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absolute pressure, 330
advanced control, 641
all-pass element, 312, 669
all-pass filter, 81
amplitude ratio, 78, 159, 297
asymptotes, 503
asymptotic stability
and eigenvalues, 221
and forced response, 224
and ultimate response, 225
bioreactor example, 233
CSTR example, 237
definition, 221
of nonlinear systems, 231
theorem of Lyapunov, 233
automatic control, 1

backward rectangle approximation, 84

ball in a valley, 220

band-pass filter, 81

band-stop filter, 81

block diagram, 118, 120
heating tank example, 333
multi-loop systems, 356
representation, 351
simplification, 350
simplification rules, 353

Bode diagrams, 298
and straight-line approximation, 303
first-order systems, 79, 299
high-frequency, 311
higher-order systems, 302
integrating systems, 300
lead-lag element, 306
low-frequency, 311
nonminimum phase element, 310
second-order systems, 299

Bode plots, 298

bounded-input-bounded-output

stability, 273

and asymptotic response, 275
conditions, 274
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bounded-input-bounded-state
property, 224

cascade control
“triple” cascade systems, 688
advantages, 685
benefits, 688
examples, 684
introduction, 684
model-based, 688
Cayley—Hamilton theorem, 752
center of gravity, 503
characteristic polynomial, 216, 253
closed loop, 328
characteristic polynomial, 385
poles, 385
stability, 385
closed-loop response
systems with dead time, 467
closed-loop system, 5
and P control in state space, 415
and PI control in state space, 417
general case in state space, 419
closed-loop transfer function, 352
conservation laws
energy, 22
general form, 20
mass of a component, 22
total mass, 21
conserved quantities, 20
control actions
general comments, 395
control laws
introduction, 338
proportional controller, 339
proportional-derivative controller,
340
proportional-integral controller, 340
proportional-integral-derivative
controller, 342
state space, 341
control room, 6

control valve, 331
control volume, 20
controlled variable, 5
controller, 2, 328
controller bias, 339
controller gain, 339
convolution integral, 83
convolution theorem, 722
CSTR

nonlinear closed loop, 427

damped-oscillation frequency, 152
damping factor, 146
dead time
accuracy of approximations, 452
and distributed parameter systems,
442
Bode stability criterion, 583
derivation of Padé approximation,
450
low-order Padé approximations, 451
n first-order systems in series, 445
Padé approximation, 449
reverse Taylor approximation, 455
stability, 460
step response of a first-order
system, 441
Taylor approximation, 449
decay ratio, 154
decibels, 303
delayed measurement, 438
denominator polynomial, 259
derivative time, 342
deviation variables, 59, 63, 176
diagonal elements, 744
differential delay systems, 468
differential pressure, 330
differential pressure cell, 330
discrete time model
general SISO system, 193
general state space, 422
distributed control system, 7
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disturbance rejection, 379
disturbance variables, 5
dynamic output response
standard inputs, 190
dynamic response
forced response, 187
to an arbitrary input, 191
to standard inputs, 188
unforced response, 187
using the matrix exponential
function, 195

eigenvalues and dynamic response, 218
equal-percentage valve, 332
equilibrium point, 221

error, 5, 8

Euclidian norm, 232

Faraday’s law, 35
feedback control
disturbance rejection, 701
feedback control loop
block diagram, 377
parts, 351
steady-state analysis, 378
steady-state error, 378, 380
feedback control loop examples
flow control, 337
heating tank, 332
liquid level, 335
pressure control, 337
feedback control system, 5
feedforward control
comparison with feedback, 708
disadvantages, 696
examples, 696
FOPDT system, 705
ideal form, 698
introduction, 695
model-based, 700
optimal, 702
feedforward—feedback control, 699
model-based, 709
Q-parameterization, 712
filter factor, 87
filtering, 87
final control element, 2, 328, 351
final-value theorem, 723
first order plus dead time
approximation of higher-order
systems, 455

Bode stability criterion, 584
exact stability limits under P
control, 463
feedforward control, 705
general model, 441
model-based control, 661
parameter estimation, 456
stability analysis with P control, 461
step response, 441
first-order system
Bode diagrams, 79
CSTR, 57
definition, 55
discrete, 82
estimation of parameters, 70
frequency response, 78
general form, 99
general model, 58
mercury thermometer, 55
sinusoidal response, 78
solution by integrating factor, 60
solution by Laplace transform, 61
transfer function, 64
first-order system response
to impulse input, 75
to pulse input, 73
to ramp input, 75
to sinusoidal input, 77
to step input, 68
first-order systems
in parallel, 119
in series, 115
interacting, 122
forced response, 63
forward rectangle approximation,
84
fractional opening of a valve, 332
frequency response, 298
first-order system, 78

gain margin, 588

heat of reaction, 31
heating tank
P control, 360
PI control, 363
with dead time, 437
heating tank example
combined performance criterion,
562
discrete PI control, 424
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eigenvalue analysis, 412, 415
ISE performance criterion, 551
stability under P control, 393
stability under PI control, 386, 391
stability under PID control, 396
state-space model, 409
state-space under PI control, 413
steady-state analysis, 412
Heaviside function, 719
higher-order systems
approximation by FOPDT, 455
high-pass filter, 81

improper transfer function, 257
information flow, 4
inherent characteristics of a valve, 332
initial-value theorem, 723
input—output model, 254
integral action, 384
integral time, 340
integrating process
P control, 364
integrating system, 90
integrating system plus dead time
stability analysis, 465
internal model controller, 650
inventory rate equation, 20
inverse Laplace transform, 725
inverse response, 272

Kirchhoff’s law, 40

Laplace expansion, 747
Laplace transform, 719
definition, 719
elementary functions, 720
properties, 721
solving ODE, 732
lead-lag element, 306
level sensors, 330
linear approximation of a function, 90
linear partial differential equation, 443
linear time-invariant systems, 175
linear valve, 332
linearization, 91, 94, 228, 230
general first-order system, 100
locally asymptotically stable, 231
locus of the roots, 502
loop transfer function, 353, 576
low-pass filter, 81, 87
equation, 82
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Luedeking and Piret model, 34
Lyapunov equation, 550
Lyapunov theorem, 233

manipulated variable, 2, 5
Maple command
BodePlot, 320
dsolve, 45
GainMargin, 605
ImpulseResponse, 285
int, 104
invlaplace, 105, 737
laplace, 105
matrix, 205
MatrixExponential, 205
pade, 473
parfrac, 738
PhaseMargin, 606
plot, 165
residue, 284
RootLocusPlot, 534
vectror, 205
ZeroPoleGain, 283
mathematical models
distributed, 19
empirical, 19
general comments, 18
lumped, 19
mechanistic, 19
steps in developing, 19
MATLAB command
bode, 319
c2d, 204
conv, 736
dcgain, 280, 400
expm, 202
feedback, 367
fminsearch, 566
impulse, 281
linspace, 202
margin, 604
nyquist, 319
ode45s, 43
pole, 280
residue, 280, 736
rlocfind, 532
rlocus, 531
roots, 736
series, 281, 367
ss, 203,473
ss2tf, 203

step, 203
tf, 281,473
tf2zp, 280
zero, 280
matrix
addition, 743
adjoint, 749
commands in Maple, 758
commands in MATLAB, 756
definition, 743
determinant, 747
diagonal, 744
differentiation, 755
eigenvalues, 750
identity, 744
integration, 755
inversion, 749
square, 744
subtraction, 743
symmetric, 745
transpose, 745
zero, 744
matrix exponential, 745
matrix exponential function, 180
definition, 180
properties, 180, 181
maximum overshoot, 154
measured variables, 5
measurement, 8
mercury thermometer
selection of reference temperature, 62
minimum-phase factor, 645, 669
model-based control, 642
cascade control, 688
controller synthesis formula, 649
dynamic performance, 645
factorization of the transfer
function, 645
feedforward, 700
feedforward and feedback, 709
filter selection, 676
in state space, 668
introduction, 642
ISE optimal, 645
large dead time, 657
low-order models, 650
MIMO systems, 674
modeling error, 660
nearly optimal controllers, 648
specifications, 642
zero offset, 644

modelling example
bioreactor, 32
blending process, 25
CSTR isothermal, 28
CSTR, nonisothermal, 30
electrical circuit, 39
flash distillation, 37
heating tank, 26
integrating system, 88
interacting tanks, 122
liquid storage tank, 23
mechanical systems, 41
mercury thermometer, 55
mixing tank, 614
n tanks in series, 174
solid-oxide fuel cell, 34
spring with an attached object, 145
tank with input bypass, 97
tanks is parallel, 119
three tanks in series, 173
two tanks in series, 116
Monod equation, 33
multi-input-multi-output systems, 197
state-space description, 197
transfer function description,
201
multiple input-multiple output
closed loop in state space, 625
closed-loop transfer function, 625
decoupling, 632
dynamic response, 620
interaction, 627
introduction, 613
poles, 621
stability, 621
state space, 615
steady-state gain matrix, 616
transfer-function matrix, 618
zeros, 621
Myshkys method of steps, 468

natural frequency, 147

Nernst potential, 36

Newton’s second law, 42

noise, 87

nonlinear systems

closed-loop system in state space,

426

nonminimum phase element, 310

numerator polynomial, 259

Nyquist criterion for stability, 595
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Nyquist plots, 298, 312
first-order systems, 313
higher-order systems, 317
integrator, 315
lead system, 316
second-order systems, 314

offset, 379, 380, 381, 382

optimal PID controller parameters
combined criteria, 559
quadratic criteria, 557

Padé approximation
and step response, 470
Parseval's theorem, 723
partial fraction expansion, 725
partial fractions, 216
peak time, 154
pendulum system, 220
performance criteria
based on input variation, 556
calculation for infinite and finite
time, 544
calculation in Laplace domain,
554
combined, 546
derivative of the error, absolute, 546
derivative of the error, squared, 546
input variation, 546
integral of the absolute error, 543
integral of the error, 543
integral of the squared error, 543
integral of the time-weighted
squared error, 545
integral of time-weighted absolute
error, 545
integrating process, example, 546
introduction, 541
Lyapunov equation, 550
quadratic criteria, calculation, 549
symbolic calculation, 569
phase angle, 298
phase margin, 587
polar plot, 298, 312
poles, 259, 484
and eigenvalues, 259
pressure sensors, 330
principle of the argument, 594
Process and Instrumentation
Diagrams, 8
process control, 1

process dynamics
typical responses, 10
Process Flow Diagram, 8
proper transfer function, 257
proportional-derivative controller
ideal, 342
real, 343
real, state-space, 343
proportional-integral controller
phase and gain margin specification,
590
proportional-integral-derivative
controller
ideal, 342
real, 344
summary, 344
Ziegler—Nichols tuning, 592

Q-parameterization, 644

rate of cell growth, 32
ratio control
examples, 694
introduction, 694
rational function, 253
RC circuit, 40
reaction rate, 22
recursive calculation, 84
relative order, 257, 649
relative stability, 587
resistance thermometers detectors, 329
resolvent identity, 753
resolvent matrix, 177, 216, 753
resonance, 160
rise time, 154
robust stability, 664
conditions, 664
root-locus diagram, 485, 488
angles of arrival, 508, 515
angles of departure, 508, 512
approximate sketching, 504
basic properties, 502
break-away points, 508
controller parameters, 527
points of intersection, 521, 524
third-order system and P control,
505
third-order system and PI control,
506
third-order system and PID control,
507
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Routh array, 389
Routh criterion, 389

sampling period, 83
choice and accuracy, 225
second-order system
as two first-order systems in series,
147
Bode diagram, 159
estimation of the parameters, 158
example, 145
frequency response, 159
general equation, 146
general form, 161
step response, 148
step response, characteristics, 154
step response, critically damped, 151
step response, overdamped, 150
step response, underdamped, 152
transfer function, 146
sensitivity coefficient, 381, 384
sensitivity function, 381, 384
sensor, 6, 328, 351
set point, 2, 5
set point tracking, 378
settling time, 154
single-input-single-output systems,
175
Smith predictor, 657
specific enthalpy, 23
specifications
in model based control, 642
stability, 10
Bode criterion, 576, 577
criteria in the frequency domain,
575
Nyquist criterion, 594
stability limits, 394
stabilizing controllers, 644
standard inputs
pulse, 66
ramp, 66
sinusoidal, 67
step, 65
Standard ISA-S5, 8
state space
with input delay, 440
with output delay, 440
state-space description, 171
state-space equations
general solution, 182
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state-space model, 117
static gain, 176, 260
steady-state gain, 58, 69
step response

and zeros of the transfer function, 268
stoichiometric number, 22
summing point, 120
superposition principle, 61
surge tank, 88
symbols

in P&ID diagrams, 9
system eigenvalues, 217

take-off point, 121
temperature sensors
models, 330
thermocouples, 329
thermoelectric circuit, 329
third-order process
P control, 485
PI control, 490
PID control, 490
time constant, 58
transducer, 9
transfer function, 252

transient behavior, 10
transmitter, 328

ultimate gain, 591
ultimate period, 591
unforced response, 63

vapor-liquid equilibrium, 37
zero-order hold, 84

zeros, 259
Ziegler—Nichols tuning rules, 591
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