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Part I Control Principle

Unit One Introduction to Contrel Systems

Control Systems

In recent years, automatic control systems have assumed an increasingly impor-
tant role in the development and advancement of modern civilization and technology.
Domestically, automatic controls in heating and air conditioning systems regulate the
temperature and the humidity of modern homes for comfortable living. Industrially,
automatic control systems are found in numerous applications, such as guality con-
trol of manufactured products, automation. machine tool control, modern space
technology and weapon systems, computer systems, transportation systems, and ro-
botics. Even such problems as inventory control, social and economic systems con-
trol, and environmental and hydrological systems control may be approached from

the theory of automatic control,

The basic control system concept may be the sim- ~ Aciusung Conrrolled
e signals {Conirol | variable .
ple block diagram shown in Fig. 1. 1. The obiective of (npuny | ¥5em 4’(Ompm)
the system is to control the variable ¢ in a prescribed g 1.1 Basic control

manner by the actuating signal e through the elements system
of the control system,

In more common terms, the controlled variable is the output of the system, and the
actuating signal is the input. As a simple example, in the stecring control of an automobile,
the direction of the two front wheels may be regarded as the controlled variable ¢, the out-
put. The position of the steering wheel is the input, the actuating signal e, The controlled
process or system in this case is composed of the stecring mechanisms, including the dy-
namics of the entire automohile, However, if the objective is to control the speed of the au-
tomobile, then the amount of pressure exerted on the accelerator is the actuating signal,
with the speed regarded as the controlled variable,

There are many situations where several variables are to be controlled simulta

neously by a number of inputs. Such systems arc referred to as multivariable sys-
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tems.

Open-Loop Control Systems (Nonfeedback Systens)

The word automatic implies that there is a certain amount of sophistication in
the control system. By automatic, it generally means that the system is usually capa-
ble of adapting 1o a variety of operating conditions and is able to respond to a class of
inputs satislactorily. However, not any 1ype of control system has the automatic fea-
ture, Usually, the automatic feature is achieved by feeding the output variable hack
and comparing it with the command signal. When a system does not have the feed-
back structure. it is called an open loop system, which is the simplest and most eco-
nomical type of control system, Unfortunaiely, open-loop control systems lack accu-
racy and versatility and can be used in none but the simplest types ol applications.

Consider, for example, control of the furnace for home heating, Let us assume that the
furnace is equipped only with a timing device, which controls the on and off periods of the
furnace. 'Ib regulate the temperature 10 the proper level, the human operator musl estimate
the amount of time required for the furnace to stay on and then set the timer accordingly.
When the presct time is up, the furnace is turned oll, However, it is quite likely that the
house temperature is either above or below the desired value, owing to inaccuracy in the es-
tirnate, Without further deliberation, it is quite apparent that this type ol control is inaccu-
rate and unreliable, (Jne reason for the inaccuracy lies in the [act that one may not know the
exact characteristics of the furnace. The other factor is that one has no control over the out-
door temperature, which has a definite bearing on the indoor temperature. This also points
10 an important disadvantage of the performance of an open-loop control system, in that the
system is not capahle of adapting 10 variations in environmental conditions or to external
disturbances, In the case of the furnace control, perhaps an experienced person can provide
control for a certain desired temperature in the house; but if the doors or windows are
opened or closed intermittently during the operating period, the final temperature inside the
house will not be accurately regulated by the epen-loop control,

An electric washing machine is another typical example of an open-loop system,
because the amount of wash time is entirely determined by the judgment and estima-
tion of the human operator, A true automatic electric washing machine should have
the means of checking the cleanliness of the clothes continuously and turn itself ofl
when the desired degree of cleanliness is reached,

Although opeu loop control systems are of limited use, they form the basic ele-
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ments of the closed-loop control Reference Contrelled
_lnput | Controller Process | variable |
systems. In general, the elements of - c

an open-loop contrel system are re-

. Fig. 1. 2 DBlock diagram of an open-loop
presented by the block diagram of £ &

) . . control system
Fig. 1. 2. An input signal or com-
mand 7 1s applied to the controller, whose output acts as the actuating signal e; the
actuating signal then actuates the controlled process and hopefully will drive the con-

trolled variable ¢ to the desired value.

Closed-loop Control Systems (Feedback Control Systems)

What is missing in the open-loop control system for more accurate and more adaptable
control is a link of feedback from the output to the input of the system. In order to obtain
more accurate control, the controlled signal c(#£) must be fed back and compared with the
reference input, and an actuating signal proportional tc the difference of the output and the
input must be sent through the system to correct the error. A system with onc or more
feedback paths like that just described is called & closed-loop system. Human beings are
probably the most complex and sophisticated Jeedback control system in existence, A human
being may be considered to be a control systern with many inputs and outputs, capable of
carrying out highly complex operations.

To illustrate the human being as a feedback control system, let us consider
that the objective is to reach [or an object on a desk. As one is reaching for the ob-
ject, the brain sends out a signal to the arm to perform the task., The eyes serve as
a sensing device which [eeds back continuously the position of the hand. The dis:
tance between the hand and the object is the error, which is eventually brought to
zero as the hand reaches the object. This is a typical example of closed-loop control,
However, if one is told 1o reach for the object and then is blindlolded, one can only
reach toward the object by estimating its exact position. It is quite possible that the
object may be missed by a wide margin. With the eyes blindfolded, the feedback

path is broken, and the human is operating as an open-loop system. The example of

leror | Contraller Process position  the reaching of an object by a
{hratn} {arm and hand} of hand

human being is described

e by the block diagram shown
Iig. 1. 3 Block diagram of a human being as in Fig. 1. 3.

a closcd: ioop control system As another illustrative
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exanmple of a closed-loop control system, Fig. 1.4
Fudder

[

Amphifier

Steering

Fig. 1.4  Rudder control system

shown the block diagram of the rudder comirol system of a ship, In this case the oh-
jective of control is the position of the rudder. and the relerence input is applied
through the steering wheel. The error between the relative positions of the steering
wheel and the rudder is the
signal, which actuates the
controller and the motor.
When the rudder is finally a-
¢ ligned with the desired refer-

{a) 4]

ence direction, the output of
Fig. 1.5  Action of rudder control system the error sensor is zero, Let
(a} Step displacement input of rudder control system; .
. us assume that the steering
(b) Typical output responses o i

wheel position is given as

sudden rotation of R units, as shown by the time signal in Fig. 1. 5(a). The position
of the rudder as a lunction of time. depending upon the characteristics of the system,
say typically be one of the responses shown in Fig. 1. 5(h). Because all physical sys-
tems have electrical and mechanical incrtia, the position of the rudder cannot respond
instantaneously to a step input, but will, rather, move gradually toward the {inal de-
sired position, (Mten, the response will oscillate about the final position before set-

ting. 1t is apparent that for the rudder control it is desirable to have a nonoscillatory

response,
The basic elements and :
. Input-—— Error (Z‘.omrollerl—'—-'J Process Output
the block diagramm of a
closed-loop control  system
are shown in Fig 1.6. In Feedhack efemenis |

general, the configura-
tion of a feedback control  Tig. 1.6  Basic elements of a feedback control system
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system may not be constrained to that of Fig. 1. 6. In complex systems there may be a

multitude of [eedback loops and element blocks,

. assume

. domestically

. advancement

. humdity

. transportation
. inventory

. environmental

. hydrological

(Lo T v <IN B o T e T S

. prescribe
10. actuate

11. variable

12, multivariable
13. feedback

14. adapt

15. respond

16. versatility
17. estimate

18. characteristic
19. bearing

20, external

21. disturbance
22. intermittent
23. blind fold
24. margin

25. rudder

26. align

27. inertia

28. oscillate

New Words
[a'sju;m] v, AERE BT IER
[do'mestikoli | ad. ZEH. R
[ad’va: nsmant | n. AUk R BT
[hju; miditi ] no (BRENEE
Uitreenspo: ‘teifon) n.  iSH 8%
| 'invontri | n. TREHHH 3B
[inyvaisran'mentl | o,  ER . FEH
[ hai’ droladsziket | a. KM
[pri skraib] . FREY T SRR AT AT SN A 6T
["aektjueit ] v, BR{E B
[* veariabl ] a. B ELE

n R

[imalti’ veariobl | n. £
[l dbeek ] no SUR.EE
[ 5 deept | v.  EEMNJEE
[ris'pond] v.  WARE ERRL
| iva: so'tiloti ] n.  EMIA.AEN.EFEZ
[’ estimeit | v. AHitEE
[ keerikia'ristik] . HEH . AHEan
[ "bearin] n, BhRH XERERE
[ eks'ta;nl ] a.  SMBAY. KRR
{ dis'ta: bons] n.  sh. L
LinteC:) 'mitent]  a.  [EEKEHH TG
['blaindfald] a. B E{EHE
| 'ma;dzin | n &S EE.E
[ ‘radal n. KE
[o'lain] v, LA
['ne: Jjal n. YRS
[osileit ] T 5 . Rsh . 230
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29. multitude | raaltitju:d] n, WE.AH.EE
30. sophistication [ safisti’'keifen] no  WH¥.EBHE.ER
31. deliberation | dijlibo'reifon | n. {HEXE.REBRE

Expressions and Tenms

be aligned with B fl—F

open-loop I+

a multitude of PR AR
Notes

1. In order to obtain more accurate control, the controlled signal ¢(z) must be
fed back and compared with the reference inpul. and an actuating signal proportional
to the difference of the output and the input must be sent through the system to cor-
rect the error,

propertional to the difference of the output and the input $E5278, ##4F actuating
signal.

2. With 1he eyes blindfolded, the fecdback path is broken, and the human is op-
erating as an open-loop system,

MM B0k, MR R IIE, XARG R N IR RS,
Unit Two Feedback Control

What is feedback

The concept of feedback plays an important role in control systems. We demon-
strated in Unit one that feedback is a major requirement of a closed-loop control sys-
terns, Without feedback, control system would not be able to achieve the accuracy
and reliability that are required in most practical applications, However, ifrom a more
rigorous standpoint. the definition and significance of leedback are much deeper and
more dilficult 1o demonstrate than the few cxamples given in Unit one, In reality, the
reasons for using fecdback carry far more meaning than the simple one of comparing

the input with the output in order to reduce the error.
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The class of control preblems to be examined here is one of considerable engi-
neering interesi. We shall consider systems with several inputs, some known as con-
trols because they may be manipulated and others called external disturbances, which
are quile unpredictable. For example, in an industrial {urnace we may consider the fu-
el flow, the ambient temperature, and the loading of material into the furnace to be
inputs. () these, the fucl flow is accessible and can readily be controlled, while the
latter two are usually unpredictable disturbances.

In such situations. onc aspect of the control problem is to determine how the
controls should be manipulated so as to counteract the effects of the external disturb-
ances on the state of the system, One possible approach to the solution of this prob-
lem is to use a continugous measurement of the disturbances, and from this and the
known system equations to determine what the control inputs should be as functions
of time to give appropriate control ol the system state,

A dillerent approach is to construct a feedback system, that is, rather than

measure the disturbances directly and then compute their effects on the system from

the model or system equations, External
T Disturbances
. . . HEuroancs
we comparc direct and continuous Measuring
measuraments of the accessible Device
system states with signals re- Desired 3
Plam Co , Plani Plamt
. " - . O P r - )
presenting their" desired val State o inputs Plant  Lotate
ues" to form an error signal, Controlfer
and use this signal to produce (a)
inputs to the system which will External
. Listurbances
drive the error as close to zero .
Desired
: : . Plant Plany Blant
s . L ms  repre- .
as pOSSlblC Dlagl_'a cpre Stalc Error Tnputs Slate
Controiler Flam

senting these two basic sirate-

gies of control are shown

in Fig2. 1.
n F1g Measuring

At first sight, the two ap- Lnstruments

proaches might appear to bc by

essentially equivalent. Indeed, Fig. 2.1 Schematic reprosentation

one might surmise that an (adopen lops (b closed: loop

open-loop control scheme s

prefcrable since it is not necessary (o wait until the disturbances have produced an



undesirable change in the system state belore corrective inputs can be computed and
applied.

However, this advantage is more than cutweighed by the disadvantages of
operrloop control and the inherent advantages of feedback systems. First, in many
cases the implementation of the open-loop control suggested above would require a
very sophisticated computing device to determine the inputs required to counteract
the predicted disturbance effects. Second, a feedback system turns out to be inherent-
ly far less sensitive to the accuracy with which a mathematical model of the system
has been determined, Put another way, a properly designed feedback system will still
operate satisfactorily even when the internal properties of the system change by sig-
nificant arnoums,

Another major advantage of the feedback approach is that by placing a"feedback
loop" around a system which initially has quite unsatisfactory performance character-
istics, one can in many cases construct a system with satisfactory behavior, Consider,
for example, a rocket in vertical flight, This is essentially an inverted pendulum, bal-
ancing on the gas jet produced by the engine, and inherently unstable, It can be kept
stable in vertical flight by appropriate changes in the direction of the exhaust jet.
which may be achieved by rotating the engine on its gymbal mountings. The only sat-
isfactory way ol achieving these variations in jet direction is to use a feedback strate-
gy in which continuous measurements of the angular motions of the rocket in two
mutually perpendicular verrical planes cause a controller to make appropriate adjust-
ments to the direction of the rocket engine. Stabilization of an inherently unstable
system could not be achieved in practice by an open-loop control strategy.

In the simplest situation. one controls a single plant state variable, called the
output, by means of adjustments to a single plant input, The problem is to design a
feedback loop around the system which will ensure that the output changes in re-
sponsc to certain specified time functions or trajectories with an acceptable degree of
accuracy. In either case, the transients which are inevitably excited should not be too
"violent"or persist for oo long,

In a typical situation, shown in Fig. 2. 2 we are given a system, or plant, with
control input u, external disturhance d, and output v, all scalars. The problem is to
design a feedback system arcound the plant consisting of {(a) a device which produces
a continuous measurement v, of the output; (b) a comparator in which this signal is

subtracted from a relerence input (or set point, or desired output}y,, representing
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the desired value of the output, to produce an error signal e; and (¢} a controller
which uses the error signal e to produce an appropriate input u to the plant. We shall
call this configuration a single-loop [eedback system, a term which is meant to con-
vey the cssential [eature that just one of the plant states {the output » ) is to be con-
trolled using only one input. The objective of the feedback system is to make the out-
put v follow its desired value v, as closely as possible even in the presence of nonzero
disturbances d(z) . The ability of a system (0 do so under steady-state conditions is

known as static accuracy. .

Frequently v, is a constant, in which case we call the feedback system a regula-
tor system. An example is the speed control system of a turbine-generator set in a
power station, whose main purpose is to maintain the generator speed as ncarly con-
stant as possible. Sometimes vy, is a prescribed nonconstant {function of time, such as
a ramp function. An example of this would be the control system for a radar antenna

whose axis is to be kept aligned with the line of sight to an aircraft flying past with

constant angular velocity, ITn . Controller an
this case, we refer to the sys- - '
Errot Power fu(n) i
. o o — i 4 .
.tem as a tracking systenw . PrB“-“_-“'E“b Amplifier|! Plant
evic !
Single-loop feedback sys- 1 T T :
tems with the structurc ol
Fig. 2. 2 are often called servo- Measuring
and
mechanisms because the con- Transducing
: Instruments

troller usually includes a device
giving considerable power am- Fig. 2. 2 Stricture of single-loop feedback system
plification, For instance, in the control system of a hydroelectric turbine-generator
set, the signals representing measured speed and desired speed might be voltages at a
power leve] of milliwatts, while several hundred horsepower might be required to op-
erate the main turbine valve regulating the water flow. This example also illustrates
an important engincering constraint in the desigh of feedback control systems. In
many applications, the plant and the activating device immediately preceding it oper-
ate at comparatively high power level, and their dynamic properties, if unsatisfactory
for some reason, can be changed only at the expense of changing large. powerful,
and hence costly components. Thercfore the design of a feedback system is preferably
done in the low-power comp(-)nents of the leedback system, i. c. , in the measuring el

ements and the controller,
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‘The reduction ol system error is merely one of the many effects that feedback
may bring upon a system. We shall now show that feedback also has effects on such
systemn performance characteristics as stability, bandwidth, overall gain, impedance,
and sensitivity,

To understand the effects of feedback on a control system, it is essential that we
examine this phenomenon with a board mind. When feedback is deliberately intro-
duced for the purpose of control, its existence is easily identilied. However, there are
numerous situations wherein a physical system that we normally recognize as an in-
herently nonfeedback system, may turn out to have {eedback when it is observed in a
certain manner. In general, we can state that whenever a closed sequence of
cause-and-effcet relation cxists among the variables of a system, {eedback is said to
exist. This viewpoint will inevitably admit feedback in a large number of systems that
ordinarily would be identified as nonfeedback systems, However, with the availability
of the feedback and control system theory, this general definition of feedback enables
numerous systems, with or without physical feedback, to be studied in a systematic
way once the existence of feedback the above-mentioned sense is established.

We shall now investigate the effects of feedback on the various aspects of system
performance. Without the necessary background and mathematical foundation of line-
ar system theory. at this point we can only rely on simple static system notation for
our discussion. Let us consider the simple feedback system configuration shown in
Fig. 2. 3, where r is the input signal, ¢ the output signal, ¢ the error, and & the feed-
back signal. The parameters (G and H may he considered as constant gains. By simple
algebraic manipulations it is simple to show that the input-output relation of the sys-
tem is

C {r
M = R _1+GH (Z2-1

Using this basic relationship of the feedback system structure, we can uncover

some of the significant effects of {cedback.

R—vt— G ¢ What are its effects
Effect of Feedback on Overall Gain
i As seen [rom Eq. (2 - 1), feedback af-

fects the gain G of a nonfeedback system by

Fig. 2. 3 Feedback systerr
' eeaback system a factor of 1+ GH . The reference of the



Part T Control Principle 1

feedback in the system ol Fig. 2. 3 is negative, since a minus sign is assigned to the
feedback signal. The quantity GH may itsel{ include a minus sign, so the general
effect of feedback is that it may increase or decrease the gain, In a practical control
system, (& and H are functions of frequency, so the magnitude of 1+ GH may be
greater than 1 in one frequency range but less than 1 in another. Therefore, feedback
could increase the gain of the system in one frequency range but decrease it in anoth-
er.

Effect of Feedback on Stability

Stability is a notion that describes whether the system will be able to {ollow the
input command. In a nonrigorous manner, a system is said to be unstable if its output
is out of control or increases without bound,

To investigate the effect of feedback on stability, we can again refer to the ex-
pression in Eq. (2-1). I GH=—1, the output of the system is infinite for any finite
input. Therefore, wc may state that feedback can cause a system that is originally
stable to become unstable, Certainly, fcedback is a two-edged sword; when it is im-
properly used, it can be harmful. It should be pointed out however, that we are only
dealing with the static case here, and, in general GH=—1 is not the only condition
for instability.

It can be demonstrated that one of the advantages of incorporating feedback is
that it can stabilize an unstable system. Let us assume that the feedback system in
Fig. 2. 3 is unstable because GH=—1. I[ we introduce another feedback loop through
a negative {eedback of F', as shown in Fig. 2. 4, the input-output relation of the over-

all system is

C G
R ~1+GH +GF 2-2)
It is apparent that although the properties of y - ¢
G and H are such that the inner-loop feedback )
system is unstable, because GH = —1, the over- y
all system can be siable by properly selecting the
outer-loop feedback gain F. F

Effect of Feedback on Sensitivity

. ) X i Fig. 2. 4 Feedback system with
Sensitivity considerations often play an im-

two feedback loops
portant role in the design of control systems. Since

all physical clements have properties that change with environment and age, we can-

not always consider the parameters of a control system to be completely stationary o-



