Instrumentation and
Control Systems

W. Bolton

AMSTERDAM « BOSTON » HEIDELBERG * LONDON « NEW YORK » OXFORD
PARIS + SAN DIEGO » SAN FRANCISCO * SINGAPORE - SYDNEY « TOXYO
Newnes is an imprint of Elsevier

7

Newnes




1

2

3

4 .

Measurement systems

Instrumentation system
elements

Instrumentation case studies

Control systems

Contents

Preface

1.1
1.2
13
14
1.5

2.1
22
23
2.4
25
2.6
2.7
2.8
2.9
2.10
2.11
2.12

3.1
3.2
33
3.4

4.1
42
43
4.4
45

Introduction
Instrumentation systems
Performance terms
Reliability
Requirements

Problems

Introduction
Displacement sensors
Speed sensors

Fluid pressure sensors
Fluid flow

Liquid level
Temperature sensors
Sensor selection
Signal processing
Signal transmission
Smart systems

Data presentation elements
Problems

Introduction

Case studies

Data acquisition systems
Testing

Problems

Introduction
Control systems
Basic elements
Case studies

Discrete-time control systems

Problems

ix

N

11
14

17
17
24
25
27
31
33
38
39
54
57
58
62

68
68
74
77
79

82
83
86
89
98
98




vi Contents

5  Process controllers 5.1 Introduction 101 -
5.2 On—off control 102
5.3  Proportional control 104
54 Derivative control 108
5.5 Integral control 110
5.6 PID control 112
5.7 Tuning 115
5.8 Digital systems 119
Problems 121
6  Correction elements 6.1 Introduction 125
6.2 Pneumatic and hydraulic systems 125
6.3 Directional control valves 129
6.4 Flow control valves 135
6.5 Motors 142
6.6 Case studies ' 149
Problems 151
7  PLC systems 71 Introduction : 156
7.2 Logic gates , 157
73 PLC system - 160
74 PLC programming , 162
1.5 Case studies 169
Problems - 173
8  System models 8.1 Introduction 179
8.2 Gain 180
83 Dynamic systems : 183
84 Differential equations - 193
Problems 197
9 Transfer function 9.1 Introduction 200
9.2 Transfer function _ 200
9.3 System transfer functions 206
9.4 Block manipulation 208
9.5  -Multiple inputs 212
9.6 Sensitivity 213
Problems 216
10 System response 10.1  Introduction 219
10.2  Inputs 219
10.3  Determining outputs 220
10.4  First-order systems 226

10.5  Second-order systems 230




Contents vii

11

12

13

Frequency response

Nyquist diagrams

Controllers

Appendix A: Errors

Appendix B: Differential

equations

Appendix C: Laplace
transform

10.6  Stability

10.7  Software
Problems

11.1  Introduction

11.2  Sinusoidal inputs

11.3  Bode plots

11.4  System identification

11.5  Stability

11.6  Compensation
Problems

12.1  Introduction

12.2  The polar plot

12.3  Stability

12.4  Relative stability
Problems

13.1  Introduction

13.2  Controllers

13.3  Frequency response

13.4  Systems with dead time

13.5  Cascade control

13.6  Feedforward control
Problems
Measurement errors
Random errors
Combination of errors
Differential equations
Solving differential equations
The Laplace transform
Obtaining the transform
The inverse transform
Solving differential equations

Answers

]né’ex

240
245
247

252
255
261
271
272
275
278

282
282
284
287
288

290
290
295
296
299
300
300

303
304

307

311
312

319
320
324
324

327

334




Index

Accuracy, 5
Actuator, 88, 126, 127
Alphanumeric display, 58
Amplifier,
as system, 1,3 ,
transfer function, 204
Analogue,
signal, 45
-to-digital converter, 45
voltage transmission, 54
AND, 158, 163
Antilock brakes, 92
Argand diagram, 254
Argument, 254
ASCIL, 55
Automation, 82
Average, 304

Bimetallic,
strips, 33
thermostat, 102
Binary number, 46
Bit, 46
Bode plots, 261, 295, 297
Bourdon tube, 26
Bumpless transfer, 115
Bus, 57 )

Calibration, 11
Capacitive:
displacement sensor, 19
humidity sensor, 72
level indicator, 32
- proximity switch, 24
Capacitance,
system attribute, 102
Car suspension, 183
Cascade, 299
Cathode ray tube, 59
CD player system, 2
Central heating system, 103, 172

Charge amplifier, 53
Comparison element, 87
Compensation, 275
Complex numbers, 253
Controllers,
derivative, 108, 290
direct digital, 119
clement, 87
frequency response, 295
integral, 110, 291
law, 101
on—off, 102
PD, 109, 290, 295
PI, 111,291,295
PID, 112,291, 296
proportional, 104, 290, 295
selection, 292
two-step, 102
Control systems,
cascade, 299
case studies, 89
closed-loop, 85
Compensation, 275
defined, 84
disturbances, 213
elements, 86
feedforward, 300
open-loop, 85
sensitivity, 213
uses of, 83
Conversion time, ADC, 47
Coriolis flowmeter, 30
Correction element, 88, 126
Current,
loop, 54, 57
-to-pressure converter, 125
-to-voltage converter; 51
Cylinder,
cyclic movement, 170
principle, 127
sequencing, 132, 171
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Cylinder, continued
transfer function, 204

Dall tube, 28
Damping,
critical, 196, 232, 316
factor, 195,231, 316
overdamped, 196, 231, 316
underdamped, 196, 232, 316
DAQ, see Data acquisition system
Darlington pair, 2
Data, :
acquisition system, 74
logger, 76
presentation indicator, 58
presentation system, 3, 58
transfer, 76
Dead,
band, 7, 103
space, 7
time, 101, 296
-weight pressure calibration,
70
Decrement, 236
Delay,
time, 101, 228
transfer, 101
Derivative control,
Laplace transform, 291
principle, 108
time constant, 108, 291
with P, 109, 291, 295
Deviation,
absolute, 106
fractional, 106
percentage, 106
Diaphragm sensor, 25, 70
Differential equation,
characteristic equation, 231
complementary function, 313
first-order, 193, 226, 258,
312
for models, 180
homogeneous, 311
order, 311
ordinary, 311
particular integral, 313
second-order, 195, 230, 260,
315
separation of variables, 312

solving, 312
solving by Laplace, 325
Differential pressure, level gauge,
32
Digital,
signal, 45
-to~analogue conversion, 48
voltage transmission, 54
Direct,
action, 101
digital control, 119
Discrete-time control systems, 98,
156
Displacement sensors, 17, 70
Displacer gauge, 31
Distance-velocity lag, 102
Disturbance with control systems,
212,215,294
Drift, 9
Drill, automatic, 98
Dynamic,
characteristics, 9
response, 179

Earths, multiple, 56
Embedded systems, 121
Encoder,
absolute, 20
defined, 20
incremental, 20, 24
Engine,
idling speed control, 105
management system, 91
Error,
combination, 307
defined, 5
human, 304
hysteresis, 5
insertion, 6, 304
instrumentation, 303
non-linearity, 5
random, 304
reading, 303
standard, of mean, 306
systematic, 304

Fail-safe, 141
Failure rate, 10
Feedback, 88, 181
Feedforward, 300
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Fibre-optic transmission, 55
Floats, 31, 72, 94, 104
Flow, fluid,
control, 97
sensors, 27,71
Forward path, 88, 181
Free-body diagram, 184
Frequency response,
controllers, 295
defined, 252
first-order system, 258
function, 255
second-order system, 260
Fuel pressure control, 91

Gain,
crossover, 273
feedback systems, 181
margin, 273, 287
series systems, 180
steady-state, 193
system, 180

Galvanometric recorder, 60

General purpose instrument bus,

76
GPIB, 76
Gray code, 21

Hart communication protocol, 57
Hot-wire anemometer, 71
Humidity measurement, 72
Hydraulic source, 126

Impulse input, 219
Instrumentation system,
case studies, 68
constituent elements, 3
defined, 2
faults, 79
maintenance, 77
performance terms, 5
testing, 77
Integral control,
Laplace transform, 291
principle, 110
time, 112, 291
windup, 295
with P, 111, 291, 295
Intelligent sensor, 57
Interference,

described, 55
reduction, 56

Kirchhoff’s laws, 187

LabVIEW, 76
Ladder program, 162
Lag, 101
Laplace transform,
final value, 322
initial value, 322
inverse, 220, 324
properties, 320
table, 220
uses, 200, 219, 319
Latching, 164
Law of intermediate temperatures,
35
LED, 22, 45,58
Level, liquid,
control, 94, 104, 149, 192,
299
measurement sensors, 31, 38,
72 )
transfer function, 205
Light-emitting diode, see LED
Linear variable differential
transformer, see LVDT
Liquid crystal display, 58
Liquid-in-glass thermometer, 34
LM35, 36,57
Load cell, 32
Loading, 6
Logic gates, 157, 163
Lumped parameter model, 183
LVDT,
described, 20
dimension checking, 73
pressure gauge, 26
pressure-to-current converter,
53
sheet thickness control, 94

Machine tool control, 96, 133,
150 -
Magnetic recording, 62
MATLAB, 245,262, 283
Mean, 304
Models,
electrical systems, 186
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Models, continued
hydraulic systems, 191
mechanical systems, 183
rotational systems, 185
thermal systems, 188

Modulus, 254

Moir¢ fringes, 21

Motor,
brushless, 144
compound, 143
d.c., 142
permanent magnet, 142
separately excited, 143
series-wound, 143
shunt-wound, 143
stepper, 145, 150, 231
transfer function, 204, 205

Motorola MPX, 25

Moving coil meter, 58

NAND, 159, 164
Neutral zone, 103
Noise, 55
NOR, 159, 164
NOT, 158, 163
Nozzle flowmeter, 28
Nucleonic level gauge, 33
Nyquist,
diagram, 282
stability criterion, 284

Op-amp,
case study, 71
charge, 53
differential, 52
gain, 182
instrumentation, 52
inverting, 49
non-inverting, 50
principle, 49
sensitivity, 214
virtual earth, 50
voltage follower, 51
Operational amplifier, see Op-amp
Optical,
fibres, 55
proximity sensors, 22
sensors, 22
Optoisolator, 44, 161
OR, 158, 163

Orifice plate, 28
Overshoot, 235

Parity bit, 55
Partial fractions, 222, 324
Peak time, 235
Phase,
crossover frequency, 273
difference, 252
-lag compensation, 277
-lead compensation, 276
margin, 273, 287
Phasor, 252
Photoconductive cell, 22
Photodiode, 22

. Phototransistor, 22

PID control, 112, 291, 295
Piezoelectric sensor, 26
Pitot tube, 28
PLC system,
components, 160
counter, 167
input/output, 161
internal relay, 165
ladder program, 162
latching, 164
principle, 157
timer, 166
Pneumatic,
sources, 126
system, 125
transmission, 55
Polar plot, 282
Pole,
defined, 242
and stability, 243
Position control, 90
Potentiometer, 18, 204 -
Power steering, 91
Precision, 7
Pressure,
absolute, 25
differential, 25
gauge, 25
measurement system, 9, 70
sensors, 25
system calibration, 70
-to-current converter, 53
Printer,
dot-matrix, 60
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Printer, continued
ink jet, 61
laser, 61
Process control, 88
Programmable logic controller, see
PLC system
Proportional,
band, 105
control, 104, 290
disturbance rejection, 294
offset, 107,293
with D, 109, 291, 295
with I, 111,291, 295
withTand D, 112, 291, 295
Protection, 44
Pulse width modulation, 144
Pyroelectric sensor, 23
Pyrometers,
disappearing filament, 37
optical, 36
total radiation, 36, 37

Radiator, car, control system, 103
Ramp input, 219
Range, 7, 105
Recorder, 60
Reed switch, 23
Regulator, 89
Relay, 103
Reliability, 10
Repeatability, 7
Reproducibility, 7
Resistance,
temperature detector, 34, 41
to voltage converter, 39
Resolution, ADC, 47
Response time, 9
Reverse action, 101
Rise time, 9, 229, 234
Robot,
control system, 149
gripper, 95
Rotameter, 28
Rotation speed control, 89
RS-232, 55,76
RS-422, 76
RS-485, 55

Safety systems, 14
Sensitivity, 8, 213

Sensor,
defined, 3
displacement, 17
fluid flow, 27
fluid pressure, 25
liquid level, 31, 38
selection, 38
speed, 24
temperature, 33, 38
Serial communication, 55, 76
Settling time, 9, 237
Signal conditioner, 39
Signal lamp system, 170
Signal processor,
defined, 3
forms of, 39
Signal transmission, 54
Simulink, 246
Smart systems, 57
Span, 7, 105
Speed sensors, 24
s-plane, 242
Stability, ,
and frequency response, 273
and Nyquist diagram, 284
and transfer function, 240
definition, 272
instrumentation system, 9
measures, 273

Standard,
"~ deviation, 305
error, 306
. Standards,
national, 12
primary, 12

supplementary, 12
traceable, 13
Static, ,
characteristics, 9
response, 179
Strain gauge,
bridge, 40, 42
described, 18
gauge factor, 18
load cell, 32
pressure gauge, 25
temperature compensation,
42
Steady-state error, 107
Step input, 179, 219, 320
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Stilling well, 149
Subsidence ratio, 236
Superposition principle, 212
Switch,
limit, 23
mechanical, 23
reed, 23,72
System,
block diagram, 1
defined, 1
identification, 197, 271
instrumentation, 2
measurement, 4
model, 179
response, 219

Tachogenerator, 24, 205

Temperature,
compensation, 42
control, 105
measurement, 68
sensors, 33, 38

Thermistors, 34, 68

Thermocouple, 9, 35, 74
compensation, 36, 42
with ADC, 48

Thermodiode, 36

Thermotransistor, 36

Thickness control, 93

Time constant, 193, 226

Transducer, 4

Transfer function,
block manipulation, 208
feedback systems, 207
multiple inputs, 212
series systems, 206
system, 200

True value, 305

Truth table, 158

Tuning,
process reaction, 115
ultimate cycle, 117
quarter-amplitude, 119

Ziegler and Nichols, 115
Turbine flowmeter, 29
Two-step control, 102

Ultrasonic,
flowmeter, 29
level gauge, 33

Valve,

directional control, 93, 127,

129, 149

double seated, 135

finife position, 127

flow control, 94, 127, 135,

141

infinite position, 127

plug, 136

positioner, 140

rangeability, 138

shuttle, 133

single seated, 135

sizing, 139

spool, 133

turndown, 138
Venturi tube, 27
Voltage-to-current converter, 51
Voltmeter, digital, 59
Vortex flowmeter, 29

Wheatstone bridge,
case study, 70
four-wire, 41
system, 3,
theory 40
three-wire, 41

Word, 46

XOR, 159, 164
Zener diode, 44

Zero drift, 9
Ziegler and Nichols, 115, 297



