two-port transducer has a through variable, such as
force or current, and an across variable, such as velocity or voltage, associated with
it. Through variables are sometimes called flux variables, and across variables are
called potential variables. Through variables are not always the same as flow vari-

20 Performance Specification and Component Matching Chap. 2
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ables, which are used exclusively in bond graph models. Similarly, across variables
are not the same as efforr variables, which are used in bond graph terminology. For
example, force is an eftort variable, but it is also a through variable. Similarly, ve-
locity is a flow variable and is also an across variable. The concept of effort and flow
chanical impedance, but in analysis, mechanical impedance is not analogous to elec-
trical impedance.

A two-port device can be modeled hy the transfer relation

7] [z] &

where G is a 2 X 2 transfer function matrix, v; and f; denote the across and through
variables at the input port, and v, and £, denote the corresponding variables at the
output port {figure 2.4). This representation essentially assumes a linear model for
transducer, so that the associated transfer functions (elements in matrix G) are
defined and valid. Such transducers are known as ideal transducers. Note that at a
given port, if one variable is considered the input variable to the system, the other
automatically becnmes the output variable of that system.

v; v, . .
Input Pory ————4{ G | 2 Output Port  Figure 2.4, Two-port representation of
f; f a passive Iransducer.

i a

Matrix transfer-function models are particularly suitable for transducers whose
overall transduction process can be broken down into two or more simpler trans-
ducer stages. For example, consider a pressure transducer consisting of a bellows
mechanism and a linear variable differential transformer (LVDT). In this device, the
pressure signal is converted into a displacement by the pneumatic bellows mecha-
nism. The displacement is converted, in turn, into a voltage signal by the LVDT.
(The operation of an LVDT will be discussed in chapter 3.) If the transfer-function
matrix for each transducer stage is known, the combined model is obtained by sim-
ply multiplying the two matrices in the proper order. To illustrate the method fur-
ther, consider the generalized series element (electrical impedance or mechanical
mobility) and the generalized paraliel element (electrical admittance or mechanical
impedance), which are denoted by Z and Y, respectively. The corresponding circuit
representations are shown in figure 2.5. The model for the series-element transducer
is

sl |l Z{jove 1 —Z{jul _ |v

AR HES S R 2
and the model for the parallel-element transducer is

G| _ |1 Oflve 1 Ofjef{ _ o

HEF 1A ¢

These relations can be easily verified. The expressions for Z and Y for the three basic
(ideal) electrical elements—resistance, inductance, and capacitanCe—are summa-
rized in table 2.1. Note that s is the Lapluce variable. In the frequency domain, s
should be replaced by jw, where w is the frequency (radians/second) and j = V —1.
21
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Figure 2.5. (a) Generalized serics
element (clcctrical impedance or
mechanical mobility). (b} Generalized
paralle!l element {electrical admittance or
mechanical impedance).

TABLE 2.1 IMPEDENCE AND ADMITTANCE
EXPRESSIONS FOR THE THREE IDEAL ELECTRIC
ELEMENTS

[mpedance Admittance
Elcment z Y

Resistance R R

[nductance L Ls

1
Capacitance C —
apacitance o

A disadvantage of using through variables and across variables in the definition
of impedance transfer functions is apparent when comparing electrical impedance
with mechanical impedance. The definition of mechanical impedance is force/veloc-

ity in the frequency domuin. This is a ratio of {through variable)/(across variable),
whereas electrical impedance, dcfined as voltage/current in the frequency domain, is
a ratio of (across variable)/(through variable). Since both force and voltage are
“effort” variables and velocity and current are “flow” variables, it is convenient to
use bond graph notation in defining impedance. Specifically,

effort

impedance (electrical or mechanical) = ow

In other words, impedance measures how much effort is needed to drive a system at
unity flow.

Caution must be exercised in analyzing interconnected systems with mechuni-
cal impedance, becausc mechanical iinpedance cannot be manipulated using the
tules for electrical impedance. For example, if two electric components are con-
nected in series, the current (low variable is the through variable) will be the same
for both components, and voltage (effort variable is the across variable) will be ad-
ditive. Accordingly, impedance of the series-connected electric system is just the
sum of the impedances of the individual components. Now consider two mechanical
components connected in series. Here the force (effort variable is the through vari-
able) will be the saine for both components, and velocity will be additive. Hence, it

22 performance Specification and Component Matching Chap. 2
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e, s

is mobility, not impedance, that is additive in the case of series-connected mechani-
ca} components. It can be concluded that, analytically, mobility behaves like electri-
cal impedance and mechanical impedance behaves like electrical admittance.
Hence, in Figure 2.5a, the generalized series element Z could be electrical
impedance or mechanical mobility, and in figure 2.5b, the generalized parallel ele-
ment ¥ could be electrical admittance or mechanical impedance. Definitions of some
mechanical transfer functions are given in table 2.2.

ized series

ance or
Generalized

11 admittance or

TABLE 2.2 DEFINITIONS OF SOME MECHANICAL TRANSFER FUNCTIONS

Definition
Transfer function (in the frequency domain)

Dynamic stiffness Force/displacement
Dynamic llexibility, compiiance, Displacement/force ,

or receptance :
lmpedance Forcefvelocity ‘
Mobility Velocity/force
Dynamic inertia Foreefacceleration s
Accclerance Acccleration/force
Force transmissibility Magnitude [output force/input force]
Velocity transmissibility Magnitude |output velocity/input velocity]

Example 2.1
the definition Consider a transducer modeled as in figure 2.6. Obtain a transfer-function relutionship.
:al impedance
s force/veloc-
‘088 variable),
icy domain, is
d voltage are
convenient to

Figure 2,6. An cxample of a transfer
model combination.

Solution This device has a transfer model given by
1;,]_ 1 Z[v o [L] or [ 1 ()M‘l -Z,][u,] _ [u]
fi 0 1LY 14if -Y, 110 1 iLf fo
which results in the overall model:
[m} _ [1+zly2 z[}[u,,} or [ 1 -z ][»} _ [v]
s 3 1iLL =Y, 1+z, llfi fo

Noticc that when Y; = 0, equation 2.2 is obtained; and when Z, = 0, equation 2.3 re-
sults,

Ve a system at

with mechani-
ited using the
ents are con-
1l be the same
le) will be ad-
em is just the
0 mechanical
* trough vari-
lLive, Hence, it
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Example 2.2

The tachometer is a velocity-measuring device (passive) that uses the principle of elec-
tromagnetic generation. A DC tachometer is shown schematically in figure 2.7a. The
field windings are powcred by DC voltage ;. The across variable at the input port is
: : the measured angular speed w;. The corresponding torque T; is the through variable at
7 the input port. The output voltage v, of the armature circuit is the across variable at the
' output port. The corresponding current i, is the through variable at the output port. Ob-
tain a transfer-function model for this device.

Ay L A i

iy ) o o

4 O—>——AMA — GO —MVWN—>——O +

{Output Port)

i E: ) Ty w
{input Port}

Inertia

Damping &

{b)

Figure 2.7. A DC tachomcter example: (a) cquivalent circuit: (b) armaturc
free-body diagram.

Solution The generated volagc v, at the armature (rotor) is proportional to the mag-
netic (ield strength of field windings (which, in turn, is proportional to the field current
i) and the specd of the armature w;. Henee,

v, = K'iso;
Assuming constant ficld current, we have
ty = Koy (M

The rotor magnetie torque T, that resists the applied torque 7; is proportional to the
magnetic field strengths of field windings and armaturc windings. Consequently,

t, = K'id,

Since ir is assumed constant, we get

T, = Ki, (ii)
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Note that the same constant K is used in both equations (i) and (ii). This is valid when
the same unjts are used to measure mechanical power and electrical power and no in-
ternal dissipation mechanisms are significant in the associated intcrnal coupling. The
equation for the armature circuit is

. di,

Uy = Uy — Ralo — L"Z (iii)

where R, is the armature resistance and L, is the leakage inductance in the armature

circuit. With reference to Figure 2.7b, Newton’s second Taw for a tachometer armature
having incrtia J and damping constant b is expressed as

dw; .
I = T, - Tj - bw, (lV)

Now cquation (1) is substituted into (iii) in order to eliminate v,. Similarly, cquation (i)
is substituted into {iv) in order to eliminate T,. Next, the time derivatives are replaced
by the Laplace variable 5. This results in the two algcbraic relations:

J

v, = Kw; — (R, + sLo)i» (v)
(b + sN)w; = T, — Ki, (vi)

Note that the variablcs v,, i, @, and T; in equations (v) and {vi) arc actually Laplacc
transforms (functions of s), not functions of £, as in equations (i) through (iv). Finally,
i, in equation (v) is eliminated using {vi). This gives thc matrix transfer function rcla-
tion

l:t).,J B {K + (R + sL(b + sI)/ K —(R, + sLa)/K][w.} (vi)
] —& + s))/K /K T,

The corresponding frequency domain relations are obtained by replacing s with jw,
where @ represcnts the angulat frequency (vadians/second) in the frequency spectrum
of a signal.

Even though transducers are more accurately modeled as two-port elements
that have two variables associated with each port, it is useful and often essential, for
practical reasons, to relate just one input variable and onc outpul variable so that
only one transfer function relating these two variables need be specified. This us-
sumes some torm of decoupling in the true model. If this assumption does not hold
in the range of operation of the transducer, a measurement error would result. For
instance, in the tachometer example, we like to express the output voltage v, in
terms of the measured speed w;. In this case, the off-diagonal term —(R. + sLo)/K
in equation (vii) of example 2.2 has to be neglected. This is valid when the tachome-
ter gain parameter X is large and the armature resistance R, is ncgligible, since the
leakage inductance L, is negligible in any case for most practical purposes. Note
from equations (i) and (ii) that the tachomcter gain X can be increased by increasing
the field current . This will not be feasible if the ficld windings arc already satu-
rated, however. Furthermore, £ can be increased by increasing K'. Now K’ de-
pends on parameters such as number of turns and dimensions of the stator windings
and magnetic properties of the stator core. Since there is a limitation on the physical
size of the tachomcter and the types of materials used in the construction, it follows

Sec. 2.3 Transfer Function Modetls for Transducers
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that X cannot be increased arbitrarily. The instrument designer should take such fac-
tors into consideration in developing a design that is optimal in many respects. In
practical transducers, the operating range is specified in order to minimize the effect
of coupling terms, and the residual errors are accounted for by using correction
curves. This approach is more convenient than using a coupled model, which intro-
duces three more transfer functions (in general) into the model.

Another desirahle feature for practical transducers is to have a static
{(nondynamic) input/output relationship so that the output instantly reaches the input
value (or the measured variable). In this case, the transducer transfer function is a
pure gain. This happens when the transducer time constants are small (i.e., the
transducer bandwidth is high). Returning to examplc 2.2 again, it is clear from equa-
tion (vii) that static (frequency-independent) transfer-function relations are obtained
when the ¢lectrical time constant

L (2.4)

and the mechanical time constant
(2.5)

are both negligibly sinall. The electrical timme constant is usually an order of magni-
tude smaller than the mechanical time constant. Hence, one must first concentrate
on the mechanical time constant, Note from equation 2.5 that 7, can be reduced by
decreasing rotor inertia and increasing rotor damping. Unfortunately, rotor inertia
depends on rotor dimensions, and this determines the gain parameter K, as we saw
eatlier. Hence, we face some constraint in reducing K. Next, turning to damping, it
is intuitively clear that if we increase b, it will require a larger torque 7; to drive the
tachometer, and this will load the system that generates the measurand w;, possibly
affecting the mcasurand itself. Hence, increasing & also has to be done cautiously.
Now, going hack to equation (vii), we note that the dynainic terms in the transfer
function between w; and v, clecrease as X is increased. So we sec that increasing K
has two benefits: reduction of coupling and reduction of dynamic elfects (i.e., in-
creasing the useful frequency range and bandwidth or speed of response).

2.4 PARAMETERS FOR PERFORMANCE SPECIFICATION

A perfect measuring device can he defined as one that possesses the following char-
acteristics:

1. Output instantly reaches the measured value (fast response).

2. Transducer output is sufficiently large (high gain or low output impedance).

3. Output remains at the measured value (without drifting or being affected by
environmental effects and other undesirable disturbances and noise) unless the
measurand jtself changes (stability).

Performanee Specification and Component Matching Chap. 2
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4, The output signal level of the transducer varies in proportion to the signal level
of the measurand (static linearity).

5. Connection of measuring device does not distort the measurand itself (loading
effects are absent and impedances are maiched).

6. Power consumption is small (high input impedance).

All of these properties are based on dynamic characteristics and therefore can
be explained in terms of the dynamic behavior of the measuring device. In particu-
lar, items 1 through 4 can be specified in terms of the device (response), either in
the rime domain or in the frequency domain. ltems 2, 5, and 6 can be specified using
the impedance characteristics of device. In this section, we shall discuss response
characteristics, leaving the discussion of impedance characteristics to section 2.5,

Time Domain Specifications

Figure 2.8 shows a typical step response in the dominant mode of a device. Note
that the curve is normalized with respect to the steady-state value. We have
identified several parameters that are useful for the time domain performance
specification of the device. Definitions of these parameters are as follows:

Rise time. This is the time taken 1o pass the steady-stare value of the re-
sponse for the first time. In overdamped systems, the response is nonoscillatory;
consequently, there is no overshoot. So that the definition is valid for all systems,
rise time is often defined as the time taken to pass 90 percent of the steady-state
value. Rise time is often measured from 10 percent of the steady-state value in order

A

T, = Rise Time

T, = Modified Rise Time
T, = Delay Time

7, = Settding Time
M, = Peak Value

Normalized Response

T, Time

Figure 2.8. Response parameters for the time domain specification of performance,
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to leave out start-up irregularities and time lags that might be present in a system. A
modified rise time (7.2) may be defined in this manner (see figure 2.8). An alterna-
tive definition of rise time, particularly suitable for nonoscillatory responses, is the
reciprocal slope of the step response curve at 50 percent of the steady-state value,
multiplied by thc steady-state value, In process control terminology, this is in fact
the cycle rime. Note that no matter what definition is used, rise time represents the
specd of response of a device: a small rise time indicates a fast response.

Delay time. This is usually defincd as the time taken to reach 50 percent of
the steady-state value for the first tiie. This parameter is also a measure of speed of
response.

Peak time. This is the time at the first peak. This parameter also represents
the speed of response of the devicc.

Settling time. This is the time taken [or the device response to settle down
within a certain percentage (e.g., =+ 2 percent) of the steady-state value. This
parameter is related to the degree of damping present in the device as well as degree
of stability.

Percentage overshoot {P.0.). This is defined as
P.O. =100(M, — 1) % (2.6)

using the normalized-to-unity step response curve, where M, is the peak value. Per-
centage overshoot is a measure of damping or relative stability in the device.

Steady-state error. This is the deviation of the actual steady-state value
from the desired value. Steady-state error may be expressed as a percentage with re-
spect to the. (desired) steady-state value. In a measuring device, steady-state error
manifests itself as an offset. This is a systematic (deterministic) error that normally
can be corrected by recalibration. In servo-controlled devices, stcady-state error can
be reduced by increasing loop gain or by introducing lag compensation. Steady-state
error can be completely eliminated using integral control (reser) action,

For the best perforinance of a measuring device, we wish to have the values of
all the foregoing parameters as small as possible. In actual practice, however, it
might be difficult to meet all specifications, particularly for conflicting requirements.
For instance, 7, can be decreased by increasing the dominant natural frequency w, of
the device. This, however, increases the P.O. and sometimes the 7,. On the other
hand, the P.O. and 7 can be decreased by increasing device damping, but it has the
undesirable effect of increasing 7,.

Frequency Domain Specifications

Figure 2.9 shows a representative frequency transfer function (often termed fre-
quency response function) of a device. This constitutes gain and phase angle plots,
using frequency as the independent variable. This pair of plots is commonly known
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Figure 2.9. Response paramcters for the frequency domain specification of performance.

as the Bode diagram, particularly when the magnitude axis is calibrated in decibels
(dB) and the frequency axis in a log scale such as octaves or decades. Experimental
determination of these curves can be accomplished either by applying a harmonic ex-
citation and noting amplitude guin and phase lead in the response signal at steady
state or by Fourier analysis of excitation and response signals for either transient or
random eXcitations. Experimental determination of transfer functions is known as
system identification in the frequency domain. Note that transfer functions provide
complete information concerning system response to a sinusoidal excitation. Since
any time signal can be decomposed into sinusoidal components through Fourier
transform, it is clear that the response of a systemn to an arbitrary input excitation
also can be determined using transfer-function information for that system. In this
sense, transfer functions are frequency domain models that can completely describe
linear systems. For this reason, one could argue that it is redundant to use both time
domain specitications and frequency domain specifications, as they carry the same
information. Often, however, bath specifications are used simultaneously, because
this can provide a better picture of the system performance. Frequency domain
parameters are more suitable in representing some characteristics of a system under
some types of excitation.
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In the frequency domain, several system parameters have special significance
for a measuring instrument:

Useful frequency range. This corresponds to the flat region (static region)
in the gain curve and the zero-phase-lead region in the phase curve. It is determined
by the dominant resonant frequency f of the instrument. The maximum frequency
Sfosx in the useful frequency range is several times sinaller than f, for a typical mea-
suring instrument (e.g., fox = 0.25 f;). Useful frequency range may also be deter-
mined by specifying the flatness of the static portion of the frequency response
curve. For example, since a single pole or a single zero introduces a slope on the or-
der of F 20 dB/decade, a slope within 5 percent of this value (ie., = 1 dB/
decade) may be considered flat for most practical purposes. Operation in the useful
frequency range of a measuring device implies measurement of a signal whose
significant frequency content is limited to this band. In that case, faithful measure-
ment and fast response are guaranteed, because measuring device dynamies do not
corrupt the measurement.

Instrument bandwidth. This is a measure of the useful frequency range of

an instrument. Furthermore, the larger the bandwidth, the faster the speed of re-

sponse of the device will be. Unfortunately, the larger the bandwidth, the more sus-
ceptible the instrument will be to high-frequency noise as well as stability problems.
Filtering wiil be needed to eliminate unwanted noise. Stability can be improved by
dynamic compensation. There are many definitions for bandwidth. Common
definitions include the frequency range over which the transfer-function magnitude is
fat, the resonant frequency, and the frequency at which the transfer-function inagni-
tude drops to 1/V/2 (or 70.7 percent) of the 7ero-frequency {or static) level. The last
definition corresponds to the half-power bandwidth, because a reduction of am-
plitude level by a factor of V2 corresponds to a power drop by a factor of 2.

Control bandwidth. This is used to specify speed of control. It is an im-
portant specification in both analog control and digital control. In digital control,
the data sampling rate (in samples/second) has to be at least double the control band-
width (in hertz) so that the control action can be generated at the full speed. This
follows from Shannon’s sampling theorem. Control bandwidth should be addressed
from two points of view. For a system to respond faithfully to a control action
(input), the control bandwidth has to be sufficiently small (i.e., input has to be slow
enough) in comparison to the dominant (smallest) resonant frequency of the system.
This is similar to the bandwidth requirement for measuring devices, mentioned pre-
viously. On the other hand, if a certain mode of response in a system is to be insen-
sitive to eontrol action, the control action has to be several times larger than the fre-
quency of that mode. For example, if the bending natural frequency (in the
fundamental mode) of a robotic manipulator is 10 Hz, control bandwidth has to be
30 Hz or more so that the robot actuators would not seriously excite that bending
mode of the manipulator structure. In digital control, this will require a sampling
rate of 60 samples/second or more. In other words, each control cycle in real-time
control has to be limited to 1/60 s (approximately 17 ms) or less. Data acquisition
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) significance and processing, including control computations, have to be done within this time.
This calls for fast control processors, possibly hardware implementations, and

o . etficient control algorithms.
static region)

is d;termmed Static gain. This is the gain (transfer function magnitude) of a measuring
m 1T iqluenc‘y instrument within the useful range (or at low frequencies) of the instrument. It is
typical mea- also termed DC gain. A high value for static gain results in a high-sensitivity mea-

lIso be deter- suring device, which is a desirable characteristic.

ncy response

i peon the or- Example 2.3

iz, x=1dB/ E A mechanical device for measuring angular velocity is shown in figure 2.10. The main
in the useful clement of the tachometer is a rotary viscous damper (damping constant ) consisting
i signal whose of two cylinders. The outer cylinder carries a viscous fluid within which the inner
¢ ful measure- : cylinder rotates. The inner cylinder is connected to the shaft whase speed @; is to be

mieasured. The outer cylinder is resisted by a lincar torsional spring of stiffness k. The
rotation 8, of the outer cylinder is indicated by a pointer on a suitably calibrated scale.
Neglecting the inertia of moving parts, perform a bandwidth analysis on this device.

amics do not

:ncy range of Dial
© speed of re- Reading .,
{ he more sus- ; 7 ;
: ity problems. Pointer - \ !
;  improved by :
. h, Common
magnitude is _
ctinn magni- 3 Shaft Speed
svel. The last “ Viscous 4
stion of am- : Fiuid (5) Torsional
rof 2. spring (4)  Figure 2,10. A mechanical tachometer.
. . Solution Thc damping torguc is proportional to the relative velocity of the two cylin-
It is ap im- ders and is resisted by the spring torque. The cquation of motion is given by
zital control, ' .
ontrel band- ; b(w, — 8,) = kb,
| speed. This i or ()
be addres:.;ed b6, + k8, = buw,
ontrol action : _ . . . P
The transfer function is determined by first replacing the time derivative by the Laplacc

as to be slow
operator s; thus,

f the system. %
:ntioned pre- & _ b bk 7 (i) |
i to be insen- w [(bs+ k] (bR + 1] [rs+ 1)

than the fre-
:ncy (in the :
dth has to be ; k

Notc that the static gain or DC gain (transfer-function magniiude with s = 0) is

b
that bending * Tk w :
2 a sampling { and the timc constant is
- in real-time : b i
a acquisition =% (@)
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We face conflicting design requirements in this case. On the onc hand, we like to have
a Jarge static gain so that a sufficien tly large reading is available. On the other hand, the
time constant must be small in order to obtain a quick reading that faithfully follows
the measured speed. A compromise must be reached here, depending on the specific
design requirements. Alternatively, a signal-conditioning device cuuld be employed to
amplify the sensor output.

Also, let us examine the half-power bandwidth nf the device. The frequency
transfer functinn is

N
G(jow) = m (v)

By definition, the half-power bandwidth w, is given by

k, k

| i, + l]_\/E

(T(U[,)z +1=2
Since bnth 7 and w, are positive, we have

Ty = 1

wy = {vi)

Note that the bandwidth s inversely proportional to the time cnnstant. This confirms
our earlier statement that bandwidth is a measure of the speed of respnnse.

Two other system parameters in the frequency dnmain that play crucial roles in
interconnected devices are input impedance and output impedance. lmpedunce char-
acteristics will be discussed in section 2.5.

Linearity

A device is considered linear if it can be mndeled by linear differrential equations,
with time 7 as the independent varlable. Nonlinear devices are often analyzed using
linear techniques by considering small excursions about an nperating point. This lin-
earization is accomplished by introducing incremental variables for inputs and out-
puts. If one increment can cover the entire operaling range of a device with
sufficient accuracy, it is an indication that the device is linear. If the input/output re-
lations are nonlinear algebraic equations, it represents a static nonlinearity. Such a
situation can be handled simply by using nonlinear calibration curves, which lin-
earize the device withowt introducing nonlinearity errors. If, on the other hand, the
input/output relations are nonlinear differential equations, analysis usually becomes
quite complex. This situation represents a dynamic nonlinearity.

Transfer-function representation of an instrunent implicitly assumes linearity.
According to industrial terminology, a linear measuring instrument provides a mea-
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sured value that varies linearly with the value of the measurand. This is consistent
¢ like (o have i; with the definition of static linearity. All physical devices are ronlinear to some de-

her hand, the gree. This results from any deviation from the ideal hehavior due to causes such as
ifully f““","lﬁ’s saturation, deviation from Hooke’s law in elastic clements, coulomb [riction, creep
n the spealic '= at joints, aerodynamic damping, backlash in gears and other loose components, and

: cd (o
employed component wearout.

Nonlinearities in devices are often manifested as some peculiar characteristics.
In particular, the following properties are important in detecting nonlinear behavior
in dynamic systems:

he frequency

v ; Saturation. Nonlinear devices may exhibit saturation (see figure 2.11a).
: This may result from such causes as magnetic saturation, which is common in trans-
former devices such as differential transformers (see chapter 3), plasticity in me-
chanical components, or nonlinear deformation in springs.

.
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Figure 2.11. (continued)

Hysteresis. Nonlinear devices may produce hysteresis. In this case, the in-
put/output curve changes, depending on the direction of motion (as indicated in
; figure 2.11b), resulting in a hysteresis loop. This is common in loose components
such as gears, which have backlash; in components with nonlinear damping, such as
coutomb friction; and in magnetic devices with ferromagnetic media and various
dissipative mechanisms (e.g., eddy current dissipation). For example, consider a coil \
wrapped around a ferromagnetic core. If a DC current is passed through the coil, a i
magnetic field is generated. As the current is increased from zero, the fiel strength
will also increase. Now, if the current is decreased back to zero, the field strength
will not return to zero because of residual magnetisin in the ferromagnetic core. A ; ;
negative current has to be applied to demagnetize the core. It follows that the cur- -
rentfield strength curve looks somewhat like figure 2.11b. This is magnetic hys-
teresis. Note that linear viscous damping also exhibits a hysteresis loop in the force-
displacement curve; this is a property of any mechanical component that dissipates
energy. {Area within the hysteresis loop gives the energy dissipated in one cycle of
motion.) In general, if force depends on both displacement (as in the case of a
spring) and velocity (as in the case of a damping element), the value of force for a
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given value of displacement will change with velocity. In particular, the force when
the component is moving in one direction (say, positive velocity) will be different
from the force at the same location when the component is moving in the opposite
direction (negative velocity), thereby giving a hysteresis loop in the force-displace-
ment plane. If the relationship of displacement and velocity to force is linear (as in
viscous damping), the hysteresis effect is linear. If the relationship is nonlinear (as in
coulomb damping and aerodynamic damping), however, hysteresis is nonlinear.

The jump phenomenon. Some nonlinear devices exhibit an instability
know as the jump phenomenon (or fold catastrophe) in the frequency response
(transter) function curve, This is shown in figure 2.11c for both hardening devices
and softening devices. With increasing frequency, jump occurs from A to B; and
with decrcasing frequency, it occurs from C to D. Furthermore, the transfer func-
tion itself may change with the level of input excitation in the case of nonlinear
devices.

Limit cycles. Nonlinear devices may produce limit cycles. An example i8
given in figure 2.11d on the phase plane of displacement and velocity. A limit cycle
is a closed trajectory in the state space that corresponds to sustained oscillations
without decay or growth. Amplitude of these oscillations is independent of the initial
location from which the response started. In the case of a stable limit cycle, the re-
sponse will move onto the limit cycle irrespective of the location in the neighbor-
hood of the limit cycle from which the response was initiated (see figure 2.11d). In
the case of an unstable limit cycle, the response will move away from it with the
slightest disturbance.

Frequency creation. At steady state, nonlinear devices can create frequen-
cies that are not present in the excitation signals. These frequencies might be har-
monics (interger multiples of the excitation frequency), subharmonics (integer frac-
tions of the excitation frequency), nr nonharmonics (usually rational fractions of the
excitation frequency).

Example 2.4
Consider a nonlinear device modeled by the differcntial cquation

in which u(z) is the input and y is the output. Show that this device creates frequency
components that are different from the excitation frequencies.

Solution  First, note that the steady-state responsc is given by
!
y= J uX(t)dr + y(0)
0

Now, for an input given by

u(t) = a,sin w1t + @ 8in wt
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Input

Figure 2.12. (a) Schewatic representation of input impedance and output
impedance. (b) The influence of cascade connection of devices on the overall
impedance characteristics.

Now consider two devices connected in cascade, as shown in figure 2.12b. It
can be easily verified that the following relations apply:
o1 — GLU, (2‘8)

Za+ 25

Vo = Gg‘l)rz (2 10)

V2 (2 , 9)

These relations can be combined to give the overall input/output relation:

Zn

= m(nGm; (2.11)

Vo

We see from equation 2.11 that the overall frequency transfer function differs from
the ideally expected product (G.G)) by the factor

Za _ 1
Zo+Zo ZafZz+ ]

Note that cascading has “distorted” the frequency response characeristics of the two
devices. If Z,1/Z» << 1, this deviation becomes insignificant. From this observa-
tion, it can be concluded that when frequency response characteristics (i.e., dynamic
characteristics) are important in a cascaded device, cascading should be done such
that the output impedance of the first device is much smaller than the input
impedance of the second device.

2.12)
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Example 2.5

A lag network used as the compensatory clement of a control system is shown in figure
2.13a. Show that its transfer function is given by

Ve %
v R| + ZZ
where
Zy =R, + !
2 LR

What is the input impedance and what is the output impedance for this circuit? Also, if
two such lag circuits are cascaded as shown in figure 2.13b, what is the overall transfer
function? How would you make this transfer function close to the ideal resuit:

{_ﬁ_ 2
R+ 27y
R‘
WA ot
$r,
2, vy
==c
O -
{a)
Ay A
A T WA C
4 3a, 3a,
v 2, 2, l Yo
> —c —=c
- o-
(b}
Ay
AA . o+

Figure 2.13. (a) Single circuit module.
e (b) Cascade connection of twu modules.
(c} {c) Equivalent circuit for (b).
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Solution  To solve this problem, first note that in figure 2.13a, voltage drop across the
clement Ry + 1/(Cs) 1s

1 1
C, = (R;, + a)/{R. + R, + a}-n,

= ZZ/(R] + Zo)e

Hence,

Ye_ 4

v; R| + Zz
Now, input impedance Z; is derived by

Ui

input current § = ———
P R+ Zs

Z; =%=R|+Zz

and output impcdance Z, is derived by

. . . U
short-circuit current i, = 7

_ 22/ (R + Zy)uy _ RiZ;
U:/Rl Rl + Z;

Next, consider the equivalent circuit shown in Figure 2.13c¢. Since Z is formed by con-
necting Z, and (R; + Z) in parallel, we have

1 1

1

— + [ — 11
Z Z, R +2 (@
Voltage drop across Z 1s

p— Z v,
R+ Z"

:
v,

(i)
Now apply thc single-circuit module result (i) to the sccond circuit stage in figure
2.13b; thus,

— 22
Ri + Zz

v, t,

Substituting cquation (iii), we get

(Ri + R;) (R, + Z)M

B, =

The overall transfer function for the cascaded circuit is

v, 22 zZ Za 1

TRt ® 2 R R RIZET)
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ge drop across the

Now substituting equation (it), we get

G = [ Z2 ‘IZ 1

=z R, + Za) 1+ R Z2/(R, + Z)°
: We observe that the ideal transfer function is approached by making R\ Zy/(R, + Z,)?
small compared to unity.

) Impedance-Matching Amplifiers

From the analysis given in the preceding section, it is clear that the signal-condition-
ing circuitry should have a considerably large input impedance in comparison to the
output impedance of the sensor-transducer unit in order to reducc loading errors.
The problem is quite serious in measuring devices such as piezoelectric sensors,
which have very high output impedances. In such cases, the input impedance of the
signal-conditioning unit might be inadequate to reduce foading effccts; also, the out-
put signal levcl of thesc high-impedance sensors is quite low for signal transmission,
processing, and control. The solution for this problem is to introduce several stages
of amplifier circuitry between the sensor output and the data acquisition unit input.
The first stage is typically an impedance-matching amplifier that has very high ioput

Z impedance, very low output impedance, and alinost unity gain. The last stage is typ- N
. ically a stable high-gain amplifier stage to step up the signal level. Impedance-match- =
! ing amplifiers are, in fact, operational amplifiers with feedback. 5 |

is formed by con-
Operational amplifiers. Operational amplifiers (opamps) are voltage am-
i plifiers with very high gain K (typically 10° to 10°), high input impedance Z;
(ii) Q (typically greater than IMQ), and low output impedance Z, (typically smaller than
4 100 £2). Thanks to the advances in integrated circuit technology, opamps—origi- j
nally made with conventional transistors, diodes, and resistors—are now availablce
as miniature units with integrated circuit elements. Because of their small size, the H

(iii) recent trend is to make signal-conditioning hardware an integral part of the sensor-
.v transducer unit.
it stage in figure 5 A schematic diagram for an opamp is showo in figure 2.14a, Supply voltage v.

is essential to power the opamp. This may be omitted, however, in schematic dia-

grams and equivalent circuits within the scope of present considerations. In the stan- :
dard design of opamps, there are two input leads, denoted by 1 and 2 in figure : -
2.14a. If one of the two input leads is grounded, it is a single-ended amplifier. Iif

neither lead is grounded, it is a differential amplifier that requires two input signals.

The latter arrangement rejects noise common to the two ioputs (e.g., linc -noise,

thermal noise, magnetic noise) because signal 2 (at the — terminal of the opamp) is i
subtracted from signal 1 (at the + terminal) and amplified to give the output signal.
Figure 2.14a is analogous to figure 2.13a, except that the amplifier gain K has re-
: placed the transfer function G (jw). Strictly speaking, K is a transfer function, and jt
— : depends on the frequency variable w of the input signal. Typically, however, the
D bandwidth of an opamp is on the order of 10kHz; consequently, K may be assumed
; frequency-independent in that frequency range. This assumption is satisfactory for

:hing Chap. 2
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Inputs

VJ
{Power Supply)

+
0 Output

= Kv;

v ‘

°

A

Feedback

—— 0+

Output

Figure 2.14. Impcdance-matching
amplifiers: {a) schematic representation
of an operational amplifier; (b) schematic
representation of a voltage follower; ()
cquivalent circuit for the voltage
follower; (d) Simplilied equivalent circuit
for the voltage follower; (c) charge
amplifier.
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b i AR

G
A

Feedback
Capacitor
ALY
a0+
Sensor l Output
Charye T C,
q Vo
VD
I3
M .
Voltage drop aceoss Z, =0 L
‘ {e)
; Figure 2.14. (continued)
most practical applications. Nevertheless, an operational amplifier in its basic form

has poor stability characteristics; hence, the amplifier output can drift while the input
is maintained steady. Furthermore, its gain is too high for direct voltage am-
plification of practical signals. For these reasons, additional passive elements, such
as feedback resistors, are used in conjunction with opamps in practical applications.

Voitage followers. Voltage followers are impedance-matching amplifiers
(or impedance transformers) with very high input impedance, very low output
impedance, und almost-unity gain. For these reasons, they are suitable for use with
high output impedance sensors such as piezoelectric devices. A schematic diagram
for a voltage follower is shown in figure 2. 14b, It consists of a standard (differential)
opamp with a feedback resistor Ry connected between the output lead and the nega-
tive input lead. The sensor output, which is the amplifier input v;, is connected to the
positive input lead of the opamp with a series resistor R.. The amplifier-output is v,,
as shown. By combining figures 2.14a and 2.14b, the equivalent circuit for the
voltage follower is drawn in figure 2.14¢. Since the input impedance Z; of the opamp
is much larger than the other impedances (Z,, R,, and Ry) in the circuit, the sim-
plified equivalent circuit shown in figure 2.14d is obtained. Note that v;" is the
voltage drop across Z;. _
se-matching ‘ To obtain un expression for guin K of the voltage follower, examine figure
representation “ 2.14d. It is clear that
cr; (b) schemalic ;
ge follower; (c)

v=vl+ Ko, ={ + K)s,

X voltage and
! cquivalent circuit . '
: (e) charge v, = Kv;
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The gain K is given by
Dy _ Kuvi _ K
o (1 + K)of 1+ K

P K
K = 2.1
1+ K (2.13)
which is almost unity for large K.
To determine input impedance Z; of the voltage follower, first note that the in-
put current i, is given by

i,’ _ Ui
Z, (1 + K)Z

ii:

It follows that the input impedance Z, is given by

%

=0+ Kz

i

Zi=(1+ K)Z (2.14)

Since both Z; and K are very large, it follows that a voltage follower clearly provides
a high input impedance. Accordingly, it is able to reduce loading effects of sensors -

that have high uutput impedances. ~
To determine the output impedance Z, of a voltage follower, note that v, = 0

when the output [cads are shorted. Then, from figure 2, 14c, the short-circuit output

current is found to be (by current summation at the output node)

vi  Kuv!
+ ———
Z; Z,

Lse

Note that the value of ¢, under short-circuit conditiuns is different from that under

open-circuit conditions. But v; would not be affected by output shorting. When the
output leads are shorted, it is clear from figure 2.14d that v/ ~ v;. Hence,

The output impedance is

2= (i) / (G £)e]

Now, since Z; >> Z,/ K, we can neglect 1/7Z; io comparison to K/Z,. Consequently, °

{(2.15) -
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Since Z, is small to begin with and K is very large, it is clear that the output
impedance of a vnitage follnwer is very small, as desired. Accordingly, the voltage
follower has a unity gain, a very high input impedance, and a very low output
impedance; it can be used as an impedance transformer. By connecting a voltage fol-
lower to a high-impedance measuring device (sensor-transducer), a low-impedance
output signal is obtaincd. Signal amplification might be necessary befure this signal
is transmitted or prncessed, hnwever.

In many data acquisition systems, output impedance of the output amplifier is
made equal to the transmission line impedance. When maximum power am-
plification is desired, conjugate maiching is recommended. In this case, input
impedance and output impedance of the matching amplifier are made equal to the
cnmplex conjugates of the source impedance and the load impedance, respectively,

Charge amplifiers. The principle of capacitance feedback is uitilized in
charge amplifiers. They are cominonly used for conditioning output signals from
piezoelectric transducers. A schematic diagram for this device is shown in figure
2.14e. The feedback capacitance is denoted by C; and the connecting cable capaci-
tance by C.. The charge amplifier views the sensnr as a charge source {g), even
though there is an associated vnltage. Using the fact that charge =
voltage X capacitance, a charge balance equation c¢an be written:

g+ %C + (vn +1—I)<3)C,-= 0

From this, we get

K

&+ 16, + . 2.16)

v, = —

If the feedback capacitance is large in comparison with the cable capacitance, the
latter can be neglected. This is desirable in practice. In any event, for large values of
gain K, we have the approximate relationship

v = -2 2.17)

Note that the output voltage is proportional to the charge generated at the sensor and
depends only on the feedback parameter Cr. This parameter can be appropriately
chosen in order to obtain the required output impedance characteristics. Practical
charge amplifiers also have a feedback resistor Ry in parallel with the feedback capac-
itor C;. Then the relationship corresponding to equation 2.16 becomes a first-order
ordinary differential equation, which in turn determines the time constant of the
charge amplifier. This time constant should be high. If it is low, the charge gener-
ated by the piezoelectric sensor will leak out quickly, giving erroneous results at low
frequencies (see problem 2.11).
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Example 2.6
Suppose that the output signal from a sensor with output impedance Z, js directly con-
pected to an opcrational amplifier with gain X, input impedance Z;, and output
impedance Z,. The resulting signal is read directly into a digital enntroller using an
analog-tn-digital conversinn (ADC) board with an equivalent load impedance Z;.. Pick
parameters 5o as to reducc possible distortion of the digitized signal duc to loading.

Solution A schematic representation of this arrangement of data acquisition is shown
in figure 2.15. Straightforward analysis provides the following input/output relation-

ship:
_ Z; Z;, )
"= K(z, + zf)(zn ¥z

If the input impedance Z; of the opamp is very high in comparison with thc scnsor
impedance Z,, then Z,/{Z, + Z;) will approach uonity. Furthermnre, if the load
impedance Z, is very high in comparison with the output impedance of the opamp,
then Z./(Z, + Z;) will also approach unity. In that case, the input/output relation re-
duces to

to = Kuve
which corresponds to a simple amplification of measured voltage by the gain factor X,
In practice, however, the parameter X may drift because of such rcasons as bandwidth
limitations and stability problems in the opamp. Hence, using an opamp is not the best
way to achieve signal amplification.
Operationat

Amplifier
{Gain = K}

+

Sensor J Output
ADC Board |3{2, OV
A

5

1

Figure 2.15. A data acquisition system example.

Measurement of Across Variables and Through Variables

Impedance concepts are very useful in selecting (and designing) instruments to mea-
sure across variables (voltage, velocity, pressure, temperature) and through variables
(current, force, fluid flow rate, heat transfer rate). To develop some general concepts
relating to the measurement of across variables and through variables, consider a
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device (an electronic device such as an amplifier, filter, or control circuit or a me-
chanical, fluid, or thermal device) that has input impedance Z: and output impedance
Z,. 1t is connected to a load of impedance Z;. This device is shown schematically in
figure 2.16a. Variable v, across the load and variable i, through the load are to be

measured. It is seen that

Z
L = G‘U',. e
'z, + 7
or
G
Ty = v 0 {(2.18)
1Z./Z. + 1}
System
iﬂ
+0 O——A- +
Input 3z < load Output
v; 2l 22z A
-0 o— -
G
{a}
+0 O— +
Meter
vi Z ED 2, 5§ZL v
-0 fo -
G
(b}
ZA
Z, iy
+0- O~ ——AWA
V; EE Z; Moter EE zZ,
> 1)
- O— Oo— . . .
G Figure 2.16. Impedance of measuring
instruments; (a) system representation;
(b) mcasurcinent of an across variable;
{c) (¢) measurement of a through variable.
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. G
i = 7o ZLU' (2.19)
where G is the system (frequency) transfer function. In writing these relationships,
we must remember that in the case of mechanical devices, the generalized
impedance Z should be interpreted as mechanical mobility (velocity/force), not me-
chanical impedance (force/velocity). Otherwise, the combination rules used in get-
ting these relationships (i.e., impedances additive in series and admittances additive
in parallel} would not be valid.

Suppose that a meter of impedance Zy is connected across the load to measure
Uy, as shown in figure 2.16b. Since Z, and Z, are in parallel, their equivalent
impedance Z is given by

11,1 (2.20)
zZ Z, Z

Again, for this relationship to be generally valid, impedance should be interpreted as
(across variable)/(through variable), not as (cffort variable)/(flow variable). This in-
terpretation, however, contradicts the commonly used definition of mechanical
impedance—force/velocity in the frequency domain. Alternatively, Z should be in-
terpreted as “mobility” in mechanical systems. No such ambiguity exists in electri-
cal, fluid, and thermal systems.

Due to loading effects from the meter, across variable v, changes to v, , and

Z — GU,‘
Z,+2Z2 ZJ/jZ+1

v, = Gu;

In view of equation 2.20, we have

GUi

= 2,21
ZJZv + Z,/Z, + 1 ( )

s,

By comparing equation 2.21 with equation 2.18, we observe that for high accuracy
of measurement (i.e., v} nearly equal to v,), we must have either Z,/Z, << 1 or
Zof Zy << Zo/Z;. In other words, we must have Zy >> Z, or Zy >> Z;. Hence, in
general, a measuring instrument for an across variable must have a high impedance.

Now suppose that a meter of impedance Z, is connected in series with the load
to measure i,, as shown in figure 2.16¢. Because of instrument loading, the through
variable i, changes to i,, and

Gu;

= o 22
Z, + Z, + 2, (2.22)

i

By comparing equation 2.22 with equation 2.19, we note that for high accuracy
(i.e., i; almost equal t0 i,), we must have either Z, << Z, or Z, << Z;. It follows
that, in general, an instrument measuring a through variable has to be a low-
impedance device.
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Ground Loop Noise

In devices that handle low-level signals (e.g., accelerometers and strain gage bridge
circuitry), electrical noise can create excessive error. One form of noise is caused by
fluctuating magnetic fields due to nearby AC lines. This can be avoided either by
taking precautions not to have strong magnetic fields and fluctuating currents near
delicate instruments or by using fiber optic (optically coupled) signal transmission
(see chapter 3). Furthermore, if the two signal leads (positive and negative) are
twisted or if shielded cables are used, the induced noise voltages become equal in
the two leads, -which cancel each other. Another cause of electrical noise is ground
loops.

If two interconnected devices are grounded at two separate locations, ground
Ioop noise can enter the signal leads because of the possible potential difference be-
tween the two ground points. The reason is that ground itself is not generally a uni-
form potential medium, and a nonzero {(and finite) impedance may exist from point
to point within the ground medium. This is, in fact, the case with typical ground
media, such as instrument housings and common ground wire. An example is shown
schematically in figure 2.17a. In this example, the two leads of a sensor are directly

Signal-Conditioning

Sensor Device
Positive Lead +
Cutput
2, {Noisy)
Negative Lead
e
@und Loop
A_]——ﬁ( : et 8
= v' he—d
ta)
+
OQutput
{Less Noisy)

Isolated

l.oop Broken

A ——_Q_ﬁ 8 Figure 2.17.  (a) Tlustration of a
) - ground loop. (b) Device isolation to

climinate ground loops (an example of
(b internal isolation).
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connected to a signal-conditioning device such as an amplifier. Because of nonuni-
form ground potentials, the two ground points A and B are subjected to a potential
difference v,. This will create a ground loop with the common negative lead of the
two interconnected devices. The solution to this problem is to isolate (i.e., provide
an infinite impedance to) either one of the two devices, Figure 2.17b shows internal
isolation of the sensor. External isolation, by insulating the casing, is also accept-
able. Floating off the power supply ground will also help eliminate ground loops.

2.6 INSTRUMENT RATINGS

Instrument manufacturers do not usually provide complete dynamic information for
their products. In most cases, it is unrealistic to expect complete dynamic models (in
the time domain or the frequency domain) and associated parameter values for com-
plex instruments. Performance characteristics provided by manufacturers and ven-
dors are primarily static parameters. Known as instrument ratings, these are avail-
able as parameter values, tables, charts, calibration curves, and empirical equations,
Dynamic characteristics such as transfer functions (e.g., transmissibility curves ex-
pressed with respect to excitation frequency) might also be provided for more so-
phisticated instruments, but the available dynamic information is never complete. -
Furthermore, definitions of rating parameters used by manufacturers and vendors of
instruments are in some cases not the same as analytical definitions used in text-
books on dynamnic systems and control. This is particularly true in relation to the .
term linearity. Nevertheless, instrument ratings provided by manufacturers and ven-
dors are very useful in the selection, installation, operation, and maintenance of in-
struments. In this section, we shall examine some of these performance parameters.

Rating Parameters

Typical rating parameters supplied hy instrument manufacturers are

Sensitivity
Dynamic range

.

.

Resolution

Linearity

Zero drift and full-scale drift
Useful frequency range
Bandwidth

. Input and output impedances

R N AU AW

We have already discussed the meaning and significance of some of these terms with -
respect to dynamic behavior of ipstruments. In this section, we shall look at the con-
ventional definitions given by instrument manufacturers and vendors.

Performance Specification and Component Matching Chap. 2
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se of nonuni- Sensitivity of a transducer is measured by the magnitude (peak, rms value,

to a potential etc.) of the output signal corresponding to a unit input of the measurand. This may
r¢ lead of the be expressed as the ratio of (incremental output)/(incremental input) or, analyti-
(i.e., provide : cally, as the corresponding partial derivative. In the case of vectorial or tensorial
aows internal signals (e.g., displacement, velocity, acceleration, strain, force), the direction of
; also accept- :'f~ sensitivity should be specified. Cross-sensitivity is the sensitivity along directions
und loops. kS _ that are orthogonal to the direction of sensitivity; it is expressed as a percentage of

direct sensitivity. High sensitivity and low cross-sensitivity are desirable for measur-
ing instruments. Sensitivity to paraineter changes and noise has to be small in any
device, however. On the other hand, in adaptive control, system sensitivity to con-
trol parameters has to be sufficiently high. Often, sensitivity and robustness are
; - ‘ conflicting requirements.
E(::rxgt&:lns E?; __ Dynamic range of an instrument is delermingd by the al]gwcd lower and upper
© Jues for com- b limits of its input or output.(response) 50 as to maintain a Tequlrfzd level of measure-
ers and ven- ) ment accuracy. Th.xs range Is usuallly cxpregsed as a ratio, in deczbgl.s'. In many situa-
asc are avail- tions, the lower hrglt of dynamxc range is equal to the resolution of the deylce.
: sal equations. Hence, ' the dynamic range ratio is usually expressed as (range of operation)/
ty curves ex- (resolution), o . .
for MOTe 50~ o Resolution is the smallest’ change ina signal that can be: detected and z?ccurately
er complete. indicated by a transducer, a display unit, or any pertinent instrument. Itis }Jsually
1d vendors of expressed as a percentage of the maximum range of the instrument or as the inverse
of the dynamic range ratio. It follows that dynamic range and resolution are very

used in text-
alation to the closely related.

rers and ven-
enance of in- i The mcaning of dynumic range {and resolution) can easily be extended to cover digital
: parameters. d instruments. For cxample, consider an instrument that has a 12-bit analog-to-digital
converter (ADC). Estimate the dynamic range of the instrument.

Example 2.7

Solution In this example, dynamic range is determined {primarily) by the word size
of the ADC. Each bit can take the binary value Q or I. Since the resolution is given by
the smallest possible increment, a change by the least significant bit (LSB),

digital resolution = 1

G The largest value represented by a 12-bit word corresponds to the case when all
i twelve bits are unity, This value s decimal 2'? — 1. The smallest valuc {when all
twclve bits are zero) is zero. Hence, using the definition

range of operation] 0.23)

dynamic range = 20 lo :
y & Eto [ resolution

the dynamic range of the instrument is given by

'$e terms with
ok at the con-

212
20 logw[ —l =72dB

Another (perhaps morc correct) way of looking at this problem is to consider the reso-
lution to be some value 8y, rather than unity, depending on the particular application.

g Chap. 2
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For example, 8y may represent an output signal increment of 0.0025 V. Next, we note
that a 12-bit word can represent a combination of 2'2 values (i.e., 4,096 values), the
smallest value being ywi, and the largest value being

Ywax = Yinin + (212 - 1)5}1

Note that y.. can be zero, positive, or negative. The smallest increment between val-
ues is 8y, which is, by definition, the resolution. There are 2'2 values within yui. and
Yuax, the two end values inclusive. Then
s~ Ymin 2%~ 1)8
dynamic range = o Imin ( )8y = 1212 — | = 4095 = 72 d¢B
8y Sy

So we end up with the same result for dynamic range, but the interpretation of resolu-
tion is different.

Linearity is determined by the calibration curve of an instrument. The curve uf
output amplitude (peak nr rms value) versus input amplitude under static conditions
within the dynamic range of an instrument is known as the static calibration curve,
Its closeness to a straight line measures the degree of lineurity. Manufucturers
provide this information either as the maximum deviation of the calibration curve
trom the least squares straight-line fit of the calibration curve or from some other ref-
erence straight line. [f the least squares fit is used as the reference straight line, the
maximum deviation is called independent linearity (more correctly, independent
nonlinearity, because the lurger the deviation, the greater the nonlinearity). Nonlin-
earity may be expressed as a percentage of either the actual reading at an operating
point or the full-scale reading.

Zero drift is delined as the drift from the null reading of the instrument when
the measurand 15 maintained steady for a long period. Note that in this case, the
measurand 1s kept at zero or any other level that corresponds to null reading of the
instrument. Similarly, full-scale drift is defined with respect to the full-scale reading
(the measurand is maintained at the full-scale value). Usual causes of drift include
instrument instability (e.g., instability in amplifiers), ambient changes (e.g.,
changes in temperature, pressure, humidity, and vibration level), changes in power
supply (e.g., changes in reference DC voltage or AC line voltage), and parametcr
changes in an instrument (due to aging, wearout, nonlinearities, etc.). Drift due to
parameter changes that are caused by instrument nonlineurities is known as paramet-
ric drift, sensitivity drift, or scale-factor drift. For example, a change in spring stiff-
ness ot electrical resistance due te changes in ambient temperature results in a para-
metric drift. Note that parametric drift depends on the measurand level. Zeru drift,
however, is assumed to be the same at any measurand level if the other conditions
are kept constant. For example, a change in reading caused by thermal expansion of
the readout mechanism due to changes in ambient temperature is considered a zero
drift. In electronic devices, drift can be reduced by using alternating current (AC)
circuitry rather than direct current (DC) circuitry. For example, AC-coupled am-
plifiers have fewer drift probiems thun DC amplifiers. Intermittent checking for in-
strument response level with zero input is a popular way to calibrate for zero drift. In
digital devices, for example, this can be done automatically from time to time he-
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tween sample points, when the input signal can be bypassed without affecting the
system operation.

Useful frequency range correspnnds to a flat gain curve and a zero phase curve
in the frequency response characteristics of an instrument. The maximum frequency
in this band is typically less than balf (say, one-fifth) of the dominant resonant fre-
quency of the instrument. This is a measure of instrument bandwidth.

Bandwidth of an instrument determines the maximum speed or frequency at
which the instrument is capable of operating. High bandwidth implies faster speed of
response. Bandwidth is determined by the dominant natural frequency w, or the
dominant resonant frequency @, of the transducer. (Note: For low damping, w, is
approximately equal to ,.) It is inversely proportional to rise time and the domi-
nant time constant, Half-power bandwidth (defined earlier) is also a useful parame-
ter. Instrument bandwidth has to be several times greater than the maximum fre-
quency of intercst in the measured signal. Bandwidth of a measuring device is
impnrtant, particularly when measuring transient signals. Note that bandwidth is di-
rectly related to the useful frequency range.

Accuracy and Precision

The instrumnent ratings mentioned in the preceding section atfect the overall accu-
racy of an instrument. Accuracy can be assigned either to a particular reading or to
an instrument. Note that instrument accuracy depends not only nn the physical hard-
ware of the instrument but also on the operating environment, including arbitrary
factors such as the practices of a particular user. Usually, instrument accuracy is
given with respect to a standard set of operating conditions (e.g., design conditions
that are the normal steady operating conditions or extreme and transient conditions,
such as emergency start-up and shutdown). Meusurement accuracy determines the
closeness of the measured value to true value. Instrument uccuracy is related to the
worst accuracy obtainable within the dynamic range of the instrument in a specific
operating environment. Measurement error is defined as

error = (measured value) — (true value)
Correction, which is the negative of error, is defined as
correction = (true value) — (measured value)

Each of these can also be expressed as a percentage of the true value. Accuracy of
an instrument may be determined by measuring a parameter whose true value is
known, near the extremes of the dynamic range of instrument, under certain operat-
ing conditions. For this purpose, standard parameters or signals that can be gener-
ated at very high levels of accuracy would be needed. The National Burcau of Stan-
dards (NBS) is usually responsible for generation of these standards. Nevertheless,
accuracy and error values cannot be determined to 100 percent exactness in typical
applications, because the true value is not known to begin with. In a given situation,
we can only make estimates for accuracy, by using ratings prnvided by the instru-
ment manufacturer or by analyzing data from previous measurements and models.
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Causes of error include instrument instability, external noise (disturbances),
poor calibration, inuccurate information (e.g., poor analytical models, inaccurate
control laws and digital control algorithms), parameter changes (e.g., due to envi-
ronmental changes, aging, and wearout), unknown nonlinearities, and improper use
of instrument.

Errors can be classified as deterministic (or systematic) and random (or
stochastic). Deterministic errors are those caused by well-defined factors, including
nonlinearities and offsets in readings. These usually can be accounted for by proper
calibration and analysis practices. Error ratings and calibration charts are used to re-
move systematic errors from instrument readings. Random errors are caused by un-
certain factors entering into instrument response. These include device noise, Jine
noise, and effects of unknown random variations in the operating environment. A
statistical analysis using sufficiently large amounts of data i3 necessary to estimate
random errors. The results are usually expressed as a mean error, which is the sys-
tematic part of random error, and a standard deviation or confidence interval for in-
strument response. These concepts will be addressed in sectinn 2.7.

Precision is not synonymous with accuracy. Reproducibility (or repeatability)
of an instrument reading determines the precision of an instrument. Two or more
identical instruments that have the same high offset error might be able to generate
responses at high precision, even though these readings are clearly inaccurate. For
example, consider a timing device (clock) that very accurately indicates time incre-
ments (say, up to the nearest microsecond). If the reference time (starting time) is
set incorrectly, the time readings will be in error, even though the clock has very
high precision.

Instrument error may be represented by a random variable that has a mean
value w. and a standard deviation g.. If the standard deviation is zero, the variable is
deterministic. In that case, the error is said to be deterministic or repeatable. Other-
wise, the error is said to be random. The precision of an instrument is determined
by the standard deviation of error in the instrument response. Readings of an instru-
ment may have a large mean value of etror (e.g., large offset), but if the standard
deviation is small, the instrument has high precision. Hence, a quantitative
definition for precision would be

precision = (measurement range)/ . (2.24)

Lack of precision originates from random causes and poor construction prac-
tices. It cannot be compensated for by recalibration, just as precision of a clock can-
not be improved by resetting the time, On the other hand, accuracy can be improved
by recalibration. Repeatable (deterministic) accuracy is inversely proportional to the
magnitude of the mean error g,.

In selecting instruments for a particular application, in addition to matching in-
strument ratings with specifications, several additional considerations should be
looked into. These incude geometric limitations (size, shape, etc.), environmental
conditions (e.g., chemical reactions including corrosion, extreine temperatures,
light, dirt accumulation, electromagnetic fields, radioactive environments, and
shock and vibration), power requirements, operational simplicity, availability, past
record and reputation of the manufacturer and of the particular instrument, and cost
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and related economic aspects (initial cost, maintenance cost, cost of supplementary
coniponents such as signal-conditioning and processing devices, design life and as-
sociated frequency of replacement, and cost of disposal and replaccment). Often,
these considerations becnme the ultimate deciding fuctors in the selection process.

2.7 ERROR ANALYSIS

Analysis of error is a very challenging task. Difficulties arise for many reasons, par-
ticularly the following:

1. True value is nsually unknown.

2. The instrument reading may contain random error that cannot be determined

exactly.

The error may be a complex (not simple} function of many variables (input

variables and state variables or response variables).

4. The instrument may be made up of many components that have complex inter-
relations {dynamic coupling, multiple degree-of-freedom responses, nonlinear-
ities, etc.), and each component may contribute to the overall error,

ol

The first itein is a philosophical issue that would lead to an argument similar to
the chicken-and-egg controversy. For instance, if the true value is known, there is
no need to measure it; and if the true value is unknown, it is impossible to determine
exactly how inaccurate a particular reading is. In fact, this situation can be addressed
to some extent by using statistical representations of error, which takes us to the
second item listed. The third and fourth items may be addressed by error combina-
tion in multivariable systems and by etror propagation in complex multicomponent
systems. t is not feasible here to provide a full treatment of all these topics. Only an
introduction to available analytical techniques will be given, using illustrative exam-
ples. ‘

The concepts discussed in this section are useful not only in statistical error
analysis but also in the field of statistical process control (SPC)—the use of statisti-
cal signals to improve performance of a process. Performing statistical analysis of a
response signal and drawing its control chart, along with an upper control line and a
lower control line, are key procedures in statistical process control.

Statistical Representation

We have noted that, in general, error is a random variable. It is defined as
error = (instrument reading) — (true value).

Randomness associated with a measurand can be interpreted in two ways.
First, since the true value of the measurand is a fixed quantity, randomness can be
interpreted as the randomness in error that is usually originating from the random
factors in instrument response. Second, looking at the issue in a more practical man-
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ner, error analysis can be interpreted as an “estimation problem” in which the objec.-
tive is to estimate the true value of a measurand from a known set of readings. In
this latter point of view, “estimated” true value itself becomes a random variable. No
matter what approach is used, however, the same statistical concepts may be used in
representing error. First, let us review some important concepts in probability and
statistics.

Cumulative probability distribution function. Consider a random vari-

able X. The probability that the random variable takes a value equal to or less than a

specific value x is a function of x. This function, denoted by F (x), is termed cumu- g

lative probability distribution function, or simply distribution functon. Specifically,

Flx) = PIX < x) (2.25)

Note that F (=) = 1 and F(—) = 0, because the value of X is always less .

than infinity and can never be less than negative infinity, Furthermore, £ (x) has to {

be a monotonically increasing function, as shown in figure 2.18a, because negative '
probabilities are oot defined.

Distribution )

Function i
Flx} ; ) H

0 Variable Value x
{a} s
Probability

Oensity
fix)

Figure 2.18. (a) A cumulative
probubility distribution function. (b) A
probability density function.

Probability density function. Assuming that random variable X is a con-
tinuous variable and, hence, F{x) is a continuous function of x, probability density
function f (x) is given by the slope of F(x), as shown in figure 2.18b. Thus, {
dF (x)

dx

flx) =

{2.26)
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Hence,

F(x) = fxf(x)ch (2.27)

Note that the area under the density curve is unity. Furthermore, the probability that
the random variable falls within two values is given by the area under the density
curve within these two limits. This can be eastly shown using the definitions of £ (x)
and f(x):

Pla < X bl =F(b) - Fla)

= J flx)ydx — r flx)dx = j’f(x)dx (2.28)

Mean value (expected value). If a random variable X is measured repeat-
edly a very large (infinite) number of times, the average of these measurements is
the mean value p or expected value E(X). It should be easy to see that this may be
expressed as the weighted sum nf all possible values of the random variable, each
value being weighted by the associated probability of its occurrence. Since the prob-
ability that X takes the value x is given by f(x) 8x, with 8x apprnaching zero, we
have

w=E(X)= Lim >, xf(x)dx
=0
Since the right-hand-side summation becomes an integral in the limit, we get

w=EX)= [ xflx)dx (2.29)

Root-mean-square {rms) value. The mean square value of a random vari-
able X is given by

E(X) = f  xt f(x)dx (2.30)
The root-mean-square (rms) value is the square root of the mean square value.
Variance and standard deviation. Variance of a random variable is the
mean square value nf the deviation from mean. This is denoted by Var(X) or o* and
is given by

Var(X) = g% = J(x — wW2fx)dx 2.31)

By expanding equation 2.31, we can show that
o = E(X?) — u? (2.32)
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Standard deviation o is the square root of variance. Note that standard deviation is a
measure of statistical “spread” of a random variable. A random variable with smaller
o is less random and. its density curve exhibits a sharper peak, as shown in figure
2.19.

Probability
Density
fix)

For Smail ¢

For Large o

deviation on the shape of a probability
Random Variable Value x density curve.

ey
_/ Fignre 2.19. Effect of standard
0

Some thinking should convince you that if the probability density function of
random variable X is f(x), then the probability density function of any (well-be-
haved) fuaction of X is also f (x). In particular, for constants @ and b, the probability
density function of (aX + b) is also f(x). Note, further, that the mean of (aX + b} is
(ap + b). Hence, from equation 2.31, it follows that the variance of aX is

Var(aX) = j ) (ax — ap)*f(x)dx

—m

=g? f (x = p)fx)dx

Hence,
Var(aX) = a*Var(X) (2.33)

Independent random variables. Two random variables, X; and X,, are
said to be independent if the event “X, assumes a certain value” is completely inde-
pendent of the event “X; assumes a certain value.” In other words, the processes
that generate the responses X| and X are completely independent. Furthermore,
probability distributions of X, and X, will also be completely independent. Hence, it
can be shown that for independent random variables X, and X, the mean value of
the product is equal to the product of the mean values. Thus,

E(X\X,) = E(X)E(X2) (2.34)

for independent random variubles X; and X;.
Now, using the definition of variance and equation 2.34, it can be shown that

Var(X, + X,;) = Var(X,) + Var(X;) (2.35)
for independent X, and X-.
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Sample mean and sample variance. Consider N measurements {X,, X,
. . ., Xn} of random variable X. This set of data is termed a data sample. 1t generally
is not possible to extract all information about the probability distribution of X from
this data sample. We are able, however, to make some useful estimates. One would
expect that the larger the data sample, the more accurate these statistical estimates

N~ 1

An estimate for standard deviation would be the sample stundard deviation, §, which
is the square root of the sample variance.

One might be puzzled by the denominator N — 1 on the righthand side of
equation 2.37. Since we are computing an “average” deviation, the denominator
should have been N. But in that case, with just one reading (N = 1), we get a finite
value for §, which is not correct because one cannot talk about a samnple standard de-
viation when only one measurement is available. Since, according to equation 2.37,
S is not defined (0/0) when N = 1, this definition of §? is more realistic. Another
advantage of equation 2.37 is that this equation gives an unbiased estimate of vari-
ance. This concept will be discussed next. Note that if we use N instead of N — 1 in
equation 2.37, the computed variance is called population variance. Its square root
is population standard deviation. When N > 30, the difference between sample
variance and population variance becomes negligible.

would be. —
An estimate for the mean value of X would be the sample mean X, which is
defined as
D
: X==2x (2.36)
E i=1
; An estimate for variance would be the sample variance $2, given by
4 1 & B
@ §2 = ——> (X, — X)? (2.37)
?

Unbiased estimates. Note that each term X; in the sample data set
{X1,Xs,. . ., Xn} is itself a random variable just like X, because the measured value
of X; contains some randomness and is subjected to chance. In other words, if ¥
measurements were taken at one time and then the same measurements were re-
peated, the values would be different from the first set, since X was random to begin
with. It follows that X and S in equations 2.36 and 2.37 are also random variubles.
Note that the mean value of X is

E®=EPiX]zliﬂm=dg
N&E Nz ‘ N
Hence,

EX) =p (2.38)

We know that J‘(L is an estimate for u. Also, from equation 2.38, we observe thut the
mean value of X is u. Hence, the sample mean X is an unbiased estimate of mean
value p. Similarly, from equation 2.37, we can show that the mean value of 57 is

E(SH = o? (2.39)
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assuming that X; are independent measurements. Thus, the sample variance S? is an
unbiased estimate of variance o®. In general, if the mean value of an estimate is
equal to the exact value of the parameter that is being estimated, the estimate is said
to be unbiased. Otherwise, it is a biased estimate.

Example 2.8

An instrument has a response X that is random, with standard deviation o. A set of N
independent measurements {X,, X, . . ., Xy} is made and the sample mean X is com-
puted. Show that the standard deviation of X is 0/\/& .

Also, a measuring instrutncnt produces a random error whose standard deviation
is 1 percent. How many mcasurements should be averaged in order to reduce the stan-
dard deviation of crror to less than 0.05 percent?

Solution To solve the first part of the problem, start with equation 2.36 and usc the
properties of variance given by cquations 2.33 and 2.35:

Var(X) = Var L%,(X, X4 F XN)}

1
=FVar(X1+X2+-~-+XN)

1
F[Var(Xl + VarX, + - -+ + VarXy)]

Hcre we used the fact that X; arc indpendcnt.

Hence,
2

Var(X) = % (2_40)‘
Accordingly,
2
VN

For the sccond part of the problem, o = | percent and o/ \/1; < 0.05 percent. Then,

Std(X) = (2.41)

4 < 0.05

VN

N > 400

Thus, we should average more than 400 measurcments to obtain the specified accu-
racy.

Gaussian distribution. Gaussian distribution, or normal distribution, is
probably the most extensively used probability distribution in engineering applica-
tions. Apart from its ease of use, another justification for its widespread usec is pro-
vided by the central limit theorem. This theorem states that a random variable that is
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formed by summing a very large number of independent random variables takes
Gaussian distribution in the limit. Since many engineering phenomena are conse-
guences of numerous independent random causes, the assumption of normal distri-
bution is justified in many cases. The validity of Gaussian assumption can be
checked by plotting data on probability graph paper or by using various tests such as
the chi-square test.

The Gaussian probability density function is given by

1 (x - #)2]
exp| — 2.42
Vare p[ 20° (242
Note that only two parameters, mean u and standard deviation o, are necessary to
determine a Gaussian distribution completely.

A closed algebraic expression cannot be given for the cumulative probability
distribution function F (x) of Gaussian distribution. It should be evaluated by numer-
ical integration. Numerical values for the normal distribution curve are available io
tabulated form, with the random variable X being normalized with respect to & and
o according to

fx)=

7=k (2.43)
Note that the mean value of this normalized variable Z is
E(2) = El(X — w)/o] = [E(X) — pl/o
= (u— o
or
E(Z)=0 (2.44)
and the vaciance of Z is
Var(Z) = Var[(X — p)/o] = Var(X — p)/o?
= Var(X)/c? = ¢?/c*
or
Var(z) = 1 (2.45)
Furthermore, the probability density function of Z is
7@ = —exp(=/2 (2.46)

What is usually tabulated is the area under the density curve f(z) of the normalized
random variable Z for different values of z. A convenient forin is presented in table
2.3, where the area under the f (z) curve from 0 to z is tabulated up to four decimal
places for different positive values of z up to two decimal places. Since the density
curve is symmetric about the mean value (zero for the normalized case), values for
negative z do not have to be tabulated. Furthermore, when z— %, area A in table 2.3
approaches 0.5. The value for z = 3,09 is already 0.4990. Hence, for most practical
purposes, area A may bc taken as 0.5 for z values greater than 3.0. Since Z is nor-
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straightforward integration using properties of trigonometric functions results mn the
following response:

roa’ a?
— 2 2 H — o
= (a? + ad) = — sin 2wy sin 2wt
y = (ai 9 2 4w 4w,

ayan

2w — w2)

iy

,—.__..—\" + -
CTP— sin(fw) + w2)r + y(0)

sinfay — w2t —
Note that the discrete frequency components 2wy, 2ws, (W) — w2), and (w) + w2) are
created. Also, there is a continuous spectrum that is contributed by the linear function
of ¢ present in the rcsponsc.

The fact that nonlinear systems create new frequency components is the basis
of well-known describing function analysis of nonlinear control systems. In this
case, the response of a nonlinear component to a sinusoidal (harmonic) input is rep-
resented by a Fourier series, with frequency cnmponents that are multiples of the in-
put frequency. Details of the describing function approach can be found in textbooks
on nonlinear control theory.

Several methods are available to reduce or eliminate nonlinear behavior in sys-
tems. They include calibration (in the static casc), use of linearizing elements, such
as resistors and amplifiers to neutralize the nonlinear effects, and the use of nonlin-
ear feedback. It is alsn a good practice to take the following precautions:

Avoid operating the device over a wide range of signal levels.

Avoid operation over a wide frequency band,

Use devices that do not generate large mechanical motions.

Minimize coulomb friction.

Avoid loose joints and gear coupling (i.e., use direct drive mechanisms).

2.5 IMPEDANCE CHARACTERISTICS

When components such as measuring instruments, control boards, process (plant)
hardware, and signal-conditioning equipment ate interconnected, it is necessary to
match impedances properly at each interface in order to realize their rated perfor-
mance level. One adverse effect of inproper impecdance matching is the loading ef-
fect. For example, in a measuring system, the measuring instrument can distort the
signal that is being measured. The resulting error can far exceed other types of mea-
surement error. Loading errors result from connecting measuring devices with low
input impedance to a signal source.

Impedance can be interpreted either in the traditional electrical sense or in the
mechanical sense, depending on the signal being measured. For example, a heavy
accelerometer can introduce an additional dynamic ioad that will modify the actual
acceleration at the monitoring location, Similarly, a vnltmeter can modify the cur-
rents (and voltuges) in a circuit, and a thermocouple junction can modify the tem-
perature that is being weasured. In mechanical and electrical systems, loading errors
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can appear as phase distortions as well. Digital hardware also can produce loading
errors. For example, an analog-to-digital conversion (ADC) board can load the am-
plifier output from a strain gage bridge circuit, thereby significantly affecting digi-
tized data (see chapter 4).

Another adverse effect of improper impedance consideration is inadequate out-
put signal levels, which make signal processing and transmission very difficult,
Many types of transducers (e.g., piezoelectric accelerometers, impedance heads,
and microphones) have high output impedances on the order of a thousand
megohms. These devices generate low output signals, and they would require condi-
tioning to step up the signal level. Impedance-matching amplifiers, which have high
input impedances and low output impedances (a few ohms), are used for this purpose
{e.g., charge amplifiers are used in conjunction with piezoelectric sensors). A device
with a high input impedance has the lurther advantage that it usually consumes less
power (¢%/R is low) for a given input voltage. The fact that a low input impedance
device extracts a high level of power from the preceding output device may be inter-
preted as the reason for loading error.

Cascade Connection of Devices

Consider a standard two-port electrical device. The output impedance Z, of such a
device is defined as the ratio of the open-circuit (i.e., no-load) voltage at the output
port to the short-circuit current at the output port. '

Open-circuit voltage at output is the output voltage present when there is no
current flowing at the output port. This is the case if the output port is not connected
to a load (impedance). As soon as a load is connected at the output of the device, a
current will flow through it, and the output voltage will drop to a value less than that
of the open-circuit voltage. To measure open-circuit voltage, the rated input voltage
is applied at the input port and majntained constant, and the output voltage is mea-
sured using a voltmeter that has a very high (input) impedance. To measure short-
circuit current, a very low-impedance ammeter is connected at the output port.

The input impedance Z; is defined as the ratio of the rated input voltage to the
corresponding current through the input terminals while the output terminals are
maintained 4s an open circuit.

Note that these definitions are associated with electrical devices. A generaliza-
tion is possible by interpreting voltage and velocity as across variables, and current
and force as through variablés. Then mechunical mobility should be used in place of
electrical impedance.

Using thesc definitions, input impedance Z; and output impedance Z, can be
represented schematically as in figure 2.12a. Note that v, is the open-circuit output
voltage. When a load is connected at the output port, the voltage across the load witl
be different from v,. This is caused by the presence of a current through Z,. In the
frequency domain, v, and v, are represented by their respective Fourier spectra. The
corresponding transfer relation can be expressed in terms of the complex frequency
response (transler) Tunction G{jw) under open-circuit (no-load) conditions;

v, = G, 2.7
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TABLE 2.3 A TABLE OF GAUSSIAN PROBABILITY DISTRIBUTION

flz)

1
Vim

A= L!f(z)dz

1@ = exp(—z%/2)

Area A

.0i .02 . .04 .05

0.0040  0.0080 0.0199
0.0438  0.0478 0.059
0.0832  0.0871 0.0987
0.1217  0.1255 0.1368
0.1591  0.1628 0.1736
0.1950  0.1985 0.2088
02291  0.2324 0.2422
02611  0.2642 0.2734
0.2910  0.2939 0.3023
03186  .3212 0.3289
03438  0.3461 0.3531
03665  0.3686 0.3749
03869  0.3888 0.3944
04049 0.4066 0.4115 : : ! :
04207 0.4222 0.4265 1 4 :
0.4345  (.4357 0.4394 e

0.4463  0.4474 0.4505
04564  0.4573 0.4599
0.4649  0.4656 0.4678
04719 04726 0.4744
04778 0.4783 0.4799
04826  0.4830 0.4842
0.4864  0.4868 0.4878
04896  0.4898 0.4906
0.4920  0.4922 0.4929
0.4940  0.4941 0.4946
0.4955  0.4956 0.4960
0.4966  0.4967 0.4970
0.4975  0.4976 0.4978
0.4982  0.4982 0.4984
0.4987  0.4987 0.4988

malized with respect to ¢, z = 3 actually corresponds to three times the standard
deviation of the original random variable X. 1t follows that for a Gaussian random
variable, most of the values will fall within =+ 3¢ about the mean value. It can be
stated that approximately

*+ 68 percent of the values will fall within + o about u
* 95 percent of the values will fall within = 20 about &
* 99.7 percent of the values will fall within + 3 about

These can be easily verified using table 2.3.
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e O AR 5

§ .09

19 0.0359
14 0.0753
03 0.1141
80 0.1517
44 0.1879
90 0.2224
17 0.2549
23 0.2852
06 0.3233
65 0.3359
99 0.3621
10 0.3830
97 0.4015
62 0.4177
06 0.4319
29 0.4441
35 0.4545
25 0.4633
99 0.4706
61 0.4767
12 0.4817
54 0.4857
87 0.4890
13 0.4916
34 0.4936
51 0.4952
63 0.4964
713 0.4974
30 0.4981
36 0.4986

9 0.4990

1e standard
ian random
s. It can be

Chap. 2

Statistical process control. In statistical process control (SPC), statisticat
analysis of process responses is used to generate control actions. This method of
control is applicable in many situations of process control, including manufacturing
quality control, control of chemical process plants, computerized office manage-
ment systems, inventory control systems, and urban transit control systems. A majox
step in statistical process control is to compute control limits (or action lines) on the
basis of measured data from the process.

Control Limits or Action Lines. Since a very high percentage of readings
from an instrument should lie withit + 3¢ about the mean value, according fo the
normal distribution, these boundaries (—3¢ and +3¢) drawn about the mean value
may be considered control limits or action lines in statistical process control. If any
measurements fall outside the action lines, corrective measures such as recalibration,
controller adjustment, or redesign should be carried out.

Steps of SPC.  The main steps of statistical process control are as follows:

1. Collect measurements of appropriate response variables of the process.

2, Compute the mean value of the data, the upper control limit, and the lower
control limit,

3. Plot the measured data and the two control limits on a control chart.

4, If measurements fall outside the control limits, take corrective action and re-
peat the control cycle (go to step 1).

If the measurements always fall within the control limits, the process is said to be in
statistical control.

Example 2.9

Error in a satellite tracking system was monitored on-linc for a period of one hour to
determine whether recalibration or gain adjustment of the tracking controller would be
necessary. Four measurements of the tracking deviation were laken in a period of five
minutes, and twelve such data groups were acquired during the onc-hour period. Sam-
ple means and sample variances of 1he welve groups of data were computed, The re-
sults are tabulated as follows:

Period
i 1 2 3 4 5 6 7 8 9 10 11 12

Sample
mean 1.34¢ 116 120 115 130 1.12 126 110 bH15 132 135 1R
X

Sample
variance  0.11 0.02 0.08 0.0 0.09 002 006 005 008 0.12 003 007
st

Draw a control chart for the crror process, with control limits (action lines) at
X * 3o. Establish whether the tracking controller is in statistical control or nceds ad-
Jjustmenl.

Sec. 27 Error Analysis 63
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Solution The overall mean tracking deviation,

12
2%
1

1
127

X=

is computed to be X = 1.214. The average sample variance,

112
52= L35
iz 25

is computed to be §? = 0.069. Since there are four readings within each peried, the
standard deviaton ¢ of group mean X; can be estimated, using equation 2.41, as
S V0.069

§ = —= = -z = (.131
Va Vi
The upper control limit (action line) is at (approximately)
x =X+ 38 = 1214 +3 X 0.131 = 1.607

The lower control limit (action line) is at

x=X-35=0.5821
These two lines are shown on the control chart in figure 2.20. Since the sample means
lic within the two action lines, the process is considered to be in statistical control, and
controller adjustments would not be nccessary. Note that if better resolution is required
in making this decision, individual readings, rathcr than group means, should be plot-
ted in fgure 2.20.

Sample Mean of
Tracking Error
X

i

20
Upper Control Limit 3
{Upper Action Line}

I {Lower Action Line}
Lower Control Limit

Lol f
5 6 7 8 9 10 1 12

Measurement Period ¢

Figure 2.20. Control chart for the satellite tracking errur example.

Confidence intervals. The probability that the value of a random variable
would fall within a specified interval is called a confidence level. As an example,
consider a Gaussian random variable X that has mean g 8nd standard deviation o-.
This is denoted by

X = N(w,0o) 2.47)

Suppose that N measurements {X,, Xa, . . ., Xy} are made. The sample mean X is an
unbiased estimate for u. We also know that the standard deviation of X is o/N. Now
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consider the normalized random variable
X-w
o/ VN

This is a Gaussian random variable with zero mean and unity standard deviation.
The probability p that the values of Z fall within *+z,;

Pl~z,<Z=sz)=p (2.49)

4 (2.48)

can be determined from table 2.3 for a specified value of z,. Now substituting equa-
tion 2.48 in 2.49, we get

X-pn )
P(“Za L——= =z, =
(r/\/J’T/ r

or

S ZU = LU
P(Xu Spu <X+ ):p (2.50)
VN VN
Nnte that the lower limit has the = sign and the upper limit has the < sign within
the parentheses. These have been used for mathematical precision, but for practical
purposes, either < or < muy be used in each limit. Now, from equation 2.50, it
follows that the confidence level is p that the actual mean value w would fall within
*z,0/ V/N of the estimated (sample) mean value X.
Example 2.10

The angular resolution of a resolver (a rotary displacement sensnr—see chapter 3) was
tested sixteen times, independently, and recorded in degrees as follows:

0.11, 0.12, 0.09, 0.10, 0.10, 0.14, 0.08, 0.08

0.13, 0.10, 0.16, 0.12, 0.08, 0.09, 0.11, 0.15
If the standard deviation of the angular resolution of this brand of resolvers is known
tn be 0.01°, what are the odds that the mean resolution would fall within 5 percent of
the sample mean?

Solution To solve this problem, we assume that resnlution is normally distributed.
The sample mcan is computed as

- 1
X= Ta((),l] +0.12 + - - + 0.11 + 0.15) = .10625

In view of cquation 2.50, we must have

2,0

=5%of X
Vie
Hence,
z, X 0.01 5
L === X% 0.1
g 00 0.10625
Sec. 2.7 Error Analysis 65
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z, = 2.125
Now, from table 2.3,

(0.4830 + 0.4834)

P(=2125<Z <2.128) =2 5

= 0.9664

Sign test and binomial distribution.  Sign test is useful in comparing ac-
curacies of two similar instruments. First, measurements should be made on the
same measurand (input signal to instrument) using the two devices. Next, the read-
ings of one instrument are subtracted from the corresponding teadings of the second
instrument, and the results are tabulated. Finally, the probability of getting the
number of negative signs (or positive signs) equal to what is present in the tabulated
results is computed using binomial distribution.

Before discussing binomial distribution, let us introduce some new terminol-
ogy. First, factorial r {denoted by r!) of an integer r is defined as the product

P=rxF-Dx@FEr=-2%x>XxX2x1 (2.51)

Now, suppose that there are n distinct articles that are distinguishable from one an-
other. The number of ways in which r articles could be picked from the batch of n,
giving proper consideration to the order in which the r articles are picked (or ar-
ranged), is called the number of permutations of r from n. This is denoted by "P,,
which is given by

Po=aXm-DNXE-2)X - Xn=-r+2)xXm~-r+1

1
da 2.52)

(n—nrt

This can be easily verified, since the first article can be chosen in 1 ways and the
second article can be chosen from the remaining (r — 1) articles in (n — 1) ways
and kept next to the first article, and so on.

If we disregard the order in which the r articles are picked (and arranged), the
number of possible choices of r articles is termed the number of combinations of r
from n. This is denoted by “C,. Now, since each combination can be arranged in r!
different ways (if the order of arrangement is considered), we have

"C. X rl =P, (2.53)
Hence, using equation 2.52, we get

X=X -2)X - Xn=-r+2)X(-r+1)
r!

",

n!

= (n—r)r (2.54)

With the foregoing notation, we can introduce binomial distribution in the
context of sign test. Suppose that n pairs of readings are taken from the two instru-
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ments. If the probability that a difference in reading would be positive is p, then the
probability that the difference wnuld be negative is 1 ~ p. Note that if the system-
atic error in the two instruments is the same and if the random error is purely ran-
dom, then p = 0.5.

The probability of getting exactly r positive signs among the # entries in the
table is

plr) ="Cp’(1 — p)y— (2.55)

To verify equation 2.55, note that this event is similar to picking exactly 7 items
from n items and constraining each picked item to be positive (having probability p)
and also constraining the remaining (n ~ r) iterns to be negative (having probability
1 — p). Note that r is a discrete variable that takes values7 = 1,2, . . ., n. Further-
more, it can be easily verified that

» n

Spr) = 2Cp U ~=pyr=(p+1-pr=1 (2.56)
r=1 r=1
Hence, p(r), r = 1,2,. . .,n, is a discrete function that resembles a continuous
probability density function f (x). In fact, p(r) given by equation 2.55 represents bi-
nomial probability distribution. Using equation 2.55, we can perform the sign test.
The details of the test are conveniently explained by means of an example.

Example 2.11
To compare the accuracies of two brands of differential transformers (DTS, which arc
displacement sensors—sce chapter 3), the same rotation (in degrees) of a robot arm
joint was measured using both brands, DT1 and DT2, The following ten measurement
pairs were taken:

PT1 10.3 5.6 20.1 15.2 20 76 12.1 18.9 22.1 25.2
D12 9.8 5.8 20.0 16.0 1.9 7.8 12.2 18.7 220 25.0

Assuming that both devices arc used sinmltancously (so that backlash and other types
of repeatability crrors in manipulators do not enter into our problem), determine
whether the two brands are cqually accurate at the 70 percent level of significance.

Solution First, we form the sign table by taking the differences of corresponding
measurements;

DT -DT2 05 -02 01 -08 01 =-02 =01 02 01 02

Note that there arc six positive signs and four negative signs. If we had tabulatcd
DT2 — DTI, however, we would get four positive signs and six negative signs. Both
these cases should be taken into account in the sign test. Furthermore, more than six
positive signs or fewer than four positive signs would make the two devices less similar
(in accuracy) than what is indicated by the data. Henec, the probability of getting six or
more positive signs or four or fewer positive signs should be computed in this example
in order to cstimate the possible mateh (in accuracy) of the two devices,
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If the error in bath transduccrs is the same, we should have
P (positive difference) = p = 0.5

This is the hypothesis that we are going to test. Using equation 2,55, the probability of
getting six or more positive signs or four or fewer negative signs is calculated as

1 — probability of gotting exactly 5 positive signs

10!
=1 - mC_s(O.SJi X (05)5 =1- ﬁ X (().S)m

I = 0246 = 0.754

Note that the hypothcsis of two brands being equally accurate is supported by the test
data at a level of significance over 75 percent, which is better than the specified value
of 70 percent.

Least squares fit. We have mentioned that instrument finearity may be
measured by the largest deviation of the input/cutput data (or calibration curve) from
the least squares straight-line fit of data, Since many algebraic cxpressions become
linear when plotted to a logarithmic scale, linear (straight-line) (it is generally more
accurate if log-log axes are used. Linear least squares fit can he thought of as an esti-
mation method becausc it “estimates” the two parameters of an input/output model,
the straight line, that fits a given set of data such that the squared error is a mini-
mum. The estimated straight line is also known as the linear regression line or mean
calibration curve.

Consider N pairs of data {(X,, ¥1), (X2, Y3),. . ., (Xx, ¥a)} in which X denotes

the independent variable (input variable) and Y denotes the dependent variable
(output variuble).
Suppose that the estimated linear regression is given by

Y=mX+a 2.57)

For the independent variable value X;, the dependent variable value on the regression
line is (mX; + a), but the actual (measured) value of the dependent variable is Y;.
Hence, the sum of squared error for all data points is

N
e= > (Yi~ mX; — a) (2.58)
i=1

We have to minimize e with respect to the two parameters m and a. The required

conditions are
de de

——=0 and —=0
dam da

By carrying out these differentiations in equation 2.58, we get

XY - mX, —a) =0

Performance Specification and Component Matching Chap. 2
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M=z

Y.—mX;—a) =0

i—

Dividing the two equations by N and using the definition of sample mean, we get
} ma S
— 2. XY - — P = i
N 2Xi-aX =0 M
Y-m¥—-a =0 (i)
Solving these two simultaneous equations for m, we obtain
[ < =) /(1< -
m= (—EX,-M— - Xy)/(— Sx? - X?) (2.59)
Nizi N

The parameter ¢ does not have to be explicitly expressed, because from equations
2.57 and {ii), we can eliminate ¢ and express the linear regression line as

Y-V =mXx~-X) {2.60)

Note from equation 2.57 that a is the Y-axis intercept (i.e., the value of ¥ when
X = 0) and is given by

a=Y—-mX (2.61)

Example 2.12

Consider the capacitor circuit shown in figurc 2.21. First, the capacitor is charged to
voltage v, using a constant DC voltage source (switch in position 1); then it is dis-
charged through a known resistance R (switch in position 2). Voltage decay during dis-
charge is measured at known time increments. Three separatc tests are carricd out, The
measurcd data are as follows:

Time ¢ (sec) 0.1 0.2 0.3 0.4 0.5
Voitage v
{volts)
Test 1 73 2.8 1.0 0.4 0.1
Test 2 7.4 2.7 1.1 0.3 0.2
Test 3 7.3 2.6 1.0 0.4 0.1

If the resistance is accurately known to be 1,000 Q, estimate the capacitance C in mi-
crofarads (1 F) and the source voltage v, in volts.

il T_ Figure 2.21. A circuit for the least
squarcs estimation of capacitance.
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Solution To solve this problem, we assume the well-known expression for the free
decay of voltage across a capacitor:

() = woexp[—1/(RC)] (M

Take the natural logarithm of equation (i):
I Loy In
ne = —— Vo
17 R U,
With Y = Iny and X = ¢, equation (ii) represents a straight linc with slopc

1
m = -
RC

and the Y-axis intercept
a=Ino,
Using all the data, the overall sample means can be computed. Thus,
X=03 and ¥=-0.01335

L
N

T«
2 XY= —0,2067 and N},x,? =0.11

Now substitute these valucs in equations 2.59 and 2.61. We get
m= —1).13 and a = 3.02565
Next, from equation (jii), with R = 1,000, we have

1

€= 0.3 % 1000

F=98.72 uF

From equation (iv),
v, = 20.61 volts

Note that in this problem, the estimation error would be tremendous if we did
not use log scaling for the lincar tit.

Least squares curve fitting is not limited to linear (i.e., straight-line) fit. The
method can be extended to a polynomial fit of any order. For example, in quadratic
fir, the data are fitted to a second-order (i.e., quadratic) polynomial. In that case,
there are three unknown parameters, which would be determined by minimizing the
quadratic ercor.

Error Combination

Error in a response variable of an instrument or in an estimated system parameter
would depend on errors present in measured variables and parameter values that are
used to determine the unknown variable or parameter. Knowing how component er-
rors are propagated within a multicomponent system and how individual errors in
system variables and parameters contribute toward the overall error in a particular
Tesponse variable or parameter would be important in estimating error limits in com-
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plex instruments. For example, if the output power in a gas turbine is computed by
measuring torque and speed at the output shaft, error margins in the two measured
“response variables” (torque and speed) wouid be directly combined into the error in
the power computation. Similarly, if the natural frequency of a simple suspension
system is determined by measuring mass and spring stiffness “parameters” of the
suspension, the natural frequency estimate would be directly affected by possible er-
rors in mass and stiffness measurements. Extending this klea further, the overall er-
ror in a control system depends on individual error levels in various components
(sensors, actuators, controller hardware, filters, amplifiers, etc.) of the system and
on the manner in which these components are physically interconnected and physi-
cally interrelated. For example, in a robotic munipuiator, the accuracy of the actual
trajectory of the end effector wiil depend on the accuracy of sensors and actuators at
manipulator joints and on the accuracy of the robot controller. Note that we are
dealing with a generalized idea of error propagation that considers errors in system
variables (e.g., nput und output signals, such as velocities, forces, voltages, cur-
rents, temperatures, heat transfer rates, pressures, and fluid flow rates), system
parameters (e.g., mass, stiffness, damping, capacitance, inductance, and resistance),
and system components (e.g., sensors, actuators, filters, amplifiers, and control cir-
cuits).

For the analytical development of a basic result in error combination, we will
start with a functional relationship of the form

y=flx,x,. ..,x%) (2.62)

Here, x; are the independent system variables or paramneter values whose error is
propagated into a dependent variable (or parameter value) y. Determination of this
functional relationship is not always simpie, and the relationship itself may be in er-
ror. Since our intention is to make a reasonable estimate for possible error in y due
to the combined effect of errors from x;, an approximate functional relationship
would be adequate in most cases. Let us denote error in a variable by the differential
of that variable. Taking the differential of equation 2.62, we get

= o 14
5)’ aXl SXj + 5)4.’2 (SX2 + + 6):, 31, (263)

For those who are not familiar with differential calculus, equation 2.63 should be in-
terpreted as the first-order terms in a Taylor series expanyion of equation 2.62. Now,
rewriting equation 2.63 in the fractional form, we get

8y ‘ l:xi af 6:(,]
o L 2.64
y .-E; y ox; x ( )

Here, 8y/y represents the overall error and 8x./x; represents the component error,
expressed as fractions. We shall consider two types of estimates for overall error.

Absolute error. Since error 6x; could be either positive or negative, an up-
per bound for the overall error is obtained by summing the absolute value of each
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right-hand-side term in equation 2.64. This cstimate eqps, Which is termed absolute
error, is given by

r

X d
€ABS = E '-—f
i=1

S| @ (2.65)

Note that component error e; and absolute error eass in equation 2.65 are always
positive quantities; when specifying error, however, both positive and negative lin-
its should be indicated or implied. (e.g., *eass, *eé).

SRSS error. Equation 2.65 provides a conservative (upper bound) estimate
for overall error. Since the estimate itself is not precise, it is often wasteful to intro-
duce such a high conservatism. A nonconservative error estimate that is frequently
used in practice is the square root of sum of squares (SRSS) error. As the name im-

plies, this is given by
’.1 . 0 27 12
€sess = [2, (i“‘fc‘;) ] (2.66)
y ox

i=1

Note that this is not an upper bound estimate for errot and that esess < eans When
more than one nonzero error contribution is present. The SRSS crror relation is par-
ticularly suitable when component error is represented by the standard deviation of
the associated variable or parameter value and when the corresponding error sources
are independent.

We shall conclude this chapter by giving several examples of error combina-
tion.

Example 2.13

Using the absolute value method for error combination, determine the fractional error
in each item x; so that the contribution from each item to the overall error e,ps Is the
same.

Solution For egual contribution, we must have

x of

% i
y dx;

y ax “=

X of
Fi———j& = ¢aps
y ox

€ = EfAss/(r
Exampie 2,14

The result obtained in example 2.13 is useful in the design of multicomponcnt systems
and in the cost-cffcctive selection of instrumentation for a particular application. Using
equation 2.67, arrange the items x; in their order of signiticance.

%9
y 0x

) (2.67)
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Solution Note that equation 2.67 may be written as

e,-:K/ x_ﬂ

Cax

where K is a quantity that does not vary with x;. 1t follows that for cqual error contribu-
tion from all items, error in ; should be inversely proportional to | (3 f/8x)|. In par-
ticular, the item with the largest |x (3 f/dx)| should be made most accurate. In this
manner, allowable relative accuracy for various components can be estimated. Since, in
general, the most accurate device is also the most costly one, instrumentation cost can
be optimized if components are sclected according to the required overall accuracy, us-
ing a criterion such as that iniplied by cquatinn 2.68.

(2.68)

Example 2.15

Tension 7 at point P in a cable can be computed with the knowledge of cable sag y,
cable length s, cable weight w per unit length, and the minimum tension 7, at point O
(see figure 2,22). The applicable relationship is
w w
1+ Ey = | + F.S‘z

For a particular arrangement, it is given that 7, = 100 lbf. The following paramcter
values were measure:
w = 1 b/ft, s = 10 ft, y = 04121t

Calculate the tension 7.

Tension

Cable

Figure 2.22. Cable tension example of error combination.

In addition, it the measurements y and s each have 1 percent crror and the mea-
surement w has 2 percent error in this example, cstimate the percentage error in 7.

Now supposc that cqual contributions to error in 7 are made by y, s, and w.
What are the corresponding percentage error values for y, 5, and w so that the overall
error in T is equal to the value computed in the previous part of the problem? Which of
the three quantitics y, s, and w should be measurcd most accurately, according to the
equal contribution criterion?

Solution To make the analysis simpler, let us first squarc the given relationship:

w \? w2s?
+ 2y =14+ i
( : Toy) 7 (I)
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Substituting numerical values,
( 1 x 0.412)2 1 % 10?
1+ ——) =1+
100 T
Hence,
T = 110 bf

Next, we difforentiate equation (i) to get the differential relationship
w \fy w 2ws? 2wis 2w2s?
+ oy Low + 2oy | =
2(1 ny)[rn T yJ

= Sw + 7 8s — s [ (ir)
Note that 7, is treated as a constant. The implication is that T, is known with 100 per-
cent accuracy. On rearranging the terms in equation (ii) and after straightforward alge-
braic manipulation, we get

&7 és &y

—=(—-2)—+—=—z—=

T i 5 (iii)

T wy} .
Z s2ufl, { T, (iv)

Using the absolute value method for crror combination, we can express the error level
in T as

eans = |l = z|ew + e + z¢, (v}

Substituting the given numerical valucs,

=

02 x 0.412 X 0.
11 ( i 412) — 0.5

102 x 1 X 100 100
Hence,
eans = 0.5e, + e, +05¢,
Also, it is given that
ew = 2%, e, =e = 1%
Hence,
s = (1 —05)X2+1+035X%X1%=125%

For equal contribution of error, in view of equation (vi), we have

0.5¢,, = &, = 0.5¢, = 2—;-%

Hence,
¢ = 1.7%, ¢; = 0.8%, e, = 1.7%

Notc that the variable s should be measured most accurately according to the equal con-
tribution criterion, because the tolcrable level of crror is the smallest [or this variablc.
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Chap. 2

2.1.

2.2

2.3.

24

2.5.

2.6,

2.7

2.8

2.9.

2.10.

Chap.

PROBLEMS

Discuss a type of device that could serve as a clock for a digital control system. Iden-
tify the main functions of such a clock in reai-time controi.

Explain the operation of two measuring devices of your choice, one to measurc voitage
and the other to measurc temperature. Ciearly identify the sensor stage and the trans-
ducer stage (or stages) in cach of these devices.

Compare and contrast the following pairs of terms, giving suitable examples:

(a) Measurand and measured value

(b) Active transducers and passive transducers

(¢) Through variables and across variables

(d) Effort variabics and flow variables

(e) Impedance and admittance

Obtain transfer relations in the second-order vector-matrix form for the foliowing two-
port devices, clearly identifying the through and across variables at the input port and
the output port,

(a) Gyroscope (or spinning top)

(b) Cam-foilower mcchanism

(c) Loudspeaker

(d) Viscous damper

(e) Thermocouple

What are pure transducers and what arc¢ ideal transduccrs? Discuss the five devices
listed in problem 2.4 from this point of view.

The simple oscillator equation is given by
¥+ 2w,y + wly = olu(t)

Obtain the response y of this system for a unit step input #(¢) under zcro initial condi-
tions. In terms of the two parameters £ and w,, obtain expressions for damping ratio,
undamped natural frequency, damped natural frequency, rise time, percentage over-
shoot, and 2 percent settling time. Discuss the significance of each of these parameters
with reference to the performance of a sensor-transducer device.

For the simpie oscillator given in problem 2.6, what is the transfer function? Obtain an
expression for its resonant frequency in terms of £ and w,. It a sinusoidal cxcitation of
frequency w, is applied to this system, what is the amplitude gain and phase lead in its
response at steady state?

What do you consider a perfect measuring device? Suppose that you are asked to de-
velop an analog device for measuring angular position in an application related to con-
trol of a kinematic linkage system (a robotic manipulator, for example). What instru-
ment ratings (or specifications) would you consider crucial in this application? Discuss
their significance.

Defing clectrical impedance and mechanical impedance. Identify a defect in these
definitions in relation to the forcc-current analogy. What improvements would you
suggest? What roles do input impedance and output impedance play in relation to the
accuracy of a measuring device?

Discuss and contrast the following terms:

(a) Mcasurcment accuracy

(b) Instrument accuracy

2 Problems
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Charge
Source

(¢) Measurement crror

(d) Precision

Also, tor an analog sensor-transducer unit of your choice, identify and discuss various
sources of error and ways to minimize or account for their influence.

A schematic diagram for a charge amplificr (with resistive feedback) is shown in figure
P2.11. Obtain the differential cquation governing the response of the charge amplifier.
Identify the time constant of the device and discuss its significance. Would you prefer a
charge amplifier to a voltage follower for conditioning sigaals from a piezoelectric ac-
cclerometer? Explain.

Ay

Feedback
Elements

Figure P2.11.  Schematic diagram for a
charge amplifier.

List several response characteristics of nonlinear dynamic systcms thut arc not exhib-
ited by linear systems in general. Also, detenming the respunse y of the nonlinear sys-

]
[%] = ()

tem

when excited by the input u(f) = a, sin ent + «; sin wyt. What characteristic of nun-
linear systems dnes this result show?

. What is meant by “loading error” in a signal measurement? Also, supposc that a

piczoclectric scnsor of output impedance Z, is connected to a voltage-follower amplifier
of input impedance Z;. The sensor signal is v; volts and the amplifier output is v, volts.
The amplifier output is connected to a device with very high input impedance. Plot to
scale the signal tatio v,/v; against the impedance ratio Z;/Z, for values of the
impedance ratio in the range 0.1 to 10.

Discuss how the aceuracy of a digital controller may be affected by

(a) Stability and bandwidth of amplifier circuitry

(b) Load impedance of the analog-to-digital conversion circuitry.

Also, what mcthods do you suggest to minimize problems associated with thesc
parameters?

From the point of view of loading, discuss why an active transducer is generally supe-
rior to a passive transducer. Also, discuss why impedance matching amplifiers are gen-
erally active devicces.

Suppose that v; and f; ure the across variable and the through variable at the input port
of a two-port device and that v, and £, arc thc corresponding variahles at the output
port. A valid form for representing transfer characteristics of the device is

-]
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What are thc advantages and disadvantages of this representation compared to that
given by equation 2.1? Also, express transfer relations for a DC tachometer {cxample
arjous 2.2) in the foregoing form.
2 2.17. Thevenin’s thcorem states that with respect to the characteristics at an output port, an
figure unknown subsystem consisting of linear passive elements and ideal sourcc elcments
Nifier. may be represented by a single across-variable (voltage) source ., connected in seties
refer a : with a single impedance Z.,. This is lustrated in figurcs P2.17a and P2.17b. Note that
f1c ac- ! e, 15 equal to the open-circuit across variable v, at the output port, because the cur-
3 rent through Z,, is zero. Consider the nctwork shown in figurc P2.17¢. Determinc the
5 equivalent voltage source v, and the cquivalent series impedance Z,4. in the frequency
domain, for this circuit.
+ !
: Unknown ;
Linear Voo {
Subsystemn :
l— 0 — i
{a)
i for a + 1
z Equivalent !
_exhib- * 2 tmpedance
. v
sar sys- Equivalent o
Vey = Voo {Valtage)
Source
of non- )

i
> that a ;
mplifier
v, volts.
, Plot to

of thc :

:

Figure P2.17. [llustration of
Thevenin's theorem: (1) unknown linear
E subsystem; (b) equivalent representation; H
th these : {e) (¢) example.
2.18. Using suitable impedance circuits, explain why a voltmeter should have 1 high resis-
Ly supe- tanec and an ammeter should have a very low resistance. What are some of the design {
are gen- implications of these general requirements for the two types of measuring instruments, |
: particularly with respect to instrument sensitivity, speed of response, and robustness? "
put port . Use a classical moving-coil meter as the model for your discussion.
1€ output B 2.19. A two-post nonlinear deviec is shown schematically in figure P2.19. The transfer rela-
tions under static cquilibrivin conditions are given by
v = Fi{fo, fi)
v = Fa(f, f)
Chap. 2 Problems 77
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o o 2.
Nonlinear System
Input Port Output Port
v, f,) Vo= Filfy £) tv, f,) .
v = Fylf,, ;) Figure P_‘a’.‘l9. Impedance
characteristics of a nonlinear system.

where v denotes an across variable, f denotes a through variable, and the subscripts o
and i represent the output port and the input port, respectively. Obtain expressions for
input impedance and output impedance of the system in the neighborhood of an operat-
ing point, under static conditions, in tcrms of partial derivatives of the functions F; and
F,. Explain how these impedances could be determined experimentally.

2.20. The damping constant b of the mounting structure of a machine is determined experi-
mentally. First, the spring stiffncss & is determincd by applying a static load and mea-
suring the resulting displacement. Next, mass m of the structure is directly measured.
Finally, damping ratio { is determined using the logarithmic decrement method, by
conducting an impact test and measuring the frec response of the structurc. A model
for the structure is shown in figure P2.20. Show that the damping constant is given by

b=2{Vkm

If the allowable levels of error in the measurements of &, m, and { are *2 percent, * 1
percent, and +6 percent, respectively, estimate a percentage absolute error limit for b.

2.24

Machine

Support

i ! :
i Structure Figure P2.20. A model for the

7, mounting structure of a machine.

i 2.21. In example 2.13 in the text, suppose that the square root of sum of squares (SRSS)

method is used for error combination. What are the corresponding component error

i limits?

; 2.22. In example 2.15 in the text, suppose that the percentage error values specified are in
fact standard deviations in the measurements of y, s, and w. Estimate the standard de-
viation in the estimated value of tension T.

2.26

2.27.
2.23. The quality control system in a steel rolling mill uses a proximity scnsor to measure

the thickness of rollcd steel (steel gage) at every two feet along the sheet, and the mill
3 controller adjustments are made on the basis of the last twenty measurements.
; Specifically, the controller is adjusted unless the probability that the mean thickness
L lies within %1 percent of the sample mean exceeds 0.99.

; A typical set of twenty measurements (in millimeters) is as follows:

5.10, 5.05, 4.94, 498, 5.10, 5.12, 5.07, 4.96, 4.99, 495,
4.99, 497, 500, 508, 5.10, 511, 4.99, 496, 4.90, 4.10,

Check whether adjustments would be made in the gage controller on the basis of these
measurements.
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2.24. Consider a mechanical component whose response x is governed by the relationship

2.25

2.26.

2.27.

f=f5

where f denotes applied (input) force and % denotes velocity. Three special cases are
(a) Linear spring:

f=kx
(b) Linear spring with a viscous (lincar) damper:
f=kx + bx
(e) Lincar spring with coulomb frictien:
=k + fosgn()
Suppose that a harmonic excitation of the form
[ = fusinwt

is applied in each case. Sketch the force-displacement curves for the three cascs at
steady state. Which components exhibit hysteresis? Which components are nonlincar?
Discuss your answers.

A tactile (distributed touch) sensor of a robotic manipulator gripper consists of 4 matrix
of piezoelectric sensor clements placed 2 mm apart. Each element generates an electric
charge when it is strained by an external load. Sensor elements are multiplexed at very
high spced in order to avoid charge leakage and to read all data channels using a single
high-performance charge amplifier. Load distribution on the surface of the tactile sen-
sor is determined from the charge amplifier rcadings, since the multiplexing sequence
is known, Each sensor element can read a maximum load of 50 N and can detect load
changes on the order of 0.01 N.

{a) What is the spatial resolution of the tactile sensor?

{b) What is the load resclution (in N/m?) of the tactile sensor?

(€) What is the dynamic range?

Four sets of measurements were taken on the same response variahle of a process us-
ing four different sensors. The true value of the response was known to be couslant.
Suppose that the four sets of dala arc as shown in figure P2.26a—d. Classify these dala
scls, and hence the corresponding sensors, with respect lo precision and deterministic
(repeatable) accuracy.

Dynamics and conlrol of inherently unstable systems, such as rockets, can be studied
experimentally using simple scaled-dnwn physical models of the protolype sysiems.
One such study is the classic inverted peuduium problem. An experimental setup for
the inverted pendulum is shown in figure P2.27. The inverted pendulum is supported
on a trolley that is driven on a tabletop in a straight line, using a chain-and-sprocket
trangmission operated hy a DC motor, The motor is turned by commands from a mi-
croprocessor that is interfaced with the control circuitry of the motor. The angular po-
sition of the pendulum rod is mcasured vsing a resolver and is transmitted to the mi-
croprocessor. A strategy of statistical process control is used to balance the pendulum
rod. Specifically, contral Jimits are established from an initial st of measurcment
samples of the pendulum angle. Subsequently, if the ungle cxceeds one control limit,
the trolley is accclerated in the opposite direction, using an automatic command to the
motor. The control limits are also updated regularly. Suppose that the fnllowing
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Reading |

True Value

Reading

True Value

Reading

True Value

Reading

True Value

T“ Figure P2.26. Four sets of
'ME  imeasurements on the same responsc
variabic using differcnt sensors.

twenty readings of the pendulum angle were measured (in degrees) after the system
had operated for a few minutes:

0.5, =05, 0.4, -03, 0.3, 0.1, =03, 03, 4.0, 0.0,
0.4, -04, 05, -05, -50, 04, -04, 03, -03, -0.1

Establish whether the system was in statistical control during the period in which the
readings were taken, Comment on this method of control.
2.28. (a) What is a two-pnrt element? Discuss how dynamic coupling in a two-port device

affcets its accuracy when the device is used as a measuring device.

(b) What is the significance of bandwidth in a measuring device? Discuss methods {0
improve bandwidth.

(¢) Using a two-port model for a DC tachometer, discuss methods of decreasing dy-
namic coupling and improving the useful frequency range.
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Figure P2.27. A microprocessor-controlled inverted pendufum—an application of statis-
tical process control.

2.29. (a) Explain why mechanical loading error due to tachometcr inertia can be

significantly higher when measuring transient speeds than when measuring con-
stant speeds.

(b) A DC tachometcr hus an equivalent resistance R, = 20 ) in its rotor windings. In
a position plus velocity servo system, the tachometer signal is connccted to a feed-
back control circuit with cquivalent resistance 2 k€. Estimate the percentage error
due to clectrical loading of the tachometer at steady statc.

(c) Lf the conditinns were not steady, how would the electrical loading be affccted in
this application?

2.30. A single-degree-af-freedom modcl of a mechanical manipulator i shown in figure

P2.30a. The joint motor has rotor inertia J,, [t drives an inertial load that has moment
of inertia Je through a speed reducer of gear ratio 1 :r (Note: r < 1). The cantral
scheme uscd in this system is the so-called fcedforward control (strictly, computed-
torque conirol) methnd. Spccifically, the motor torque Ty that is required to accclerate
or decelerate the load is computed using a suitable dynamic model and a desired mo-
tion trajectory for the manipulator, and the mntor windings are excited so as to gener-
ate that torque. A typical trajectory would consist of a constant angular acceleration
segment tollowed by a constant angular velocity segment, and finally a constant deccl-
eration seginent, as shown in figure P2.30b.
(a) Neglecting friction (particularly bearing friction) and inertia of the speed reducer,
show that a dynamic model for torque computation during accclerating and decel-
erating scgments of the motion trajectory would be

T = (Jm + r248e/r

where  is the angular acceleration of the load, hereafter denoted by ae. Show
that the overall system can be modeled as a single inertia rotating at the motor
speed. Using this result, discuss the cffect of gearing on a mechanical drive,

(b) Giventhatr = 0.1, J, = 0.1 kg m*, J, = 1.0 kg m?, and ar = 5.0 rad/s?, esti-
mate the allowable error for these four quantitics so that the combined error inthe
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Figure P2.30. (a) A single-degree-
of-freedom mode! of a mechanical
manipulator. (b) A typical reference
(desired) speed trajectory for

b) computed-torque control.

Time t

computed torque is limited to =1 percent and so that each of the four quantities
contributes equally toward this error in computed 7,,. Use the absolute value
method for error combination.
(c) Arrange the four quantities r, J,,, J¢, and a. in the descending order of required
accuracy for the numerical values given in the problem.
(d) Suppose that J,, = r?Je. Discuss the effect of error in r on the error in T,. :
2.31. A useful rating parameter for a mechanical tool is dexterity. Though not complete, an . |
appropriate analytical definition for dexterity of a device is i

number of degrees of freedom
motion resolution

dexterity =

where the number of degrees of freedom is equal to the number of independent vari-

ables that is required to completely define an arbitrary position increment of the tool

(i.e., for an arbitrary change in its kinematic configuration).

(a) Explain the physical significance of dexterity and give an example of a device for
which the specification of dexterity would be very important.

(b) The power rating of a tool may be defined as the product of maximum force that
can be applied by it in a controlled manner and the corresponding maximum
speed. Discuss why the power rating of a manipulating device is usually related to
the dexterity of the device. Sketch a typical curve of power versus dexterity.

Resolution of a feedback sensor (or resolution of a response measurement used in feed-

back) has a direct effect on the accuracy that is achievable in a control system. This is

i true because the controller cannot correct a deviation of the response from the desired

value (set point) unless the response sensor can detect that change. It follows that the

resolution of a feedback sensor will govern the minimum (best) possible deviation band
of system response under feedback control. An angular position servo uses a resolver
as its feedback sensor. If peak-to-peak oscillations of the servo load under steady-state

2.32
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conditions have to be limited to ne more than two degrees, what is the worst tolerable

resolution of the resolver? Note that, in practice, the feedback sensor should have a

resolution better {sinailer) than this worst valuc.

2.33. Anactuator (e.g., clectric motor, hydraulic piston-cylinder) is used to drive a terminal
device {c.g., gripper, hand, wrist with active remote center compliance) of a robotic
manijpulator. The terminal device functions as a force gencrator., A schematic diagram

Actustor |-PLACEMENt X | Terminal Force f(xy Wigure P2.33, Block diagram for a

Device terminal device of a robotic manipulator,

for the system is shown in figure P2.33. Show that the displacement error ¢, is related
to the force error ¢ through

& = T e
fdx

3 The actuator is known to be 100 percent accurate for practical purposcs, but there is an
- initial position error 8, (at x = x,). Obtain a suitable transfer reiation f (x) for the ter-
: minal device so that the force error e; remains constant throughout the dynamic range
; : of the device.
2.34. Consider, again, the mechanical tachometer shown in figure 2. {0 (example 2.3). Write

expressions for sensitivy and bandwidth for the device. Using the exampic, show that

antitics the two performance ratings, sensitivity and bandwidth, generally conflict. Discuss
s value 3 ways to improve the sensitivity of this mechanical tachometer.
2quired
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5

Digital Transducers

5.1 INTRODUCTION

Any transducer that presents information as discrete samples and that does not intro- :
duce a quantization error when the reading is represented in the digital form may be 5 5.1
e classified as a digital transducer. A digital processor plays the role of controller in a '
3 digital control system. This facilitates complex processing of measured signals and
L other known quantities in order to obtain control signals for the actuators that drive
the plant of the control system. If the measured signals are in analog form, an
analog-to-digital conversion (ADC) stage is necessary prior to digital processing.
There are several other shortcomings of analog signals in comparison to digital sig-
nals, as outlined in chapter 1. These considerations help build a case in favor of di-
rect digital measuring devices for digital control systems.

Digital measuring devices (or digital transducers, as they are commonly
known) generate discrete output signals such as pulse trains or encoded data that can
be directly read by a control processor. Nevertheless, the sensor stage of digital
measuring devices is usually quite similar to that of their analog counterparts. There
are digital measuring devices that incorporate microprocessors to perform numerical
manipulations and conditioning locally and provide output signals in either digital or
analog form. These measuring systems are particularly useful when the required
variable is not directly measurable but could be computed using one or more mea-
sured outputs (e.g., power = force X .speed). Although a microprocessor is an inte-
gral part of the measuring device in this case, it performs not a measuring task but,
rather, a conditioning task. For our purposes, we shall consider the two tasks sepa-
rately.

The objective of this chapter is to study the operation and utilization of several
types of direct digital transducers. Our discussion will be limited to motion transduc-
ers. Note, however, that by using a suitable auxiliary front-end sensor, other mea-
surands—such as force, torque, and pressure—may be converted into a motion and
subsequently measured using a motion transducer. For example, altitude (or pres-

218 ;
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sure) measurements in aircraft and aerospace applications are madc using a pressure-
sensing front end, such as a bellows or diaphragm device, in conjunction with an op-
tical encoder to measure the resuiting displacement. Motion, as manifested in
physical systems, is typically continuous in time. Therefore, we cannot speak of dig-
ital motion sensors in general. Actually, it is the transducer stage that generates the
discrete output signal in a digital motion measuring device. Commercially available
direct digitel transducers are not us numerous as analog sensors, but what is avail-
able has found extensive application.

When the output of a digital transducer is a pulse signal, a counter s used ei-
ther to count the pulses or to count clock cycles over one pulse duration. The count
is first represented as a digital word according to some code; then it is read by a data
acquisition and control computer. If, on the other hand, the output of digital trans-
ducer is automatically available in a coded form (e.g., binary, hinary-coded deci-
mal, ASCII), it can be directly read by a computer. in the latter case, the coded sig-
nal is normally generated by a parallel set of pulse signals; the word depends on the
pattern of the generated pulses.

5.2 SHAFT ENCODERS

Any transducer that generates a coded reading of a measurement can be termed an
encoder. Shaft encoders are digital transducers that are used for measuring angular
displacements and angular velocities. Applications of these devices include motion
measurement in performance monitoring and control of robotic manipulators, ma-
chine tools, digital tape-transport mechanisms, servo plotters and printers, satellite
mirror positioning systems, and rotating machinery such as motors, pumps, com-
pressors, turbines, and generators. High resolution (depending on the word size of
the encoder output and the number of pulses per revolution of the encoder), high ac-
curacy (particularly due to noise immunity of digita) signals and superior construe-
tion), and relative ease of adaption in digital control systems (because transducer
output js digital), with associated reduction in system cost and improvement of sys-
tem reliability, are some of the relative advantages of digital transducers over their
analog counterparts.

Encoder Types

Shaft encnders can be classified into two categories, depending on the nature and the
method of interpretation of the transducer output: (1) incremental encoders and (2)
absolute encoders, The output of an incremental encoder is a pulse signal that is gen-
erated when the transducer disk rotates as a result of the motion that is being mea-
sured. By counting the pulses or by timing the pulse width using a clock signal, both
angular displacement and angular velocity can be determined. Displacement, how-
ever, is obtained with respect to some reference point on the disk, as indicated by a
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reference pulse (index pulse) generated at that location on the disk. The index pulge
count determines the number of full revolutions.

An absolute encoder (or whole-word encoder) has many pulse tracks on itg
transducer disk. When the disk of an absolute encoder rotates, several pulse trains—
equal in number to the tracks on the disk—are generated simultaneously. At a givey
instant, the magnitude of each pulse signal will have one of two signal levels (i.e., 3
binary state), as determined by a level detector. This signal level corresponds to 3
binary digit (O or 1). Hence, the set of pulse trains gives an encoded binary number
at any instant, The pulse windows on the tracks can be organized into some patterp
(code) so that each of these binary numbers corresponds to the angular position of
the encoder disk at the time when the particular binary number is detected. Further-
more, pulse voltage can be made compatible with some form of digital logic (e.g.,
transistor-to-transistor logic, or TTL). Consequently, the direct digital readout of an
angular position is possible, thereby expediting digital data acquisition and process-
ing. Absolute encoders are commonly used to measure fractions of a revolution.
However, complete revolutions can be measured using an additional track that gen-
erates an index pulse, as in the case of incremental encoder.

The same signal generation (and pick-off) mechanism may be used in both
types of transducers. Four techniques of transducer signal generation can be
identified:

1. Optical (photosensor) method

2. Sliding contact (electrical conducting) method
3. Magnetic saturation (reluctance) method

4. Proximity sensor method

For a given type of encoder (incremental or absolute), the method of signal interpre-
tation is identical for all four types of signal generation. Thus, we shall describe the
principle of signal generation for all four mechanisms, but we will consider only the
optical encoder in the context of signal interpretation and processing.

The optical encoder uses an opague disk (code disk) that has one or more circu-
lar tracks, with some arrangement of identical transparent windows (slits) in each
track. A parallel beam of light (e.g., from a set of light-emitting diodes or a tungsten
lamp) is projected to all tracks from one side of the disk. The transmitted light is
picked off using a bank of photosensors on the other side of the disk that typically
has one sensor for each track. This arrangement is shown in figure 5.1a, which indi-
cates just one track and one pick-off sensor. The light sensor could be a silicon
photodiode, a phototransistor, or a photovoltaic cell. Since the light from the source
is interrupted by the opaque areas of the track, the output signal from the probe is a
series of voltage pulses. This signal can be interpreted to obtain the angular position
and angular velocity of the disk. Note that in the standard terminology, the sensor
element of such a measuring device is the encoder disk that is coupled to the rotating
object (directly or through a gear mechanism). The transducer stage is the conver-
sion of disk motion into the pulse signals. The opaque background of transparent
windows (the window pattern) on an encoder disk is produced by contact printing
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LED Encoder
Light Source " Track
Photocell, Phototransistor, Transparent
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{Light Sensor) e

Opaque Disk
{Code Disk)

(a)

(b)

Figure 5.1, (a) Schematic representation of an optical encoder. (b} Components
of an incrementat optical encoder (courtesy of Hewlert-Packard Conmpany).
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technigues. The precision of this production procedure is a major factor that deter-~
mines the accuracy of optical encoders. Note that a transparent disk with opaque
spots will work equally well as the encoder disk of an optical encoder. The code
disk, housing, and signal/power cable of a commercially available incremental opti-
cal encoder are shown in figure 5.1b.

In a sliding contact encoder, the transcducer disk is made of an electrically insu-
lating material (see figure 5.2). Circular tracks on the disk are formed by implanting
a pattern of conducting areas. These conducting regions correspond to the transpar-
ent windows on an optical encader disk. All conducting areas are connected to a
common slip ring on the encoder shaft. A constant voltage .. is applied to the slip
ring using a brush mechanism. A sliding contact such as a brush touches each track,
and as the disk rotates, a voltage pulse signal is picked off by it (see figure 5.2). The :
pulse pattern depends on the conducting—nonconducting pattern on each track as !
well as the nature of rotation of the disk. The signal interpretation is done as it is for
optical encoders. The advantages of sliding contact encoders include high sensitivity
(depending on the supply voltage) and simplicity of construction (low cost). The dis-
advantages include the familiar drawbacks of contacting and commutating devices :
(e.g., friction, wear, brush bounce due to vibration, and signal glitches and metal - ;
oxidation due to electrical arcing). A transducer’s accuracy is very much dependent %
upon the precision of the conducting patterns of the encoder disk. One method of
generating the conducting pattern on the disk is electroplating.

Magnetic encoders have high-strength magnetic areas imprinted on the en-
coder disk using techniques such as etching, stamping, or recording (similar to tape
recording). These magnetic areas correspond to the transparent windows on an opti-

Yo

O
Cutput
Signal

Sliding
Contact
Brush

Commuzator
Brush Coda Disk

Conducting
{Metal)
Areas

Figure 5.2. Schematic represcntation of a sliding contact encoder.
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cal encoder disk. The signal pick-off device is a microtransformer that has primary
and secondary windings on a circular ferromagnetic core. This pick-off sensor re-
sembles a core storage element in older mainframe computers. The encoder arrange-
ment is illustrated schematically in figure 5.3. A high-frequency (typically 100 kHz)
primary voltage induces a vnltage in the secondary winding of the sensing element
at the same frequency, operating as a transformer. A magnetic (ield of sufficient
strength can saturate the core, however, thereby significantly increasing the reluc-
tance and dropping the induced voltage. By demodulating the induced voltage, a
pulse signal is obtained. This signal can be interpreted in the usual manner. Note
that a pulse peak correspnnds to a nonmagnetic area and a pulse valley corresponds
to a magnetic area on each track. Magnetic encoders have noncontacting pick-off
sensors, which is an advantage. They are more costly than the contacting devices,
however, primarily because of the cost of transformer elements and demodulating
circuitry for generating the output signal.

Proximity sensor encoders use a proximity sensor as the signal pick-off ele-
ment. Any type of proximity sensor may be used—for example, a magnetic indue-
tion probe or an eddy current probe, as discussed in chapter 3. In the magnetic in-
duction probe, for example, the disk is made of ferromagnetic material. The encoder
tracks have raised spots of the same material (see figure 5.4), serving a purpose
analogous to that of the windows on an optical encoder disk. As a raised spot ap-
proaches the probe, the flux linkage increases as a result of the associated decrease
in relyctance, thereby raising the induced voltage level. The output voltage is a
pulse-modulated signal at the frequency of the supply (primary) voltage of the prox-
imity sensor. This is then demodulated, and the resulting pulse signal is interpreted.
in principle, this device operates like a conventional digital tachometer. If an eddy
current probe is used, pulse areas in the track are plated with a conducting material.
A flat plate may be uscd in this case, because the nonconducting areas on the disk do
not generate eddy currents.

Magnetic
Spots
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Supply

V’ll
Transformer
Pick-Off Element ~
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t
Qutput
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Nonferromagnetie
Disk

Figure 5.3. Schematic rcpresentation of a magnetic encoder.
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Figure 5.4. Schematic representation of a proximily probe encoder,

Note that an incremental encoder disk requires only one primary track that has
equally spaced and identical window (pick-off) areas. The window area is equal to
the area of the interwindow gap. Usually, a reference track that has just one window
is also present in order to generate a pulse (known as the index pulse) to initiate
pulse counting for angular position measurement and to detect complete revolutions.
In contrast, absolute encoder disks have several rows of tracks, equal in number to
the bit size of the output data word. Furthermore, the track windows are not equally
spaced but are arranged in a specific pattern on each track so as to obtain a binary
code (or a gray code) for the output data from the transducer. t follows that absolute
encoders need at least as many signal pick-off sensors as there are tracks, whereas
incremental encoders need one pick-off sensor to detect the magnitude of rotation
and an additional sensot at a quarter-pitch separation (pitch = center-to-center dis-
tance between adjacent windows) to identify the direction of rotation. Some designs
of incremental encoders have two identical tracks, one a quarter-pitch offset from
the other, and the two pick-off sensors are placed radially without offset. A pick-off
sensor for receiving a reference pulse is also used in some designs of incremental en-
coders (three-track incremental encoders).

In many control applications, encoders are built into the plant itself, rather
than being externally fitted onto a rotating shaft. For instance, in a robot arm, the
encoder might be an integral part of the joint motor and may be located within its
housing. This reduces coupling errors (e.g., errors due to backlash, shaft flexibility,
and resonances added by the transducer and fixtures), installation errors (e.g., ec-
centricity), and overall cost.

Since the signal interpretation techniques are quite similar for the various types
of encoder signal generation techniques, we shall limit further discussion to optical
encoders, These are the predominaotly employed types of shaft encoders in practical
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applications. Signal interpretation depends on whether the particular optical encoder
is an incremental device or an absolute device.

5.3 INCREMENTAL OPTICAL ENCODERS

There are two possible configurations for an incremental encoder disk: (1) the offset
sensor configuration and (2) the offset track configuration. The first configuration is
shown schematically in figure 5.5. The disk has a single circular track with identical
and equally spaced transparent windows. The area of the opaque region between ad-
jacent windows is equal to the window area. Two photodiode sensors (pick-offs 1
and 2 in figure 5.5) are positioned facing the track a quarter-pitch (half the window
length) apart. The ideal forms of their output signals (v, and u,) after passing them
through pulse-shaping circuitry are shown in figure 5.6a and 5.6b for the two direc-
tions of rotation.

In the second configuration of incremental encoders, two identical tracks are
used, one offset from the other by a quarter-pitch. In this case, one pick-off sensor
is positioned facing each track—on a radial line, without any circumferential off-
set—unlike the previous configuration, The output signals from the two sensors are
the same as before, however (figure 5.6).

In hoth configurations, an additional track with a lone window and associated
sensor is also usually available. This track generates a reference pulse (index pulse)
per revolution of the disk (see figure 5.6¢). This pulse is used to initiate the counting

Pick-Off  Pick-Off

Code Disk

o Reference Pulse
Pick-Off

Figure 5.5.  An incremental encoder disk (offset sensor configuration).
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operation. Furthermore, the index pulse count gives the number of cnmplete revolu-

tions, which is required in absolute angular rotation measurements. Note that the

pulse width and pulse-to-pulse period (encoder cycle) are constant in each sensor

output when the disk rotates at constant angular velocity, When the disk accelerates,

the pulse width decreases continuously; when the disk decelerates, the pulse width -

increases.

Direction of Rotation

The quarter-pitch offset in sensor Incation or track position is used to determine the
direction of rotation of the disk. For example, figure 5.6a shows idealized sensor

outputs (v, and vz) when the disk rotates in the clockwise direction; and figure 5.6b
shows the sensor outputs when the disk rotates in the counterclnckwise direction. 1t
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Figure 5.6. Shaped pulsc signals from
an inceemental encoder: (a) for clock-
wisc rotation; (b) for counteeclockwise
{c) rotation; (c) reference pulse signal.
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is clear from these two figures that in clockwise rotation, v lags v, by a quarter of a
cycle (i.e., a phase lag of 90°); and in counterclockwise rotation, vy leads v, by a
quarter of a cycle. Hence, the direction of rotation is obtained by determining the
phase difference of the two output signals, using phase-detection circuitry.

One method for determining the phase difference is to time the pulses using a
high-frequency clock signal. For example, if the counting (timing) operation is ini-
tiated when the o, signal begins to rise, and if »n, = number of clock cycles (time)
until v; begins to rise und 7, = number of clock cycles until v, begins to rise again,
then ny > n, — n, corresponds to clockwise rotation and #; << 7, — ny corresponds
to counterclockwise rotation. This should be clear from figures 5.6a und 5.6b.

Construction Features

The actual internal hardware of commercial encoders is not as simple as what is sug-
gested by figure 5.5. (see figure 5.1b). A more detailed schematic diagramn of the
signal generation mechanism of an optical incremental encoder is shown in figure
5.7. The light generated by the light-emitting diode (LED) is collimated (forming
parallel rays) using a lens. This pencil of parallel light passes through a window of
the rotating code disk. The grating (masking) disk is stationary and has a track of
windows identical to that in the code disk. A significant amount of light passes
through the grating window only if it is aligned with a window of the code disk. Be-
cause of the presence of the grating disk, more than one window of the code disk
may be illuminated by the same LED, thereby improving the intensity of Jight re-
ceived by the photosensor but not introducing any error caused by the diameter of
the pencil of light being larger than the window length. When the windows of the
code disk face the opaque areas of the grating disk, virtually no light is received by
the photosensor. Hence, as the code disk moves, alternating light and dark spots (a
moiré pattern) are seen by the photosensor. Note that the grating disk helps increase

Collimating Tocusing }
Lens Lens ;
— Photodiode
_ - ) Amplitier [ *D ) | Pulse Signal
Z wo Photodiodes ifferentia N Output
LD ¥ {Half-Pitch Offset) ‘Ampiifier "
Photodiode !
L ™ Amplifier ~
- — .
Cade Disk Stationary Integrated Circuit Located
{Maving) Grating within Encoder Housing
{Masking}
Disk
Figure 5.7. Internal hardwarc of an optical incremental encoder (for a single output pulse
signal).
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the output signal level significantly. But the supply voltage fluctuations also directly
influence the light level received by the photosensor. If the sensitivity of the photo-
sensor is not high enough, a low light level might be interpreted as no light, which
would result in measurement error. Such errors due to instabilities and changes in
the supply voltage can be eliminated by using two photosensors, one placed half a
pitch away from the other along the window track. This arrangement should not be
confused with the quarter-of-a-pitch offset arrangement that is required for direction
detection. This arrangement is for contrast detection. The sensor facing the opague
region of the masking disk will always read a low signal. The other sensor will read
either a high signal or a low signal, depending on whether it faces a window or an
opaque region of the code disk. The two signals from these two sensors are am-
plified separately and fed into a differential amplifiex. If the output is high, we have a
pulse. In this manner, a stable and accurate output pulse signal can be obtained even
under unstable voltage supply conditions. The signal amplifiers are integrated circuit
devices and are housed within the encoder itself. Additional pulse-shaping circuitry
may also be present. The power supply has to be provided separately as an external
component. The voltage level and pulse width of the output pulse signal are logic-
compatible (e.g., transistor-to-transistor logic, or TTL) so that they nay be read di-
rectly using a digital board. The schematic diagram in figure 5.7 shows the genera-
tion of only one (v;) of the two quadrature pulse signals. The other pulse signal (v;)
is generated using identical hardware but at a quarter of a pitch offset. The index
pulse (reference pulse) signal is also generated in a similar manner. The cable of the
encoder (usually a ribbon cable) has a multipin connector (see figure 5. 1h). Three of
the pins provide the three output pulse signals. Another pin carries the DC supply
voltage (typically 5 V) from the power supply into the encoder. Note that the only
moving part in the system shown in figure 5.7 is the code disk.

Displacement and Velocity Computation

A digital processor computes angulax displacements and velocitics using the digital
data read into it from encoders, alung with other pertinent parameters. To compute
the angular position 6, suppose that the maximum count possible is M pulses and the
range of the encoder 1s 8., Then the angle corresponding to a count of n pulses is

n
6 = 'Momnx (51)

Note that if the data size is r bits, allowing for a sign bit,
M =2 (5.2)
where zero count is alse included. Strictly speaking,

M=2"-1

if zero count is not included. Note that if n. is 277 and B = 0, for example, then
Omax and G, Will correspund to the same positiun of the code disk. To avoid this
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ctly - ambiguity, we use
afo- emax
1Jich Bmin = T
s in 2
df a Then equation 5.2 leads to the conventional definition for digital resolution:
t be
tion @E‘:L_l___&’!‘ﬂ
wque -1
cead Two methods are available for determining velocities using an incremental en-
ran coder: (1) the pulse-counting method and (2) the pulse-timing methnd. In the first
am- method, the pulse count over the sampling period of the digital processor is mea-
vea sured and is used to calculate the angular velocity. For a given sampling period,
zven there is a lower speed limit below which this method is not very accurate. In the sec-
‘cuit ond method, the time for one encoder cycle is measured using a high-frequency
utry clock signal. This inethod is particularly suitable for measuring low speeds accu-
rnal rately.
gic- To compute the angular velocity w using the first method, suppose that the
1di- count during a sampling period T is » pulses. Hence, the average time for one pulse
1era- is T/n. If there are N windows on the disk, the average time for one revolution is
(v2) NT/n. Hence,
1dex )
f the - T
ze of © = NT (5.3)
tpply For the second method of velncity computation, suppose that the clock fre-
only quency is f Hz. If m cycles of the clock signal are counted during an encoder period
(interval between two adjacent windows), the time for that encoder cycle (i.e., the
time to rntate through one encoder pitch) is given by m/ f. With a total of N win-
dows on the track, the average time for one revolution of the disk is Nm/ f. Hence,
gital ® = znf (5.4)
pute Nm
1 the Note that « single incremental encoder can serve as both position sensor and
esis speed scnsor. Hence, a position loop and a speed loop in a control system can be
closed using a single encoder, without having to use a conventional (analog) speed
5.1) sensor such as a tachometer. The speed resolution of the encoder (depending on the
methnd of speed computation—pulse counting or pulse timing) can be chosen to
meet the acciracy requirements for the speed control loop. A further advantage of
5.2) using an encoder rather than a conventional (analog) motion sensor is that an
< analog-to-digital converter (ADC) would be unnecessary. For example, the pulses
gencrated by the encoder could be used as inferrupts for the control computer.
These interrupts are then directly counted (by an up/down counter or indexer) and
timed (by a clock) within the control computer, thereby providing position and :
then speed readings. Another way of interfacing an encoder to the control computer
this (without the need for an ADC) will be explained next.
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Data Acquisition Hardware

A method for interfacing an incremental encoder to a digital processor (digital con-
troller) is shown schematically in figure 5.8. The pulse signals are fed into an up/
down counter that has circuitry to detect pulses (for example, by rising-edge detec-
tion or by level detection) and logic circuitry to determine the direction and to code
the count. A pulse in one direction (say, clockwise will increment the count by one
(an upcount), and a pulse in the opposite direction will decrement the count by one
(a downcount). The coded count may be directly read by the processor through its
input/output (I/O) board without the need for an ADC. The count is transferred to a
latch buffer so that the measurement is read from the buffer rather than from the
counter itself. This arrangement provides an efficient means of data acquisition be-
cause the counting process can continue without interruption while the count is be-
ing read by the processor from the latch buffer. The processor identifies various
components in the measurement system using addresses, and this information is
communicated to the individual components through the address bus. The start,
end, and nature of an action (e.g., data read, clear the counter, clear the buffer) are
communicated to various devices by the processor through the control bus. The pro-
cessor can command an action to a component in one direction of the bus, and the
component can respond with a message (e.g., job completed) in the opposite direc-
tion. The data (e.g., the count) are transmitted through the data bus. While the pro-
cessor reads (samples) data from the buffer, the control signals guarantee that no
data are transferred to that buffer from the counter. It is clear that the data acquisi-
tion consists of handshake operations between the processor and the auxiliary com-
ponents. More than one encoder may be addressed, controlled, and read by the

Address Bus

Control Bus | | l i j
Data Bus [ L] [L{t

Clock
Incremental Digital Control
Encoder Counter Buffer Processor DAC
or Timer
Analog
) Reading
DAC
Analog
Reading
Figure 5.8. A data acquisition system for an incremental encoder.
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same three buses. The buses are typically multicore cables carrying signals in paral-
lel logic. Slower communication in serial logic is also common,

In measuring position using an incremental encoder, the counter may be con-
tinuously monitored through a digital-to-analog converter (DAC in figure 5.8).
However, the count is read by the processor only at every sampling instant. Since a
cumulative count is required in displacement measurement, the buffer is not cleared
once the count is read in by the processor.

For velocity measurement by the pulse-counting method, the buffer is read at
intervals of 7, which is also the counting-cycle time. The counter is cleared every
time a count is transferred to the buffer, so that a new count can begin. With this
method, a new reading is available at every sampling period.

In the pulse-timing method of velocity computation, the counter is actually a
timer. The encoder cycle is timed using a clock (internal or external), and the count
is passed on tn the huffer. The counter is then cleared and the next timing cycle is
started. The buffer is read by the processor periodically. With this method, a new
reading is available at every encoder cycle. Note that under transient velocities, the
encoder-cycle time is variable and is not directly related to the sampling period.
Nevertheless, it is desirable to make the sampling period smaller than the encoder-
cycle time, in general, so that no count is missed by the processor.

More efficient use of the digital processor may be achieved by using an inter-
rupt routine. With this method, the counter (or buffer) sends an interrupt request to
the processor when a new count is ready. The processor then temporarily suspends
the current operation and reads in the new data. Note that the processor does not
continuously wait for a reading in this case.

Displacement Resolution

The resolution of an encoder represents the smallest change in measurement that can
be measured realistically. Since an encoder can be used to measure both displace-
ment and velocity, we can identify a resolution for each case. Displacement resolu-
tion is governed by the number of windows N in the code disk and the digital size
(number of bits) # of the buffer (counter output). The physical resolution is deter-
mined hy N. If only one pulse signal is used (i.e., no direction sensing), and if the
rising edges of the pulses are detected (i.e., full cycies of the encoder are counted),
the physical resolution is given by (360/N)°. But if both pulse signals (quadrature
signals) are available and the capability to detect rising and falling edges of a pulse is
also present, four counts can be made per encoder cycle, thereby improving the res-
olution by a factor of four. Hence, the physical resolution is given by

360°
4N

To understand this, notc in figure 5.6a (or figure 5.6b) that when the two sig-
nals v, and v, are added, the resulting signal has a transition at every quarter of the

encoder cycle. This is illustrated in figure 5.9. By detecting each transition (through
edge detection or level detection), four pulses can be counted within every inain cy-

AB, = (5.5)
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Figure 5.9, Quadrature signal addition to improve physical resolution.

cle. It should be mentioned that each signal (v, or ©2) separately has a resolution of
half a pitch, provided that transitions (rising edges and falling edges) are detected
and counted instead of pulses being counted. Accordingly a disk with 10,000 win-
dows has a resolution of 0.018° it only one pulse signal is used (and both transitions,
rise and fall, arc detected). When both signals (with a phase shift of a quarter of a
cycle} are used, the resolution improves to 0.009°. This resolution is achieved di-
rectly from the mechanics of the transducer; no interpolation is involved. It assumes,
however, that the pulses are nearly ideal and, in particular, that the transitions are
perfect. In practice, this cannot be achieved if the pulse signals are noisy; pulse
shaping might be necessary.

Assuming that the maximum angle measured is 360° (or +180°), the digital
resolution is given by (see equations 5.1 and 5.2)

180° _ 360°
2771 2r

Ag; = (5.6)
This should be clear, because a digital word containing r bits can represent 2" differ-
ent values (unsigned). As mentinned earlier, we have used 360°/2" instead of 360°/
(27 — 1) in equation 5.6 for digital resolution, and this is further supported by the
fact that 0° and 360° represent the same pnsition of the code disk. An ambiguity
does not arise if we take the minimum value of @ to be 360°/2", not zero. Then, by
delinition, the digital resolution is given by

(360° — 360°/2")
@-1
This result is exactly the same as what is given by equation 5.6.

The larger of the two resolutions in equations 5.5. and 5.6 governs the dis-
placement resolution of the encoder.

Example 5.1

For an ideal design of an incremental encoder, obtain an cquation relating the parame-
ters d, w, and r, where

d = diameter of ¢ncoder disk
w = pumber of windows per unit diameter of disk
r = word size (bits) of anglc measurciments
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Assume that quadraturc signals arc available, If r = 12 and w = 1,000/in., determine
a suitable disk diamcter.

Solution In this problem, we are required to assign a word size for the resolution
available from the number of windows. The pusition resolution by physical constraint
(assuming that quadraturc signals are available) is

1/360\°
A@*zﬁa)

The resolution available from the digital word size of the butfer is

360Y°
Al = (T)

Note that A8, = A8, provides an idcal design, Hence,

1360 _ 360
4 wd 2

Simplifying, wc have
wd = 27?2

with r = 12 and w = 1,000/in.,

212—2
d = (—1‘666) in. = 1.024 in.

The physical reselution of an encoder can be improved by using step-up gear-
ing so that one rotation of the moving object that is being monitored corresponds to
several rotations of the code disk of the encoder. This improvement is directly pro-
portional to the gear ratio. Backlash in the gearing mechanism introduces a new er-
ror, however. For best results, this backlash error should be several times smaller
than the resolution with no backlash. Note that the digjtal resolution is not improved
by gearing, because the maximum angle of rotation of the moving object (say, 360°)
still corresponds to the buffer size, and the change in the least significant bit (LSB)
of the buffer corresponds to the same change in the angle of rotation of the moving
object. In fact, the overall displacement resolution can be harmed in this case if ex-
cessive backlash is present.

Example 5.2
By using high-precision techniques to imprint window tracks on the code disk, it is pos-
sible to attain the window density of 1,000 windows/in, of diameter. Consider a 3,000-
window disk. Suppose that step-up gearing is used to improve resolution and the gear
ratio is 10. If the word size of the output buffer is 16 bits, examinc the displacement
resolution of this device.

Solution  First consider the case in which gearing is not present. With quadrature sig-
nals, the physical resolution is
360°

A, = ————— = (0.03°
74 % 3,000
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Now, for a range of measurement given by *180°, a 16-bit output provides a digita}
resolution of

_180°

Ag, = = 0.005°

15
Hence, in the absence of gearing, the overall displacement resolution is 0.03°. On the
other hand, with a gear ratio of 10, and neglecting gear backlash, the physical resolu-
tion improves to 0.003°, but the digital resolution remains unchanged at best. Hence,
the overall displacement resolution has improved to 0.005° as a result of gearing.

In summary, the displacement resolution of an incremental encoder depends
on the following factors:

1. Number of windows on the code track (or disk diameter)
2. Gear ratio
3. Word size of the measurement buffer

The angular resolution of an encoder can be further improved, through inter-
polation, by adding equally spaced pulses in between every pair of pulses generated
by the encoder circuit. These auxiliary pulses are not true measurements, and they
can be interpreted as a linear interpolation scheme between true pulses. One method
of accomplishing this interpolation is by using the two pick-off signals that are gen-
erated by the encoder (quadrature signals). These signals are nearly sinusoidal prior
to shaping (say, by level detection). They can be filtered to obtain two sine signals
that are 90° out of phase (i.e., a sine signal and a cosine signal). By weighted combi-
nation of these two signals, a series of sine signals can be generated such that each
signal lags the preceding signal by any integer fraction of 360°. By level detection or
edge detection (rising and falling edges), these sine signals can be converted into
square wave signals. Then, by logical combination of the square waves, an integer
number of pulses can be generated within each encoder cycle. These are the interpo-
lation pulses that are added to improve the encoder resolution. In practice, about
twenty interpolation pulses can be added between adjacent main pulses by this
method.

Velocity Resolution

An incremental encoder is also a velocity-measuring device. The velocity resolution
of an incremental encoder depends on the method that is employed to determine ve-
locity. Since the pulse-counting method and the pulse-timing method are both based
on counting, the resolution corresponds to the change in angular velocity that results
from changing (incrementing or decrementing) the count by one. If the pulse-count-
ing method is employed, it is clear from equation 5.3 that a unity change in the
count n corresponds to a speed change of

27

Aw. = NT (5.7)
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where N is the number of windows in the code track and T is the sampling period.
Equation 5.7 gives the velocity resolution by this method. Note that this resolution is
independent of the angular velocity itself. The resolution improves, however, with
the number of windows and the sampling period. But under transient conditions, the
accuracy of a velocity reading decreases with increasing T (the sampling frequency
has to be at least double the highest frequency of interest in the velocity signal).
Hence, the sampling period should not be increased indiscriminately,

It the pulse-timing method is employed, the velocity resolution is given by (see
equation 5.4)

_2af  2nf _ 2af
T Nm N@m+ 1) Nmim+1)

where f is the clock frequency. For large m, (m + 1) can be approximated by m.
Then, by substituting equation 5.4 in 5.8, we get

- Ne?
2af

Note that in this case, the resolution degrades quudratically with speed. This obser-
vation confirms the previnus suggestion that the pulse-timing method is appropriate
for low speeds. For a given speed, the resolution degrades with increasing N. The
resolution can be improved, however, by increasing the clock frequency. Gearing up
has a detrimental effect on the speed reselution in the pulse-timing method, but it
has a favorable effect in the pulse-cnunting method (see problem 5.6). In summary,
the speed resolution of an incremental encoder depends on the following factors:

Aw, (5.8)

Aw, (5.9

Number of windows N
Sampling period T
Clock frequency f

. Speed w

Gear ratio

AW

5.4 ABSOLUTE OPTICAL ENCODERS

Absolute encoders directly generate coded data to represent angular pasitions using a
series of pulse signals. No pulse counting is involved in this case. A simplified code
pattern on an absolute encoder disk that utilizes the direct binary code is shown in
figure 5.10a. The number of tracks (n) in this case is 4, but in practice » is on the
order of 14. The disk is divided into 2” sectors. Each partitioned area of the matrix
thus formed corresponds to a hit of data. For example, 4 transparent area may corre-
spond to binary 1 and an opaque area to hinary 0. Each track has a pick-off sensor
similar to those used in incremental encoders. The set of n pick-off sensors is ar-
ranged on a radial line and facing the tracks on one side of the disk. A light source
(e.g., light-emitting diode or LED) illuminates the other side of the disk. As the disk
rotates, the bank of pick-off sensors generates a set of pulse signals. At a given in-
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Transparent

Opaque --—»-

absolutc cocader disk pattern: (a) binary
code; (b) gray code. '

stant, the combination of signal levels will provide a coded data word that uniquely .

determines the position of the disk at that time, with a resolution given by the sector

angle. In figure 5.10a, the word size of the data is 4 bits. This can represent decimal
numbers from 0 to 15, as given by the sixteen sectors of the disk. In each sector, the"

outermost element is the least significant bit (LSB) and the innermost element is the

most significant bit (MSB). The direct binary representation of the disk sectors (po-'

sition) is given in table 5.1. The angular resolution for this simplified example i

(360/2%°, or 22.5°. If n = 14, the angular resolution improves to (360/2'%)°, or :::.

0.022°,
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TABLE 5.1 SECTOR CODING FOR THE
ABSOLUTE ENCODER EXAMPLE

Sector Straight binary code
number {MSB — LSB) Gray code
0 0000 0111
1 0001 0110
2 0010 0100
3 0011 0101
4 3100 0001
5 0101 0000
6 0110 0010
7 0111 0011
8 1000 1011
9 1001 1010
10 1010 1000
1 10711 1001
12 1100 1101
13 1101 1100
14 1110 L1190
15 1111 1111

Gray Coding

There is a data interpretation problem associated with the stmight binary code in ab-
solute encoders. Notice in table 5.1 that in straight binary, the transition from one
sector to the adjacent sector may need more than one switching of bits of the binary
data. For example, the transition from 0011 to 0100 or from 1011 to 1100 requires
three bit switchings, and the transition from 0111 to 1000 or from 1111 to 0000 re-
quites four bit switchings. If the pick-off sensors are not properly aligned along a ra-
dius of the encoder disk, or if excessive manufacturing error tolerances were allowed
in imprinting the code pattern on the disk, or if environmental effects have resulted
in large irregularities in the sector matrix, then bit switching will not take place
simultaneously. This results in ambiguous readings during the transition period. For
example, in changing from 0011 to 0100, if the LSB switches first, the reading be-
comes 0010, In decimal form, this incorrectly indicates that the rotation was from

agram of 4n
n: (a) binary

at uniquely

" the sector angle 3 1o angle 2, whereas, it was actually a rotation from angle 3 to angle 4. Such
at decimal ; ambiguities can be avoided by using a gray code, as shown in figure 5.10b for this
sector, the example. The coded representation of the sectors is given in table 5.1. Note that in
nent is the ) this case, each adjacent transition involves only one bit switching. A disadvantage of
ectors (po- utilizing a gray code is that it requires additional logic to convert the gray-coded
example 1S number to the corresponding binary number.

0/2'%°, or As with incremental encoders, the resolution of an absolute encoder can be

improved by interpolation using auxiliary pulses. This requires an interpolation
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track and two pick-off sensors placed a quarter-pitch apart. This is equivalent to hav-
ing an incremental encoder and an absolute encoder in the same unit. The resolutiun
is limited by the word size of the output data. Step-up gear mechanisms can also be
employed to improve encoder resolution.

Absolute encoders can be used for angular velocity measurement as well. For
this, either the pulse-timing method or the angle-measurement method may be used.
With the first method, the interval between two consecutive readings is strobed (or
timed) using a high-frequency strobe (clock) signal, as in the case ol an increincntal
encoder. Typical strobing frequency is 1 MHz. The start and stop of strobing are
triggered by the coded data from the encoder. The clock cycles are counted by a
counter, as in the case of an incremental encoder, and the count is reset (cleared) af-
ter each counting cycle. The angular speed can be computed using these data, as
shown carlier for an incremental encoder. With the second method, the change in
angle is measured from one sample to the next, and the angular speed is computed as
the ratio (angle change)/(sampling period).

Because the code matrix on the disk is more complex in an absolute encoder,
and because more light sensors are required, an absolute encoder can be nearly twice
as expensive as an incremental encoder. An absolute encoder does not require digi-
tal counters and buffers, however, unless data interpolation is done using an auxil-
iary track or pulse-timing is used for velocity calculation. Also, an absolute encoder
has the advantage that if a reading is missed, it will not affect the next reading,
whereas, a missed pulse in an incremental encoder would catry an error to the sub-
sequent readings until the counter is cleared. Furthermore, incremental encoders
have to be powered throughout operation of the system. Thus, a power faiture can
introduce an error unless the reading is reinitialized (calibrated). An absolute en-
coder must be powered and monitored only when a reading is taken.

5.5 ENCODER ERROR

Errors in shaft encoder readings can come from several factors. The primary sources
of these errors are as follows:

1. Quantization error (due to digital word size limitations)

2. Assembly error (eccentricity, etc.),

3. Coupling error (gear backlash, belf'slippage, loose fit, etc.)

4. Structural limitations (disk deformation and shaft deformation due to loading)
5

. Manufacturing tolerances (errors from inaccurately imprinted code patterns,
inexact positioning of the pick-oft sensors, limitations and irregularities in sig-
nal generation and sensing components, etc.)

. Ambient effects (vibration, temperaturc, light noise, humidity, dirt, smoke,
etc.)

These factors can resull in erroneous displacement and velocity readings and inexact
direction detection,
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One form of error in an encoder reading is the hysteresis. For a given position
of the moving object, if the encoder reading depends on the direction of motion, the
measurement has a hysteresis error. In that case, if the object rotates from position A
to position B and back to position A, for example, the initial and the final readings of
the encoder will not match. The causes of hysteresis include backlash in gear cou-
plings, loose fits, mechanical deformation in the code disk and shaft, delays in clec-
tronic circuitry (electrical time constants), and noisy pulse signals that make the de-
tection of pulses (say, by level detection or edge detection) less accurate,

The raw pulse signal from an optical encoder is somewhat irregular, primarily
because of noise in the signal generation circuitry, including the noise created by
imperfect light sources and photosensors. Noisy pulses have imperfect edges. As a
result, pulse detection through edge detection can result in errors such as multiple
triggering for the same edge of a pulse. This can be avoided by including a Schmitt
trigger (a logic circuit with electronic hysteresis) in the edge-detection circuit, so
that slight irregularities in the pulse edges will not cause erroneous triggering, pro-
vided that the noise level is within the hysteresis band of the trigger. A disadvantage
of this method, however, is that hysteresis will be present even when the encoder it-
self is perfect. Virtually noise-free pulses can be generated if two photosensors are
used to detect adjucent transparent and opaque areas on a track simultaneously and a
separate cireuit (a comparator) is used to create a pulse that depends on the sign of
the voltage difference of the two sensor signals. (We described this method earlier.
A schematic diagram of this arrangement is given in figure 5.7.)

Eccentricity Error

Eccentricity (denoted by e) of an encoder is defined as the distance between the cen-
ter of rotation C of the code disk and the geometric center G of the circular code
track. Nonzero eccentricity causes a measurement error known as the eccentricity
ervor. The primary contributions to eccentricity are

1. Shaft eccentricity (e;)

2. Assembly eccentricity (e,)
3. Track eccentrieity (e)

4. Radial play (e,)

Shaft eccentricity rtesults if the rotating shaft on which the code disk is
mouoted is imperfect, so that its axis of rotation does not coincide with its geomer
ric axis. Assembly eccentricity is caused if the code disk is improperly mounted on
the shaft, so that the center of the code disk dnes not fall on the shaft axis. Track
eccentricity comes from irregularities in the code track imprinting process, so that
the center of the track circle does not coincide with the nominal geometric center of
the disk. Radial play is caused by any looseness in the assembly in the radial direc-
tion, All four of these parameters are random variables that have mean values g,
M, M, and g, Tespectively, and standurd deviations oz, @., o;, and g, Tespectively.
A very conservative upper bound for the mean value of the overall eccentricity is

Sec. 5.5 Encoder Error 239

BNA/Brose Exhibit 1065

[PR2014-00417
Page 112



given by the sum of the individual mean values, each value being considered posi-
tive. A more reasonable estimate is provided by the root-mean-square (rms) value,
as given by

o=Vl + pd+ ok + (5.10) f?

Furthermore, assuming that the individual eccentricities are independent random
variables, the standard deviation of the overall eccentricity is given by

oc=Vor+ ol + a?+ ol (5.10)

Knowing the mean value u and the standard deviation o of the overall eccentricity,
it is possible to obtain a reasonable estimate for the maximum eccentricity that can
occur. It is reasonable to assume that the eccentricity has a Gaussian (or normal)
distribution, as shown in figure 5.11. The probability that the eccentricity lies be-
tween two given values is obtained by the area under the probability density curve
within these two values (points) on the x-axis (also see chapter 2). In particular, for
the normal distribution, the probability that the eccentricity lies within u — 2¢-and
w + 20 is 95.5 percent, and the probability that the eccentricity falls within
# — 3cand p + 30 is 99.7 percent. We can say, for example, that at a confidence
level of 99.7 percent, the net eccentricity will not exceed p + 3o,

Example 5.3

The mean values and the standard deviations of the four primary contributions to ec-
centricity in a shaft encoder are as follows (in millimcters):

Shaft eccentricity = (0.1, 0.01)
Assembly eccentricity = (0.2, 0.05)
Track eccentricity = (0.05, 0.001)
Radial play = (0.1, 0.02)
g
Probability
Density
| 1 1 1 It
¢—30 p—20 u p+20 p+ 30 Variable x
value
t_‘, e e 5% e _J,{
{4 99.7% —i
Figure 5.11, Gaussian (normal) probability density function.
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Estimate the overall eccentricity at a confidence level of 96 percent.

Solution The mecan value of the overall cecentricity may be estimated as the rms
value of the individual means; thus, frnm equation 5.10,

a=V0.124+ 02+ 0.05* + 0.1° = 0.25 mm

Using equation 5,11, the standard deviation of the overall eccentricity is estimated as

o = V0.012 + 0.052 + 0.001% + 0.02? = 0,055 mm

‘Now, assuming Gaussian distribution, an estimate for the overall eccentricity at a
confidence level of 96 percent is given by

¢=025 + 2 x 0.055 = 0.36 mm

Once the overall eccentricity is estimated in the foregoing manner, the corre-
sponding measurement error can be determined. Suppose that the true angle of rota-
tion is @ and the corresponding measurement is 6,. The eccentricity error is given
by

AR =0, — 8 (5.12)
The maximum error can be shown to exist when the line of eccentricity (CG) is

symmetrically located within the angle of rotation, as shown in figure 5.12. For this
configuration, the sine rule for triangles gives

sin (A0/2) _ sin (8/2)

€ r

where r denotes the code track radius, which can be taken as the disk radius for most
practical purposes. Hence, the eccentricity error is given by

A8 = 2 sin"! (f sin %) (5.13)

Figure 5.12. Nomenclature for
eccentricity error (C = center ot
rotation, G = geometric center of the
code track).
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Example 5.4

Show analytically that the eccentricity error of an encoder disk does not enter measure.
ments of complcte revolutions of the disk.

Solation It is intuitively clear that the eccentricity crror should not enter measure.
ments of complete revolutions, and this can be shown analytically by using equation
5.13. In this case, # = 2. Accordingly, A8 = 0. For multiple revolutions, the cecen.
tricity error is periodic with period 27,

For small angles, the sine of an angle is approximately equal to the angle itself,
in radians. Hence, for small Ag, the eccentricity error may be expressed as
2e 0
Af = — sin < 5.
L sm (5.14)
Furthermore, for small angles of rotation, the fractional eccentricity error is given
by
A8 e
= - 5
7= (5.15)
which is, in fact, the worst fractional error. As the angle of rotation increuses, the
fractional error decreases (as shown in figure 5.13), reaching the zero value for a
full revolution. From the point of view of gross error, the worst value occurs when
# = ar, which corresponds to half « revolution. From equation 5.13, it is clear that
the maximum gross error due to eccentricity is given by

Ay = 2 sin"f (5.16)

1f this value is less than half the resolution of the encoder, the eccentricity error be-
comes inconsequential. For all practical purposes, since e is much less than r, we
may use the following expression for the maximum eccentricity error:

Aavnax = 279_ (5 17)

Normalized Fractiona! |
Eccentricity Error

>

2% Angle of Rotation
9 {Radians)

Figure 5.13. Fractional eccentricity errur variation with the angle of rotatiun.
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Example 5.5
Suppose that in example 5.3, the radius of the code disk is § cm. Estimate the maxi-
mum error due to eccentricity. If cach track has 1,000 windows, dctermine whether the
eccentricity ercor is significant.

Salution With the given level of confidence, we havc calculated the overall eccen-
tricity to be 0.36 mm. Now, from equation 5.16 or 5.17, the maximum angular error is

x 0.3
Abax = 2_?0245 = (.014 rad = (.83°

Assuming that quadrature signals arc used to improve the encoder resalutian, we have

. 360°
resolution = —————— = (,09°
4 X 1,000
Note that the maximum error duc to ececntricity is morc than ten times the encoder
resolution, Hence, cceentricity will significantly affcet the accuracy of the enceder,

Eccentricity also affects the phase angle between the quadrature signals of an
incremental encoder if a single track and two pick-off sensors (with circumilerential
offset) are used. This error can be reduced using the two-track arrangement, with
the two sensors positioned along a radial line, so that eccentricity atfects the two
outputs equally.

5.6 DIGITAL RESOLVERS

Digital resolvers, or mutual induction encnders, operate somewhat like analog re-
solvers, using the principle of mutual induction. They are known commercially as
Inductosyns (Ferrand Contrnls, Valhalla, N.Y.). A digital resolver has two disks fac-
ing each other (but not touching), one (the stator) stationary and the other (the rotor)
coupled to the rotating object. The rotor has a fine electric conductor foil imprinted
on it, as shown scheinatically in figure 5.14, The printed pattern is a closely spaced
set of radial pulses, all of which are connected to a high-frequency AC supply of
voltage v The stator disk has two separate printed patterns that are identical to the
rotor pattern, but one pattern on the stator is shifted by a quarter-pitch from the
other pattern. The primary voltage in the rotor circuit induces voltages in the two
secondary (stator) foils at the same frequency. As the rotnr turns, the level of the in-
duced voltage changes, depending on the relative position of the foil patterns on the
two disks. When the foil pulse patterns coincide, the induced voltage is maximum
(positive or negative), and when the rntor foil pattern has a half-pitch offset from the
stator foil pattern, the induced voltage in adjacent parts cancel each other, producing
a zero output. If the speed of rotation is constant, the output voltages ¢, and v, in the
two foils of the stator become signals that have a cartier frequency (supply fre-
quency) component modulated by periodic and nearly sinusoidal signals with a
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Figure 5.14, Schematic diagram of a digital resolver.

phase shift of 90°. The modulation signals can be extracted by demodulation and
converted into pulse signals. When the speed is not constant, pulse width will vary
with time. As in the case of an incremental encoder, angular displacement and an-
gular velocity are determined by counting or timing the pulses. The direction of ro-
tation is determined by the phase difference in the two modulating output signals. (In
one direction, the phase shift is 90°; in the other direction, it is —90°.) Very fine res-
olutions are obtainable from a digital resolver; it is usually not necessary to use step-
up gear systems or other techniques to improve resolution. Resolutions up to 0.0005°
can be obtained from these transducers, but they are usually more expensive than
optical encoders.

5.7 DIGITAL TACHOMETERS

Since shaft encoders are also used for measuring angular velocities, they can be con-
sidered tachometers. In ciassic terminology, a digital tachometer is a device that em-
ploys a toothed wheel to measure angular velocities. A schematic diagram of one
such device is shown in figure 5.15. This is a magnetic induction tachometer of the
variable-reluctance type. The teeth on the wheel are made of ferromagnetic mate-
rial. The two magnetic induction (and variable-reluctance) proximity probes are
placed facing the teeth radially, a quarter-pitch apart. When the tpothed wheel ro-
tates, the two probes generate output signals that are 90° out of phase. One signal
leads the other in one direction of rotation and lags the other in the opposite direc-
tion of rotation. In this manner, directional readings are obtained. The speed is
computed either by counting pulses over a sampling period or by timing the pulse
width, as in the case of an incremental encoder.

Alternative types of digital tachometers use eddy current proximity probes or
capucitive proximity probes (see chapter 3). In the case of an eddy current tachome-
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Figure 5.15. Schematic diagram of a pulsc tachometer,

ter, the teeth of the pulsing wheel are made of or plated with electricity-conducting
material, and the probe emits a radio-frequency magnetic field. In the case of a ca-
pacitive tachometer, the toothed wheel forms one plate of the capacitor; the other
plate is the probe and is kept stationary. As the wheel turns, the capacitor gap width
fluctuates. If the capacitor is excited by an AC voltage of high frequency (typically 1
MHz), a near-pulse-modulated signal at that carrier frequency is obtained. This can
be detected by a suitable capacitance bridge circuit. By demodulating the output sig-
nal, the modulating-pulse signal can be extracted. This pulse signal is used in the an-
gular velocity computation.

The advantages of these digital (pulse) tachometers over optical encoders in-
clude simplicity, robustness, and low cost. The disadvantages include poor resolu-
tion (determined by the number of teeth, the speed of rotation, and the word size
used for data transmission), and mechanical errors due to loading, hysteresis, and
manufacturing irregularities.

5.8 HALL EFFECT SENSORS

Consider a semiconductor element subject to a DC voltage v, If a magnetic field is
applied perpendicular to the direction of this voltage, a voltage v, will be generated
in the third orthogonal direction within the semiconductor element. This is known
as the Hall effect (observed by E. H. Hall in 1879). A schematic representation of a
Hall effect sensor is shown in figure 5.16.

A Hall effect sensor may be used for motion sensing in many ways—for exam-
ple, as an analog proximity sensor, a digital limit switch, or a digital shaft encoder.
Since the output voltage v, increases as the distance from the magnetic source to the
semiconductor element decreases, the output signal v, can be used as a measure of
proximity. Alternatively, a certain threshold level of output voltage v, can be used
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Supply Figure 5.16. Schematic representation
Veet of a Hall effect sensor.

to activate a digital switch or to create a digital output, hence forming a digital limit |
switch. i

A more practical arrangement would be to have the semiconductor element !
and the magnetic source fixed relative to one another in a single package. By mov- i |
ing a ferromagnetic member into the air gap between the magnetic source and the |
semiconductor element, the flux linkage can be altered. This changes v,. This ar-
rangement is suitable both as an analog proximity sensor and as a limit switch. Fur-
thermore, if a toothed ferromagnetic wheel is used to change v,, we have a shaft en-
coder or a digital tachometer (see figure 5.17).

The longitudinal arrangement of a proximity sensor, in which the moving ele-
ment approaches head-on toward the sensor, is not suitable when there is a danger of
overshooting the target, since it will damage the sensor. A more desirable |
configuration is the lateral arrangement, in which the moving member slides by the !

+ Output

o

Fixed
Semiconductor
Element

Fixed

Source

Figure 5.17. Schematic diagram of a
Hall effect shaft encoder or digital i
tachometer. |

Toothed Wheel
{Ferromagnetic}
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sensing face of the sensor. The sensitivity will be lower, however, with this lateral
arrangement.

The relationship between the output voltage v, and the distance x of a Hall ef-
fect sensor measured from the moving member is nonlinear. Linear Hall effect sen-
sors use calibration to linearize their output.

5.9 MEASUREMENT OF TRANSLATORY MOTIONS

Digital rectilinear transducers are useful in many applications. Typical applications
include x-y positioning tables, machine tools, valve actuators, read-write heads in
disk drive systems, and robotic manipulators (e.g., at prismatic joints) and robot
hands. The principles used in angular motion transducers described so far in this
book can be used in measuring rectilinear motions as well. In rectilinear encoders,
for example, rectangular flat plates moving rectilinearly, instead of rotating disks,
are used with the same types of signal generation and interpretation mechanisms.

Cable Extension Sensors

on
In many applications, rectilinear motion is produced from a rotary motion (say, of a
nit motor) through a suitable transmission device, such as rack and pinion or lead screw
and nut. In these cases, rectilinear motion can be determined by measuring the asso-
ant ciated rotary motion, assuming that errors due to backlash, flexibility, and so forth,
W in the transmission device can be neglected. Another way to measure rectilinear mo-
he tions using‘a rotary sensor is to use a modiﬁed sensor that has the. capability to con-
ar- vert a rectilinear motion into a rotary motion w1thmp the sensor itself. An examp{e
- would be the cable extension method of sensing rectilinear motions. This method is j
n- particularly suitable for measuring motions that have large excursions. The cable ex- :
tension method uses an angular motion sensor with a spool rigidly coupled to the ro- ‘
e- tating part of the sensor {e.g., the encoder disk) and a cabie that wraps around the
of spool. The other end of the cable is attached to the object whose rectilinear motion
le is to be sensed. The housing of the rotary sensor is firmly mqunted ona stationfxry
e platform, so that the cable can extend in the direction of motion. When the object

moves, the cable extends, causing the spool to rotate. This angular motion is mea-
sured by the rotary sensor. With proper calibration, this device can give rectilinear
measurements directly. As the object moves toward the sensor, the cable has to re-
tract without siack. This is gnaranteed by using a device such as a spring motor to
wind the cable back. The disadvantages of the cable extension method include me-
chanical loading of the moving object, time delay in measurements, and errors
caused by the cable, including irregularities, slack, and tensile deformation.

Moiré Fringe Displacement Sensors

Another device for measuring rectilinear motions employs the moiré fringe tech-
nique. The operation of this motion sensor is somewhat analogous to that of a digital
resolver, and the signal generation method is similar to that in an optical encoder.

e
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Thus, this device can be viewed as an optical encoder with improved sensitivity and
resolution. A transparent plate with a series of opaque lines arranged in parallel in
the transverse direction forms the stationary plate (grating plate) of the transducer.
This is called the mask plate. A second transparent plate, with an identical set of
ruled lines, forms the moving plate. The lines on both plates are evenly spaced, and
the line width is equal to the spacing between adjacent lines. A light source is placed
on the moving plate side, and light transmitted through the common area of the two
plates is detected on the other side using one or more photosensors. When the lines
on the two plates coincide, the maximum amount of light will pass through the com-
mon area of the two plates. When the lines on one plate fall on the transparent
spaces of the other plate, virtually no light will pass through the plates. Accordingly,
as one plate moves relative to the other, a pulse train is generated by the photosen-
sor, and it can be used to determine rectilinear displacement and velocity, as in the
case of an incremental encoder. Moiré fringes are the shadow patterns formed in
this manner. They can also be detected and observed by photographic means. With
this technique, very small resolutions (e.g., 0.0002 in.) can be realized. Note that
the method provides improved sensitivity over a basic optical encoder because light
passing through many gratings is received by the same photosensor. Also, finer line
spacing (in conjunction with wider light sensors) can be used in this method, thereby
providing increased resolution.

The moiré device is used to measure rigid-body movements of one plate of the
sensor with respect to the other, and it can be used to detect deformations (e.g.,
elastic deformations) of one plate with respect to the other in the direction orthogo-
nal to the grating lines. In this case, depending on the nature of the plate deforma-
tion, some transparent lines of one plate will be completely covered by the opaque
lines of the other plate, and some other transparent lines of the first plate will have
coinciding transparent lines on the second plate. Thus, the observed image will have
dark lines (moiré fringes) corresponding to the regions with clear/opaque overlaps of
the two plates and bright lines corresponding to the regions with clear/clear overlaps
of the two plates. Hence, the moiré fringe pattern will provide the deformation pat-
tern of one plate with respect to the other.

Example 5.6

Suppose that each plate of a moiré fringe deformation sensor has a line pitch of 0.01
mm. A tensile load is applied to one plate in the direction perpendicular to the lines.
Five moiré fringes are observed in 10 cm of the moiré image under tension. What is
the tensile strain in the plate?

Solution There is one moiré fringe in every 10/5 = 2 cm of the plate. Hence, exten-
sion of a 2 cm portion of the plate = 0.01 mm, and
0.01 mm

ile strain = — = 0. =
tensile strain 7% 10 mm 0.0005¢ = 500ue

In the foregoing example, we have assumed that the strain distribution (or deforma-
tion) of the plate is uniform. Under nonuniform strain distributions, the observed
moiré fringe pattern generally will not be parallel straight lines.
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5.10 LIMIT SWITCHES

Limit switches are sensors used in detecting limits of mechanical motions. A limit of

_a movement can be detected by using a simple contact mechanism to close a circuit

or trigger a pulse. Hence, the information provided by a limit switch takes only two
states (on/off, present/absent, go/no-go, etc.); it can be represented by one bit. In
this sense, a limit switch is considered a digital transducer. Additional logic is
needed if the direction of contact is also needed. Limit switches are available for
both rectilinear and angular motions.

A microswitch is a solid-state switch that can be used as a limit switch. Mi-
croswitches are commonly used in counting operations—for example, to keep a
count of completed products in a factory warehouse.

Although a purely mechanical device consisting of linkages, gears, ratchet
wheels and pawls, and so forth, can serve as a limit switch, electrical and solid-state
switches arc usually preferred for such reasons as accuracy, durability, a low activat-
ing force (practically zero) requirement, Jow cost, and small size. Any proximity
sensor could serve as the sensing element of a limit switch. The proximity sensor
signal is then used in the required manner—for example, to activate a counter, a
mechanical switch, or a relay circuit, or simply as an input to a control computer.

PROBLEMS

5.1. Identify active transduccrs among the following types of shaft cncoders, and justify
your claims. Also, discuss the rejative merits and drawbacks of the four types of en-
coders.

(a) Optical encoders

(b) Sliding contact encoders
(¢) Magnctic encoders

(d) Proximity sensor encoders

5.2. Explain why the spccd resolution of a shaft encoder depends on the specd itself. What
arc some of the other factors that affect speed resolution? The speed of a DC motor
was increased from 50 rpm tn 500 rpm. How would the specd resolution change if the
speed was measured using an incremental encoder
(1) By the pulse-counting method?

(b) By thc pulse-timing method?

5.3. Discuss construction features and operation of an optical encoder for mcasuring recti-

linear displacements and velocities.

What is bystercsis in an optical encoder? List several causcs of hysteresis and discuss

ways to minimize hysteresis,

Describe methods of improving resolution in an encoder. An incremental encoder disk

has 5,000 windows. The word size of the output data is 12 bits. What is the angular

resolution of the device? Assume that quadrature signals are available but that no inter-
polation is used.

5.6. A shaft encoder that hus N window per track is connected to a shaft through a gear sys-
tem with gear ratio p. Derive formulas for calculating angular velocity of the shaft by
(a) Thc pulse-counting method
(b) The pulse-timing method

5.4

.

5.5
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What is the specd resolution in each case? What cffect does stcp-up gearing have on the
speed resolution?

An optical encoder has » windows/inch diameter (in cach track). What is the eccen.
tricity tolerance e below which readings are not affected by eccentricity crror?

Show that in the single-track, two-sensor design of an incremcntal encoder, the phase
angle crror (in quadrature signals) due to eccentricity is inverscly proportional to the
second power of the radius of the code disk for a given window density. Suggest a way
to reduce this error.

Encoders that can provide 50,000 counts/turn with =1 count accuracy are commer-
ciatly available. What is the resolution of such an cncoder? Describe the physical con-
struction of an encoder that has this resolution.

A particular type of multiplexer can handic ninety-six sensers. Each sensor generates a
pulse signal with variablc pulse width. The multiplexer scans the incoming pulse sc-
quenccs, one at a time, and passes the information onto a control computer.

(a) What is the main objective of using a multiplexer?

(b) What type of sensors could be uscd with this multiplexer?

Supposc that a feedback control sytem is cxpected to provide an accuracy within Ay
in a response variable y. Explain why thc sensor that measures y should have a resolu-
tion of = (Ay/2) or better for this accuracy to be possible. An xy table has a travel of 2
m. The tecdback control system is expected to provide an accuracy of +1 mm. An op-
tical encoder is used to measure position for feedback in cach direction (x and y). What
is the minimum bit size that is required for cach encoder output bufter? If the motion
sensor used is an absolute encoder, how many tracks and how many sectors shoukd be
present on the encoder disk?

Discuss the advantages of solid-state limit switches over mechanical limit switches.
Solid-state liinit switches arc used in many applications, particularly in the aircraft and
aerospace industries. One such application is in landing gear control, to detect up,
down, and locked conditions of the landing gear, High rcliahility is of utmost impor-
tance in such applications. Mean timc between failure (MTBF) of over 100,000 hours
is possible with solid-state limit switchcs. Using your engincering judgment, give an
MTBF valuc for a mechanical limit switch.

Explain how resolution of a shaft encuder could be improved by pulsc interpolation.
Supposc that a pulsc generated from-#n incremental encoder can be approximated by

v = (1 + siu@>
’ Ag

where 8 denotces the angular position ot the encoder window with respect to the photo-
sensor position. Let us consider rotations of a half-pitch or smaller @.e.,
0 < 8 = A6/2, where Af is the window pitch angle). By using this sinusoidal approx-
imation for a pulse, show that we can improve the resolution of an cacoder indefinitely
simply by measuring the shape of cach pulsc at clock cycle intcrvals using 4 high-[re-
quency clock signal.

What is a Hall ctfect tachomcter? Discuss the advantages and disadvantages of a Hail
effect motion sensor in comparison to an optical motion sensor (¢.g., an optical cb-
coder).

The pulscs generated by the coding disk of an incremental optical encoder are approxi-
malely triangular in shape. Explain the rcason for this, Describe a method for convert-
ing these triangular pulses into sharp rectangular pulses.
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5.16, A brand of autofocusing camera uses a microprocessor-based feedback control system
consisting of a charge-coupled device (CCD) imaging system, a microprocessor, a
drive motor, and an optical encoder. The purpose of the control system is to focus the
camera automatically, bascd on the image of thc subject as secnsed by a matrix of
CCDs (a set of metal oxidc semiconductor ficld-cffect transistors, or MOSFETs). The
light rays from the subject that pass through the lens will fall onto the CCD matrix.
This will generate a matrix of charge signals, which ate shifted one at a time, row by
row, into an output buffer and passed on to the microprocessor after conditioning the
resulting video signal. The CCD image obtained by sampling the video signal is ana-
lyzed by the microprocessor to determinc whether the camcra is focused propedy. If
not, the lens is moved by the motor so as to achieve focusing. Draw a schematic dia-
gram for the autofocusing control systcin and explain the function of each component
in the control system, including thc encoder.

5.17. A Schmitt trigger is a semiconductor device that can function as a lcvel detector or a
switching element with hystercsis, The presence of hysteresis can be used, for exam-
ple, to eliminate chattering during switching caused by noise in the switching signal.
The input/output characteristic of a Schmitt trigger is shown in figure P5.17a. If the in-
put signal is as shown in figure P5.17b, determine the output signal.

Outpuw
{vults)
35
1] 10 15 input {voits)
input fa)
{voits)
40 |-
| 1 |
0 1.0 3.0 50 80 8.0 100 11.0 13.0 16.0

Time ¢ {secunds)
{b)

Figare P5.17. (a) The input/output characteristic of a Schmitt trigger. (b) A
triangular input signal.
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5.18. Displaccment sensing and speed scnsing arc essential for a position servo, If a digital

controller is employed to gencratc the servo signal, one option would be to use an
analog displacement sensor and an analog speed sensor, along with analog-to-digital
converters (ADCs) to produce the necessary digital feedback signals. Alternatively, an
incremental encoder could be used to provide bath displacement and speed fecdbacks,
In this case, ADCs arc not needed. Encoder pulses will provide interrupts to the digital
controller. Displacement is obtained by counting the interrupts, The speed is obtained
by timing thc interrupts. In some applications, analog speed signals are nceded. Ex-
plain how an incremental encoder and a frequency-to-voltage converter (FVC) may be
used to generate an analog speed signal.
Consider the two quadrature pulse signals (say, A and B) from an incremental encoder.
Using sketches of these signals, show that in one dircction of rotation, signal B is at a
high level during the up-transition of signal A, and in the opposite direction of rota-
tion, signal B is at a low level during the up-transition of signal A. Note that the direc-
tion of motion can be determined in this manner by using level detection of one signal
during the up-transition of the other signal.
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_CLARENCE W, deSIVA _

-;-Suiuable 1or both an undergraduate course in control system mstrumentahon and av e

- graduate course in sensors and actuators for feedback control this mext is also a
useful reference tool for practicing control system engineers, T'T'e_, text’s _sevenA
chapters comprise a thorough foundation in control system’instrumentation.” .-
Background information is provided in chapter 1. Component modelmg, rating,
maiching, and error analysis aspects are discussed early, in chamer 2, so that the -

retevance and significance of these considerations can be expiored in subsequent =
chapters. Chapters 3, 4, and. 5'are devoted 1o sensors and transducers (e.g., digital .

_and analog motion sensors; torque, force, ‘and tactile sensors}, and chapters 6 and
-7 consider stepper motors (permanent-magnet, variable reluctance, and hybrid |
types), and continuous-drive actuators such as DC motors, mducnon motors syn- '
chronous AC motors and hydraulic actuators.

The author treats the basic types of control sensors and actuators in separate’
chapters wilhout josing sight of the fact that various components in a control
system function interdependently in accomplishing the specific controt objective.
¢ in-depth discussions of some types of sensors and actuators include operating

_ principles, modeling, design considerations, ratings, specifications, and applica-
tions. While other components are covered in less detail, the student wili have
gained the background. needed 1o extend concépts and approaches to components
that are funcnonally .or physically similar,

Componem integration and design considerations are addressed. primarily through
numerous worked end-of-chapter examples and problems These are drawn from
application systems such as robotic mampulators machine tools, ground transit
vehicles, aircraft, thermal and fluid process plants, and digital-computer com-
ponents. Beyond their traditional roie, the problems serve as a valuable source of -
information in addition to the main text. Answers to the numerical problems only
are gwen at the end .of the book to encourage mdependent thlnkmg
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