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INTRODUCTION
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The control system is that means by which any quantity of interest in a machine, mechanism
or other equipment is maintained or altered in accordance with a desired manner. Consider,
for example, the driving system of an automobile. Speed of the automobile is a function of the
position of its accelerator. The desired speed can be maintained (or a desired change in speed
can be achieved) by controlling pressure on the accelerator pedal. This automobile driving
system (accelerator, carburettor and engine-vehicle) constitutes a control system. Figure 1.1
shows the general diagrammatic representation of a typical control system. For the automobile
driving system the input (command) signal is the force on the accelerator pedal which through
linkages causes the carburettor valve to open (close) so as to increase or decrease fuel (liquid form)
flow to the engine bringing the engine-vehicle speed (controlled variable) to the desired value.

Rate of
1uel_ﬂuw
Input (command) ' Qutput (controlled)
signal Accelerator pedal, v | Engine- variable
——="»  linkagesand |— ety 1

Fig. 1.1. The basic control system.

The diagrammatic representation of Fig. 1.1 is known as block diagram representation
wherein each block represents an element, a plant, mechanism, device etc., whose inner details
are not indicated. Each block has an input and output signal which are linked by a relationship
characterizing the block. It may be noted that the signal flow through the block is unidirectional.



Closed-Loop Control

Let us reconsider the automobile driving system. The route, speed and acceleration of the
automobile are determined and controlled by the driver by observing traffic and road conditions
and by properly manipulating the accelerator, clutch, gear-lever, brakes and steering wheel,
etc. Suppose the driver wants to maintain a speed of 50 km per hour (desired output). He
accelerates the automobile to this speed with the help of the accelerator and then maintains it
by holding the accelerator steady. No error in the speed of the automobile occurs so long as
there are no gradients or other disturbances along the road. The actual speed of the automobile
is measured by the speedometer and indicated on its dial. The driver reads the speed dial
visually and compares the actual speed with the desired one mentally. If there is a deviation of
speed from the desired speed, accordingly he takes the decision to increase or decrease the
speed. The decision is executed by change in pressure of his foot (through muscular power) on
the accelerator pedal.

These operations can be represented in a diagrammatic form as shown in Fig. 1.2. In
contrast to the sequence of events in Fig. 1.1, the events in the control sequence of Fig. 1.2
follow a closed-loop, i.e., the information about the instantaneous state of the output is feedback
to the input and is used to modify it in such a manner as to achieve the desired output. It is on
account of this basic difference that the system of Fig. 1.1 is called an open-loop system, while
the system of Fig. 1.2 is called a closed-loop system.

Rate of
fuel flow
Dasirad PRI a s ] Dutpgt
speed | Driver's eyes Leg B 3 B SPoe
*  and brain { EM vehicle
|
Force A
Speedometer | ¥ )
M

Visual link from speedometer

Fig. 1.2. Schematic diagram of a manually controlled closed-loop system.

Let us investigate another control aspect of the above example of an automobile (engine
vehicle) say its steering mechanism. A simple block diagram of an automobile steering
mechanism is shown in Fig. 1.3(a). The driver senses visually and by tactile means (body
movement) the error between the actual and desired directions of the automobile as in Fig. 1.3(b).
Additional information is available to the driver from the feel (sensing) of the steering wheel
through his hand(s), these informations constitute the feedback signal(s) which are interpreted
by driver’'s brain, who then signals his hand to adjust the steering wheel accordingly. This
again is an example of a closed-loop system where human visual and tactile measurements
constitute the feedback loop.

In fact unless human being(s) are not left out of in a control system study practically all
control systems are a sort of closed-loop system (with intelligent measurement and sensing
loop or there may indeed by several such loops).

Systems of the type represented in Figs. 1.2 and 1.3 involve continuous manual control
by a human operator. These are classified as manually controlled systems. In many complex
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and fast-acting systems, the presence of human element in the control loop is undersirable
because the system response may be too rapid for an operator to follow or the demand on
operator’s skill may be unreasonably high. Furthermore, some of the systems. e.g., missiles,
are self-destructive and in such systems human element must be excluded. Even in situations
where manual control could be possible, an economic case can often be made out for reduction
of human supervision. Thus in most situations the use of some equipment which performs the
same intended function as a continuously employed human operator is preferred. A system
incorporating such an equipment is known as automatic control system. In fact in most situations
an automatic control system could be made to perform intended functions better than a human
operator, and could further be made to perform such functions as would be impossible for a
human operator.

Steering wheel |

== sensor i' -

e B N | I . o
——»{  ——» Driver e 8w
Desied 5 [l ey @ [ of travel
course

|
|  Measurement :

- visual and tactile |*_

Desired direction —
of travel :

Error (sensed) o |
by the driver |

Actual direction
of travel

(b)

Fig. 1.3. (a) Automobile steering control system. (b) The driver uses the difference between
the actual and desired direction of travel to adjust the steering wheel accordingly..

The general block diagram of an automatic control system which is characterised by a
feedback loop, is shown in Fig. 1.4. An error detector compares a signal obtained through
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feedback elements, which is a function of the output response, with the reference input. Any
difference between these two signals constitutes an error or actuating signal, which actuates
the control elements. The control elements in turn alter the conditions in the plant (controlled
member) in such a manner as to reduce the original error.

|. Forward path elements |

............................ !

. Error !

Reference | detector ; Controlled
i N, _ output
et ) Eroror R L o

: %/ actuating elements |
| 4 signal
Controller

_., Feedback path | _
elements

Fig. 1.4. General block diagram of an automatic control system.

In order to gain a better understanding of the interactions of the constituents of a control
system, let us discuss a simple tank level control system shown in Fig. 1.5. This control system
can maintain the liquid level A (controlled output) of the tank within accurate tolerance of the

Mechanical link hd
PR - — D — - . S .r.. r FE
Error detector
{potentiometers)
A . .
e e -
iMuiur | : " |
ve o :EI‘I’OFVDHEDE i
T . T T t_ Float = 5
Power amplifier _[:_____:::;
R et
H  Liquid i
¥ o =]
V;

Fig. 1.5. Automatic tank-level control system.

desired liquid level even though the output flow rate through the valve V| is varied. The liquid
level is sensed by a float (feedback path element), which positions the slider arm B on a
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potentiometer. The slider arm A of another potentiometer is positioned corresponding to the
desired liquid level H (the reference input). When the liquid level rises or falls, the
potentiometers (error detector) give an error voltage (error or actuating signal) proportional to
the change in liquid level. The error voltage actuates the motor through a power amplifier
(control elements) which in turn conditions the plant (i.e., decreases or increases the opening
of the valve V,) in order to restore the desired liquid level. Thus the control system automatically
attempts to correct any deviation between the actual and desired liquid levels in the tank.

Open-Loop Control

As stated already, any physical system which does not automatically correct for variation in
its output, is called an open-loop system. Such a system may be represented by the block
diagram of Fig. 1.6. In these systems the output remains constant for a constant input signal
provided the external conditions remain unaltered. The output may be changed to any desired
value by appropriately changing the input signal but variations in external conditions or internal
parameters of the system may cause the output to vary from the desired value in an uncontrolled
fashion. The open-loop control is, therefore, satisfactory only if such fluctuations can be tolerated
or system components are designed and constructed so as to limit parameter variations and
environmental conditions are well-controlled.

input .
! ontroller —DI ant
l L

Output

=

Fig. 1.6. General block diagram of open-loop system.

It is important to note that the fundamental difference between an open and closed-loop
control system is that of feedback action. Consider, for example, a traffic control system for
regulating the flow of traffic at the crossing of two roads. The system will be termed open-loop
if red and green lights are put on by a timer mechanism set for predetermined fixed intervals
of time. It is obvious that such an arrangement takes no account of varying rates of traffic
flowing to the road crossing from the two directions. If on the other hand a scheme is introduced
in which the rates of traffic flow along both directions are measured (some distance ahead of
the crossing) and are compared and the difference is used to control the timings of red and
green lights, a closed-loop system (feedback control) results. Thus the concept of feedback can
be usefully employed to traffic control.

Unfortunately, the feedback which is the underlying principle of most control systems,
introduces the possibility of undersirable system oscillations (hunting). Detailed discussion of
feedback principle and the linked problem of stability are dealt with later in the book.

1.2 __SERVOMECHANISMS

In modern usage the term servomechanism or servo is restricted to feedback control systems
in which the controlled variable is mechanical position or time derivatives of position, e.g.,
velocity and acceleration.



A servo system used to position a load shaft is shown in Fig. 1.7 in which the driving
motor is geared to the load to be moved. The output (controlled) and desired (reference) positions
6, and 65 respectively are measured and compared by a potentiometer pair whose output
voltage vy is proportional to the error in angular position 6 = 8, — 6. The voltage vy = K0 is
amplified and is used to control the field current (excitation) of a dc generator which supplies
the armature voltage to the drive motor.

To understand the operation of the system assume K, = 100 volts/rad and let the output
shaft position be 0.5 rad. Corresponding to this condition, the slider arm B has a voltage of +50
volts. Let the slider arm A be also set at +50 volts. This gives zero actuating signal (v, = 0).

Thus the motor has zero output torque so that the load stays stationary at 0.5 rad.

Assume now that the new desired load position is 0.6 rad. To achieve this, the arm A is
placed at +60 volts position, while the arm B remains instantaneously at +50 volts position.
This creates an actuating signal of +10 volts, which is a measure of lack of correspondence
betwuven the actual load position and the commanded position. The actuating signal is amplified
and fed to the servo motor which in turn generates an output torque which repositions the
load. The system comes to a standstill only when the actuating signal becomes zero, i.e., the
arm B and the load reach the position corresponding to 0.6 rad (+60 volts position).

Consider now that a load torque T; is applied at the output as indicated in Fig. 1.7. This
will require a steady value of error voltage v, which acting through the amplifier, generator,
motor and gears will counterbalance the load torque. This would mean that a steady error will
exist between the input and output angles. This is unlike the case when there is no load torque
and consequently the angle error is zero. In control terminology, such loads are known as load
disturbances and system has to be designed to keep the error to these disturbances within
specified limits.

Constant

Generator Motor

Flg. 1.7. A position control system.
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By opening the feedback loop i.e., disconnecting the potentiometer B, the reader can
easily verify that any operator acting as part of feedback loop will find it very difficult to adjust
8 to a desired value and to be able to maintain it. This further demonstrates the power of a
negative feedback (hardware) loop. '

The position control systems have innumerable applications, namely, machine tool
position control, constant-tension control of sheet rolls in paper mills, control of sheet metal
thickness in hot rolling mills, radar tracking systems, missile guidance systems, inertial
guidance, roll stabilization of ships, etc. Some of these applications wili be discussed in this
book.

Robotics

Advances in servo mechanism has led to the development of the new field of control and
automation, the robots and robotology. A robot is a mechanism devised to perform repetitive
tasks which are tiresome for a human being or tasks to be performed in a hazardous environment
say in a radioactive area. Robots are as varied as the tasks that can be imagined to be performed
by them. Great strides are being made in this field with the explosion in the power of digital
computer, interfacing and software tools which have brought to reality the application of vision
and artificial intelligent for devising more versatile robots and increased applications of
robotology in industrial automation. In fact in replacing a human being for a repetitive and/or
hazardous task the robots can perform the task at a greater speed (so increased productivity)
and higher precision (better quality and higher reliability of the product or service).

We shall describe here a robot manipulator arm as an example. The arm is devised to
preform some of the tasks performed by a human arm (shoulder, elbow and wrist). Imitation of
some of the elementary functions of hand is carried out by an end effector with three degrees
of freedom in general (roll, yaw and pitch). The robot arm is a set of serial links with the
beginning of each link jointed with the end of the preceeding link in form of a revolute joint (for
relative rotary motion between the two links) or a prismatic joint (for relative translatory
motion). The number of joints determine the degrees of freedom of the arm.

Figures 1.8 (a) and (b) show the schematic diagrams of two kinds of manipulator arms.
To reduce joint inertia and gravity loading the drive motors are located in the base and the
joints are belt driven. For a programmed trajectory of the manipulator tip, each joint requires
not only a controlled angular (or translatory) motion but also controlled velocity, acceleration
and torque. Further the mechanism complexity is such that the effective joint inertia may
change by as much as 300% during a trajectory traversal. The answer to such control complexity
is the computer control. The versatility of high-speed on-line computer further permits the
sophistication of control through computer vision, learning of new tasks and other intelligent
functions. Manipulators can perform delicate (light) as well as heavy tasks; for example,
manipulator can pick up objects weighing hundreds of kilograms and position them with an
accuracy of a centimeter or better.

Using robots (specially designed for broken-down tasks) an assembly line in a
manufacturing process can be speeded up with added quality and reliability of the end product.
Example can be cited of watch industry in Japan where as many as 150 tasks on the assembly
are robot executed.



(b)
Fig. 1.8. (a) Cincinnati Milacron T2 robot arm (b) PUMA 560 series robot arm.
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For flexible manufacturing units mobile automations (also called AGV (automated guided
vehicle)) have been devised and implemented which are capable of avoiding objects while
travelling through a room or industrial plant.

1.3 _HISTORY AND DEVELOPMENT OF AUTOMATIC CONTROL

It is instructive to trace brief historical development of automatic control. Automatic control
systems did not appear until the middle of eighteenth century. The first automatic control
system, the fly-ball governor, to control the speed of steam engines, was invented by James
Watt in 1770. This device was usually prone to hunting. It was about hundred years later that
Maxwell analyzed the dynamics of the fly-ball governor.

The schematic diagram of a speed control system using a fly-ball governor is shown in
Fig. 1.9. The governor is directly geared to the output shaft so that the speed of the fly-balls is
proportional to the output speed of the engine. The position of the throttle lever sets the desired
speed. The lever pivoted as shown in Fig. 1.9 transmits the centrifugal force from the fly-balls
to the bottom of the lower seat of the spring. Under steady conditions, the centrifugal force of
the fly-balls balances the spring force* and the opening of flow control valve is just sufficient to
maintain the engine speed at the desired value.

i Flow control valve

"\Q ] -i/-v Fuel flow to
"—-—"..r’:* i
i | engine
i

Fig. 1.9. Speed control system.

* The gravitational forces are normally negligible compared to the centrifugal force.
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If the engine speed drops below the desired value, the centrifugal force of the fly-balls
decreases, thus decreasing the force exerted on the bottom of the spring, causing x to move
downward. By lever action, this results in wider opening of the control valve and hence more
fuel supply which increases the speed of the engine until equilibrium is restored. If the speed
increases, the reverse action takes place.

The change in desired engine speed can be achieved by adjusting the setting of throttle
lever. For a higher speed setting, the throttle lever is moved up which in turn causes x to move
downward resulting in wider opening of the fuel control valve with consequent increase of
speed. The lower speed setting is achieved by reverse action.

The importance of positioning heavy masses like ships and guns quickly and precisely
was realized during the World War I. In early 1920, Minorsky performed the classic work on
the automatic steering of ships and positioning of guns on the shipboards.

A date of significance in automatic control systems in that of Hazen’s work in 1934. His
work may possibly be considered as a first struggling attempt to develop some general theory
for servomechanisms. The word ‘servo’ has originated with him.

Prior to 1940 automatic control theory was not much developed and for most cases the
design of control systems was indeed an art. During the decade of 1940’s, mathematical and
analytical methods were developed and practised and control engineering was established as
an engineering discipline in its own rights. During the World War II it became necessary to
design and construct automatic aeroplane pilots, gun positioning systems, radar tracking
systems and other military equipments based on feedback control principle. This gave a great
impetus to the automatic control theory.

The missile launching and guidance system of Fig. 1.10 is a sophisticated example of
military applications of feedback control. The target plane is sited by a rotating radar antenna
which then locks in and continuously tracks the target. Depending upon the position and
velocity of the plane as given by the radar output data, the launch computer calculates the
firing angle in terms of a launch command signal, which when amplified through a power
amplifier drives the launcher (drive motor). The launcher angular position is feedback to the
launch computer and the missile is triggered as soon as the error between the launch command
signal and the missile firing angle becomes zero. After being fired the missile enters the radar
beam which is tracking the target. The control system contained within the missile now receives
a guidance signal from the beam which automatically adjusts the control surface of the missile
such that the missile rides along the beam, finally homing on to the target.

It is important to note that the actual missile launching and guidance system is far
more complex requiring control of gun's bearing as well as elevation. The simplified case
discussed above illustrates the principle of feedback control.

The industrial use of automatic control has tremendously increased since the World
War II. Modern industrial processes such as manufacture and treatment of chemicals and
metals are now automatically controlled.

A simple example of an automatically controlled industrial process is shown in Fig, 1.11.
This is a scheme employed in paper mills for reeling paper sheets. For best results the paper
sheet must be pulled on to the wind-up roll at nearly constant tension. A reduction in tension



will produce a loose roll, while an increase in tension may result in tearing of the paper sheet.
If reel speed is constant, the linear velocity of paper and hence its tension increases, as the
wind-up roll diameter increases. Tension control may be achieved by suitably varying the reel
speed.

Flight path Target plane

Later position ok > L P
of beam ity e
Rotating antenna it ierl el ’
\ _RE .7’: - 4 Missile path
— e ol
| Tracking& |/ k%%R" " e——— Lead angle
guidance —k Present iz ST
radar position I
[l » Firing angle
= olbeam | | e Fiing
¥ Feadback e
Launch (Launcher anglé) | | auncher
computer e | (drive motor) |
i . - | e -:* 47 =ik
i :
Launch command
Power amplifier

Fig. 1.10. Missile launching and guidance system.
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Fig. 1.11. A constant tension reeling system.

In the scheme shown in Fig. 1.11 the paper sheet passes over two idling and one jockey
roll. The jockey roll is constrained to vertical motion only with its weight supported by paper
tension and spring. Any change in tension moves the jockey in vertical direction, upward for
increased tension and downward for decreased tension. The vertical motion of the jockey is
used to change the field current of the drive motor and hence the speed of wind-up roll which
adjusts the tension.
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Another example of controlled industrial processes is a batch chemical reactor shown in
Fig. 1.12. The reactants are initially charged into the reaction vessel of the batch reactor and
are then agitated for a certain period of time to allow the reaction to take place. Upon completion
of the reaction, the products are discharged. |

Reactants
Em"nﬂ ﬁ.ﬂ'* % i
water g~ : ~ f
ke = I-‘"\\___,:-"'M .-._: 1—:_ s1aam

. : @ = i
% [ i ;
s U [ : :
# I Temperature
- Tagf:ﬂ o “71 controller "

Jacket —» |- 3 Ll
e element -
- | |
.~ i .

R o [N\
wa
.

Reaction vessel

Products
Fig. 1.12. A batch chemicai process.

For a specific reaction there is an optimum temperature profile according to which the
temperature of the reactor mass should be varied to obtain best results. Automatic temperature
control is achieved by providing both steam and cooling water jackets for heating or cooling
the reactor mass (cooling is required to remove exothermic heat of reaction during the period
the reaction proceeds vigorously). During the heating phase, the controller closes the water
inlet valve and opens and controls the steam inlet valve while the condensate valve is kept
open. Reverse action takes place during the cooling phase.

Control engineering has enjoyed tremendous growth during the years since 1955.
Particularly with the advent of analog and digital computers and with the perfection achieved
in computer field, highly sophisticated control schemes have been devised and implemented.
Furthermore, computers have opened up vast vistas for applying control concepts to non-
engineering fields like business and management. On the technological front fully automated
computer control schemes have been introduced for electric utilities and many complex
industrial processes with several interacting variables particularly in the chemical and
metallurgical processes.

A glorious future lies ahead for automation wherein computer control can run our
industries and produce our consumer goods provided we can tackle with equal vigour and
success the socio-economic and resource depletion problems associated with such sophisticated
degree of automation.
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1.4 _DIGITAL COMPUTER CONTROI

In some of the examples of control systems of high level of-complexity (robot manipulator of
Fig. 1.9 and missile launching and guidance system of Fig. 1.11) it is seen that such control
systems need a digital computer as a control element to digitally process a number of input
signals to generate a number of control signals so as to manipulate several plant variables. In
these control systems signals in certain parts of the plant are in analog form i.e., continuous
functions of the time variable, while the control computer handles data only in digital (or
discrete) form. This requires signal discretization and analog-to-digital interfacing in form of
A/D and D/A converters.

To begin with we will consider a simple form the digital control system knows as sampled-
data control system. The block diagram of such a system with single feedback loop is illustrated
in Fig. 1.13 wherein the sampler samples the error signal e(t) every T seconds. The sampler is
an electronic switch whose output is the discritized version of the analog error signal and is a
train of pulses of the sampling frequency with the strength of each pulse being that the error
signal at the beginning of the sampling period. The sampled signal is passed through a data
hold and is then filtered by a digital filter in accordance with the control algorithm. The smoothed
out control signal u(t) is then used to manipulate the plant.

M <o /N ot ot
ol y— -, d‘:ﬁ'ﬁ:{ L » Plant
Command /‘

——

Fig. 1.13. Block diagram of a sampled-data control system.

It is seen above that computer control is needed in large and complex control schemes
dealing with a number of input, output variables and feedback channels. This is borne out by
the examples of Fig. 1.9 and 1.11. Further in chemical plants, a number of variables like
temperatures, pressures and fluid flows have to be controlled after the information on
throughput, its quality and its constitutional composition has been analyzed on-line. Such
systems are referred to as multivariable control ¢ ystems whose general block diagram is shown
in Fig. 1.14.

Smmm— | —a) >
Input —» - v » Output
T L R o Controller f Plant -~ 4=-1-0-----»variables

' L—{  Feedback |« |
g3 =it SIEIMENMS - - -~ - === ===

Fig. 1.14. General block diagram of a multivariable control system.
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Where a few variable are to be controlled with a limited number of commands and the
control algorithm is of moderate complexity and the plant process to be controlled is at a given
physical location, a general purpose computer chip, the microprocessor (uP) is commonly
employed. Such systems are known as yP-based control systems. Of course at the input/output
interfacing A/D and D/A converter chips would be needed.

For large systems a central computer is employed for simultaneous control of several
subsystems wherein certain hierarchies are maintained keeping in view the overall system
objectives. Additional functions like supervisory control, fault recording, data logging etc, also
become possible. We shall advance three examples of central computer control.

Automatic Aircraft Landing System

The automatic aircraft landing system in a simplified form is depicted in Fig. 1.15(a). The
system consists of three basic parts: the aircraft, the radar unit and the controlling unit. The
radar unit measures the approximate vertical and lateral positions of the aircraft, which are
then transmitted to the controlling unit. From these measurements, the controlling unit
calculates appropriate pitch and bank commands. These commands are then transmitted to
the aircraft autopilots which in turn cause the aircraft to respond.

Assuming that the lateral control system and the vertical control system are independent
(decoupled), we shall consider only the lateral control system whose block diagram is given in
Fig. 1.15(b). The aircraft lateral position, y(t), is the lateral distance of the aircraft from the
extended centerline of the landing area on the deck of the aircraft carrier. The control system
attempts to force y(¢) to zero. The radar unit measures y(kT) is the sampled value of y(¢), with
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(a) Schematic
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(b) Lateral landing system.
Fig. 1.15. Automatic aircraft landing system.

T=0.05sand k=0, 1,2, 3 ... The digital controller processes these sampled values and generates
the discrete bank command constant at the last value received until the next value is received.
Thus the bank commands is updated every t = 0.05s, which is called the sampling period. The
aircraft responds to the bank command, which changes the lateral position y(¢).

It may be noted here that the lateral digital controller must be able to compute the
control signal within one sampling period. This is the computational stringency imposed on
the central computer in all on-line computer control schemes.

Two unwanted inputs called disturbances appear into the system. These are (i) wind
gust affecting the position of the aircraft and (i7) radar noise present in measurement of aircraft
position. These are labelled as disturbance input in Figure 1.15(5). The system has to be designed
to mitigate the effects of disturbance input so that the aircraft lands within acceptable limits
of lateral accuracy.

Rocket Autopilot System

As another illustration of computer control, let us discuss an autopilot system which steers a
rocket vehicle in response to radioed command. Figure 1.16 shows a simplified block diagram
representation of the system.

The state of motion of the vehicle (velocity, acceleration) is fed to the control computer
by means of motion sensors (gyros, accelerometers). A position pick-off feeds the computer
with the information about rocket engine angle displacement and hence the direction in which
the vehicle is heading. In response to heading-commands from the ground, the computer
generates a signal which controls the hydraulic actuator and in turn moves the engine.



Fig. 1.16. A typical autopilot system.

Coordinated Boiler-Generator Control

Coordinated control system for a boiler-generator unit by a central computer is illustrated by
the simplified schematic block diagram of Fig. 1.17. Various signal inputs to the control computer
from suitable sensor blocks are:
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Fig. 1.17. Coordinated control for a boiler-generator.
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* Temperature and pressure of steam inlet to turbine.
* Oxygen content in furnace air.

These inputs are processed by the control computer by means of a coordinated control
algorithm to produce control signals as below:

* Signal to adjust throttle valve. This controls the rate of steam input to turbine and so
controls the generator output.

* Signals to adjust fuel, feed water and air in accordance with the throttle valve opening.

* Signals which adjust generator excitation so as to control its var output (which indirectly
controls the terminal voltage of the generator).

.5 _APPLICATION OF CONTROL THEORY IN NON-ENGINEERING FIELDS

We have considered in previous sections a number of applications which highlight the
potentialities of automatic control to handle various engineering problems. Although control
theory originally evolved as an engineering discipline, due to universality of the principles
involved it is no longer restricted to engineering confines in the present state of art. In the
following paragraphs we shall discuss some examples of control theory as applied to fields like
economics, sociology and biology.

Consider an economic inflation problem which is evidenced by continually rising prices.
A model of the vicious price-wage inflationary cycle, assuming simple relationship between
wages, product costs and cost of living is shown in Fig 1.18. The economic system depicted in
this figure is found to be a positive feedback system.

Initial Present Product Cost of
wages <\ wages K, cost K, living
1 Industry

Dissatistaction |,
Wage increment factor d

Fig. 1.18. Economic inflation dynamics.

To introduce vet another example of non-engineering application of control principles,
let us discuss the dynamies of epidemics in human beings and animals. A normal healthy
community has a certain rate of daily contracts C. When an epidemic disease affects this
community the social pattern is altered as shown in Fig. 1.19. The factor K, contains the

Rate of daily Infectious D}s&asa
contacts C contacts e pumng mntants*

Fig. 1.19. Block diagram representation of epidemic dynamics.
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statistical fraction of infectious contacts that actually produce the disease, while the factor K,
accounts for the isolation of the sick people and medical immunization. Since the isolation and
immunization reduce the infectious contacts, the system has a negative feedback loop.

In medical field, control theory has wide applications, such as temperature regulation,
neurological, respiratory and cardiovascular controls. A simple example is the automatic
anaesthetic control. The degree of anaesthesia of a patient undergoing operation can be
measured from encephalograms. Using control principles anaesthetic control can be made
completely automatic, thereby freeing the anaesthetist from observing constantly the general
condition of the patient and making manual adjustments.

The examples cited above are somewhat over-simplified and are introduced merely to
illustrate the universality of control principles. More complex and complete feedback models
in various non-engineering fields are now available. This area of control is under rapid
development and has a promising future.

1.6 _THE CONTROL PROBLEM _

In the above account the field of control systems has been surveyed with a wide variety of
illustrative examples including those of some nonphysical systems. The basic block diagram of
a control system given in Fig. 1.3 is reproduced in Fig. 1.20 wherein certain alternative block
and signal nomenclature are introduced.

Disturbance
Comparator ""F“t
| .
Command Error [~ =y Controlled
input )< N\ eld Control | () | pjant | Output o
oL ) » elements > (process) | ——
= (contraller) | P
BB e deiia
Feedback
alements
F 1
! Noise

Fig. 1.20. The basic control loop.

Further the figure also indicates the presence of the disturbance input (load disturbance)
in the plant and noise input in feedback element (noise enters in the measurement process;
see example of automatic aircraft landing system in Fig. 1.15). This basic control loop with
negative feedback responds to reduce the error between the command input (desired output)
and the controlled output.

Further as we shall see in later chapters that negative feedback has several benefits
like reduction in effects of disturbances input, plant nonlinearities and changes in plant

parameters. A multivariable control system with several feedback loops essentially follows the
same logic. In some mechanical systems and chemical processes a certain signal also is directly
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input to the controller elements particularly to counter the effect of load disturbance (not
shown in the figure).

(Generally, a controller (or a filter) is required to process the error signal such that the
overall system statisfies certain criteria specifications. Some of these criteria are:

1.
2,

Reduction in effect of disturbance signal.
Reduction in steady-state errors.

3. Transient response and frequency response performance.

4.

Sensitivity to parameter changes.

Solving the control problem in the light of the above criteria will generally involve
following steps:

1.
2,

NSk

Choice of feedback sensor(s) to get a measure of the controlled output.

Choice of actuator to drive (manipulate) the plant like opening or closing a valve,
adjusting the excitation or armature voltage of a motor.

Developing mathematical models of plant, sensor and actuator.

Controller design based on models developed in step 3 and the specified criteria.
Simulating system performance and fine tuning.

Iterate the above steps, if necessary.

Building the system or its prototype and testing.

The criteria and steps involved in system design and implementation and tools of analysis
needed of this, form the subject matter of the later chapters.
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21 _INTRODUCTION.

A physical system is a collection of physical objects connected together to serve an objective.
Examples of a physical system may be cited from laboratory, industrial plant or utility services—
an electronic amplifier composed of many components, the governing mechanism of a steam
turbine or a communications statellite orbiting the earth are all examples of physical systems.
A more general term system is used to describe a combination of components which may not all
be physical, e.g., biological, economic, socio-economic or management systems. Study in this
book will be mainly restricted to physical systems though a few examples of general type
systems will also be introduced.

. No physical system can be represented in its full physical intricacies and therefore

idealizing assumptions are always made for the purpose of analysis and synthesis of systems.
An idealized physical system is called a physical model. A physical system can be modelled in
a number of ways depending upon the specific problem to be dealt with and the desired accuracy.
. For example, an electronic amplifier may be modelled as an interconnection of linear lumped
elements, or some of these may be pictured as nonlinear elements in case the stress is on
distortion analysis. A communication satellite may be modelled as a point, a rigid body or a
flexible body depending upon the type of study to be carried out. As idealizing assumptions are
gradually removed for obtaining a more accurate model, a point of diminishing return is reached,
i.e., the gain in accuracy of representation is not commensurate with the increased complexity
of the computation required. In fact, beyond a certain point there may indeed be an
undetermined loss in accuracy of representation due to flow of errors in the complex
computations,

Once a physical model of a physical system is obtained, the next step is to obtain a
mathematical model which is the mathematical representation of the physical model through

22



use of appropriate physical laws. Depending upon the choice of variables and the coordinate
system, a given physical model may lead to different mathematical models. A network, for -
example, may be modelled as a set of nodal equations using Kirchhoff's current law or a set of
mesh equations using Kirchhoff's voltage law. A control system may be modelled as a scalar
differential equation describing the system or state variable vector-matrix differential equation. +
The particular mathematical model which gives a greater insight into the dynamic behaviour ;
of physical system is selected.

When the mathematical model of a physical system is solved for various input conditions,
the result represents the dynamic response of the system. The mathematical model of a system
is linear, if it obeys the principle of superposition and homogeneity. This principle implies that =
if a system model has responses y,(#) and y,(¢) to any two inputs x,(#) and x,(¢) TE!EPEEH?E]]TJ
then the system response to the linear combination of these inputs

r.rl:rl{tl + Ox,(t)

is given by the linear combination of the individual outputs, t.e.,

oy, () + ogy,(t)

where o, are o, are constants.

Mathematical models of most physical systems are characterized by differential
equations. A mathematical model is linear, if the differential equation describing it has
coefficients, which are either functions only of the independent variable or are constants. If
the coefficients of the describing differential equations are functions of time (the independent
variable), then the mathematical model is linear time-varying. On the other hand, if the
coefficients of the describing differential equations are constants, the model is linear time-
invariant.

The differential equation describing a linear time-invariant system can be reshaped
into different forms for the convenience of analysis. For example, for transient response or
frequency response analysis of single-input-single-output linear systems, the transfer function
representation (to be discussed later in this chapter) forms a useful model. On the other hand,
when a system has multiple inputs and outputs, the vector-matrix notation (discussed in Chapter
12) may be more convenient. The mathematical model of a system having been obtained, the
available mathematical tools can then be utilized for analysis or synthesis of the system.

Powerful mathematical tools like the Fourier and Laplace transforms are available for
use in linear systems. Unfortunately no physical system in nature is perfectly linear. Therefore
certain assumptions must always be made to get a linear model which, as pointed out earlier,
is a compromise between the simplicity of the mathematical model and the accuracy of results
obtained from it. However, it may not always be possible to obtain a valid linear model, for
example, in the presence of a strong nonlinearity or in presence of distributive effects which
can not be represented by lumped parameters.

A commonly adopted approach for handling a new problem is: first build a simplified
model, linear as far as possible, by ignoring certain nonlinearities and other physical properties
which may be present in the system and thereby get an approximate idea of the dynamic
response of a system; a more complete model is then built for more complete analysis.



This section presents the method of obtaining differential equation models of physical systems
by utilizing the physical laws of the process. Depending upon the system well-known physical
laws like Newton’'s laws, Kirchhoff 's laws, etc. will be used to build mathematical models.

We shall in first step build the physical model of the system as interconnection of idealized
system elements and describe these in form of elemental laws. These idealized elements are

sort of building blocks of the system. An ideal element results by making two basic assumptions.

1. Spatial distribution of the element is ignored and it is regarded as a point phenomen.
Thus mass which has physical dimensions, is considered concentrated at a point and
temperature in a room which is distributed out into the whole room space is replaced
by a representative temperature as if of a single point in the room.

The process of ignoring the spatial dependence by choosing a representative value
is called lumping and the corresponding modelling is known as lumped-parameter
modelling as distinguished from the distributed parameter modelling which accounts

- for space distribution.

2. We shall assume that the variables associated with the elements lie in the range that
the element can be described by simple linear law of (i) a constant of proportionality
or (ii) a first-order derivative or (iii) a first-order integration.

The last two forms are in fact alternatives and can be interconverted by a single
differentiation or integration.

To begin with we shall consider ideal elements which |‘+ v, .!
have a single-port or two-terminal representation and so have
two variables associated with it as shown in Fig. 2.1. These
variables are indentified as v, r

1. Through variable V,, which sort of passes through T —

the element and so has the same value in at one port
and out at the other. For example, current through
an electrical resistance.

Fig. 2.1

2. Across variable V, which appears across the two terminals of the element. For
example, voltage across an electrical resistance.

Another classification of the element variables is
1. Input variable or independent variable (V,)

2. Output variable or dependent (response) variable (V) v ». | v
o
Thus V, could be V. or V, and corresponding V, would be | f I__'
V, or V. The element is then represented in block diagram form l"éér;q'ml o
(cause-effect form) as in Fig. 2.2 wherein the signal V, flows V,=1fV,)

into the block and flows out of it (V) suitably modified by the law

Fig. 2.2. Block diagram of
represented by the block.

element.
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Mechanical Systems

Mechanical systems and devices can be modelled by means of three* ideal translatory and
three ideal rotary elements. Their diagrammatic representation and elemental relationships
are given in Fig. 2.3. In case of mass/inertia elements it may be noted that one terminal is
always the inertial reference frame with respect to which the free terminal moves/rotates.

Through and Across variables for ideal mechanical elements* of Fig. 2.3 are indentified
in Table 2.1 along with their units.

Table 2.1. Variables of Mechanical Elements

Through Integrated Across Integrated
variable through variable across
variable variable
Translational elements Force, F Translational Velocity Displacement
N = kg-m/s? momentum difference difference
!
pzj Fdt U=y — Uy x=x —x
(N-5) (m/s) (m)
Rotational elements Torque, T Angular Angular Angular
(N-m) momentum velocity Displacement
f
h= J Tdt difference difference
W= @ — 0= - &
(N-ms) (rad/s) (rad)

Mass/inertia and the two kinds of springs are the energy storage elements where in
energy can be stored and retrieved without loss and so these are called conservative elements.
Energy stored in these elements in expressed as:

Mass : E = (1/2) Mv? = kinetic energy (J) ; motional energy

Inertia : E = (1/2) Jo? = kinetic energy (JJ) ; motional energy

Spring (translatory) : E = 1/2 Kx? = potential energy () ; deformation energy

Spring (torsional) : E = 1/2 K® = potential energy (J) ; deformation energy

Damper is a dissipative element and power it consumes (lost in form of heat) is given as

P = fu* (W)

The elemental relationships in Fig. 2.3 are not expressed in momentum form (which is
used mainly in impulse excitation). For illustration the relationship of mass can be integrated
and expressed as

J'_’ Fit =M[ (dv/dydt o  p=Mv;ifvi—e)=0

*Another element generally needed is the gear train which will be considered later in this Section.
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(5) The torsional spring element
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(6) The damper element
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K(newton-m/rad), inewton-m per rad/sec)

Fig. 2.3. Ideal elements for mechanical systems.
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A mechanical system which is modelled using the three ideal elements presented above
would yield a mathematical model which is an ordinary differential equation. Before we advance
examples of this type of modelling, we will examine in some detail the friction which has been
modelled as a linear element, the damper.

Friction

The friction exists in physical systems whenever mechanical surfaces are operated in sliding
contact. The friction encountered in physical systems may be of many types:

(i) Coulomb friction force: The force of sliding friction between dry surfaces. This
force is substantially constant.

(i1) Viscous friction force: The force of friction between moving surfaces separated by

viscous fluid or the force between a solid body and a fluid medium. This force is
approximately linearly proportional to velocity over a certain limited velocity range.

(iti) Stiction: The force required to initiate motion between two contacting surfaces (which
is obviously more than the force required to maintain them in relative motion).

In most physical situations of interest, the viscous friction predominates. The ideal
relation given in Fig. 2.3 is based on this assumption.

The friction force acts in a direction opposite to that of velocity. However, it should be
realised that friction is not always undesirable in physical systems. Sometimes it may even be
necessary to introduce friction intentionally to improve the dynamic response of the system
(discussed in Chapter 5). Friction may be introduced intentionally in a system by use of a
dashpot shown in Fig. 2.4. It consists of a piston and o1l filled cylinder with a narrow annular
passage between piston and cylinder. Any relative motion between piston and cylinder is resisted
by oil with a friction force (fv).

Housing filled with oil

LTI T,

&
. | Bl

+— |// /
v is/’"
ffj:: Annular fﬁ
| passage 1/
"I::'){.l" , — ) ‘*_.-'".- _,-f;
.-"'.J.-"'I1""”.:"'1J r'r!’.f'll"l{"”lif:’fr'f."'-: . .-": : : Fi )'JH.: i .""..-"'.r.l:."'r"".l

Fig. 2.4, Dashpot construction.

Translational Systems

Let us consider now the mechanical system shown in Fig. 2.5 (a). It is simply a mass M attached
to a spring (stiffness K) and a dashpot (viscous friction coefficient f) on which the force F acts.
Displacement x is positive in the direction shown. The zero position is taken to be at the point
where the spring and mass are in static equilibrium.*

*Note that the gravitational effect is eliminated by this choice of zero position.
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Kx f dx/alt

. .

TGRS 1, e 1

F F
(a) (b)

Fig. 2.5. (a) A mass-spring-dashpot system; (b) Free-body diagram.

The systematic way of analyzing such a system is to draw a free-body diagram* as
shown in Fig. 2.5 (b). Then by applying Newton's law of motion to the free-body diagram, the
force equation can be written as

2 2
F-f%—!&=M% or F= Md— +f—+K:: (2.1)
Equation (2.1) is a linear, constant coefficient differential equatmn of second-order. Also

observe that the system has two storage elements (mass M and spring K).

Mechanical Accelerometer

In this simplest form, an accelerometer consists of a spring-mass-dashpot system shown in
Fig. 2.6. The frame of the accelerometer is attached to the moving vehicle.

Ky Md* (y - x)/t” ey :
1/ A —— '
J 5 Tt v Tk 1
_\_.JI | .
J + ¥ = /R
N B iy R e A//R
0 —»x

Fig. 2.6. Simpilified diagram of an accelerometer.

Whenever the moving vehicle and hence the frame of the accelerometer is accelerated,
the spring deflects until it produces enough force to accelerate the mass at the same rate as the

. T —

* In example (2.1), we shall see that there is one to one correspondence between free-body diagram
approach and nodal methed of analysis.
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frame. The deflection of the spring which may be measured by a linear-motion potentiometer
is a direct measure of acceleration.

Let
x = displacement of the moving vehicle (or frame) with respect to a fixed reference frame.

y = displacement of the mass M with respect to the accelerometer frame.

The positive directions for x and y are indicated on the diagram. Since y is measured
with respect to the frame, the force on the mass due to spring is —Ky and due to viscous friction

is —f% The motion of the mass with respect to the fixed reference frame in the positive
direction of v is (y —
The force equation for the system becomes

dﬂi;.r x)
y=0
dt? f
2 E
or i!i f +K_}' M{; 5 =Ma .(2.2)

where a is the input acceleration.

If a constant acceleration is applied to the accelerometer, the output displacement y
becomes constant under steady-state as the derivatives by ¥ become zero, i.e,,

M

The steady-state displacement v is thus a measure of the constant input acceleration.
This instrument can alsoc be used for displacement measurements as explained later in

Section 2.3.

Nonlinear Spring
No spring is linear over an arbitrary range of extensions—in fact that is true of all physical as
well as nonphysical systems. The linear spring elemental law
F =Ky
is applicable within a limited range of extension y measured beyond the unstretched end of the
spring as in Fig. 2.7. Where large extensions are encountered the spring law changes to
F=Ky? {2.3)

which is graphically represented in Fig. 2.8. This law does not obey the principle of superposition
as shown below:

Ma = Ky or as= (EJ:}

Fg =Ky, ; ¥, = spring extension is linear range
Fg =Ky,?; v, = spring extension in nonlinear range

F-Sz = Fgl o+ Fsﬂ,y =¥, + ¥, = total spring extension
F¢ =Ky, + Ky,® #Ky*
So this behaviour (response) of the spring is not linear (nonlinear)
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Linearization

Consider the mass-spring system of Fig. 2.7, under gravitational force Mg which when large
pushes the spring to nonlinear region of operation. From the freebody diagram we can write
the describing equation of the system as

Mg= My + [y + Ky* .(2.4)
Under steady condition (rest position of the mass) all derivatives of y are zero. So eqn. (2)
gives
Mg =Ky ?ory, = UMg/K) .(2.5)
Consider now that the system moves through a small value Ay about y,. Equation (2.4)

can then be written as
2

d
Mg=M_5 0, + &)+ 0, + &)+ Ky, + &) ..(2.6)
The nonlinear spring term can be approximated by retaining the first derivative term in
Taylor series, i.e.,

y=Kly, + AyP= Ky, + %{Kyﬂ} 4y = Ky, + (2Ky )Ay

d ¥=X

Substituting this approximated value we get
2

d
Mg = 22 Vet &) +fE(}r" + Ay) + Ky, + (2Ky ) Ay
d* d
or 0=M_7(4)+ fE;{dy} + (2Ky Ay (2.7

It is seen from eqn. (2.7) that the spring behaviour for small movement around
P(F, = Mg, y) in Fig. 2.8 is linear with spring constant modified to (2Ky,), the slope of the
spring characteristic at the point P, called the operating point.
If we relabel x = Ay and also apply an external force F in positive direction uf x (i.e.,
downwards), eqn. (2.7) becomes
F=Mx+fx+Kx;K =2Kly, ...(2.8)
The technique of linearization presented above is also known as small-signal modelling.
This is commonly used in automatic regulating systems which operate in a narrow range






