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Introduction

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 desired manner. 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.

An Example of a Control Action

Control of a room temperature is achieved by switching ON and OFF of a supply to a heating
appliance. Thus power supply to an appliance is switched ON, when the room temperature is felt low
and switched OFF, when the desired temperature is reached.

The above system can be modified, if the duration of application of power is predetermined to
achieve the room temperature within desired limits.

However, a further refinement can be made by measuring the difference between the actual room
temperature and the desired room temperature and this difference being the error is used to control
the element which in turn controls the output i.e. room temperature.

The above description indicates that in the former case the output (room temperature) has no control
on the input and the control action is purely based on a sort of predetermined calibration only,
whereas in the latter case the control action is affected by a feedback received from the output to
the input.

1.1 Open Loop and Closed Loop Systems

1.1.1 Open Loop Systems

This is the simplest and most economical type of control system and does not have any feedback
arrangement.

Examples for open loop systems are:

(a) Traffic Light Controller (b) Electric Washing Machine

(c) Automatic Coffee Server (d) Bread Toaster

As shown in the block diagram below, an input or command signal r(t) is applied to a controller which
may be an amplifier or signal conditioner and whose output e(t) acts as an actuating signal. The
actuating signal then actuates the controlled process and drives the controlled variable c(t) to a
desired value.

Reference Actuating | controlled | Controlled Variable
Controller
input r(f) signal e(f) Process output c(f)

The output is normally predetermined by calibration and the input control may be accompanied by
some form of calibration chart. The actual output obtained depends on the validity of calibration and
the environment like temperature, humidity etc.
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Advantages

(@) Simple and economic
(b) No stability problem

Disadvantages

(a) Inaccurate
(b) Unreliable
(c) The effect of parameter variation and external noise is more.

NOTE g

e No performance analysis is required for open loop control systems.

e Feedback is not used for improving stability.
e Anopen loop stable system may become unstable when negative feedback is applied.
e Except oscillators, in positive feedback, we have always unstable systems.

1.1.2 Closed Loop System or Feedback System

e The closed loop system has the same basic feature as of open loop system and an additional
feedback feature. The actual output is measured and a signal corresponding to this measurement is
feedback to the input section, where it is compared with the input to obtain the desired output. In
this case, the actuating signal e(t) is the error or difference between the reference input r(t) and a
signal which is a function of actual output. Human beings are probably the most complex and
sophisticated feedback control system in existence.

Error
sensor

Input e(f) Controller Controlled | ©Output
) + Process c(b)

Feedback
Elements

e As the closed loop system automatically attempts to correct any difference between the desired
and actual output, the actual output is independent of calibration and of fluctuations in environmental
conditions of operation. The block diagram in figure below describes a closed loop system.

Examples of closed loop systems are:

a) Electriciron

b) DC motor speed control

c) A missile launching system (direction of missile changes with the location of target)
) Radar tracking system

e) Human respiratory system

f)  Autopilot system
g) Economic inflation

Advantages
(a) Accurate andreliable.
(b) Reduced effect of parameter variation.
Example: RLC network.
(c) Bandwidth of the system can be increased.
(d) Reduced effect of non-linearities.
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Disadvantages
(@) The system is complex and costly.
(b) System may become unstable.
(c) Gain of the system reduces with negative feedback.
A comparison between the two types of control systems are:

Open Loop System
1. Solong as the calibration is good, an open -loop system performance will be accurate.
2. Organisation is simple and easy to construct.
3. Generally stable in operation.
4. If non linearity is present, system operation non-linearity.

Closed Loop System
1. Due to feedback, the performance of closed-loop system is accurate.
2. Complicated and difficult.
3. Stability depends on system components.
4

Comparatively the performance is better than open-loop system, if non-linearity is present.

- E I Example-1.1 Match List-I (Physical action or activity) with List-1l (Category of system)

and select the correct code:

List-I

Human respiration system

Pointing of an object with a finger

A man driving a car

A thermostatically controlled room heater

List Il

1. Man-made control system

2. Natural including biological control system

3. Control system whose components are both man-made and natural

ocow>

Codes:

A B C D
(a) 2 2 3 1
(b) 3 1 2 1
(c) 3 2 2 3
(d) 2 1 3 3

Solution: (a)

1.2 Use of Laplace Transformation in Control Systems

Laplace Transform

Inor

der to transform a given function of time f(t) into its corresponding Laplace transform first multiply 1)

by 5 s being a complex number (s = 6 + jm). Integrate this product with respect to time with limits from zero
to e. This integration results in Laplace transform of f(f), which is denoted by F(s) or LA(f)].
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The mathematical expression for Laplace transformiis,

or,

LA = As), t=20
As) = j:f(t)-e‘s’dt

MRDE ERSY

. (i)

The original time function f(f) is obtained back from the Laplace transform by a process called inverse
Laplace transformation and denoted as L~ thus,

LTLAD] = LT [As)] = A1)

The time function f(t) and its Laplace transform F(s) form a transform pair.

Table of Laplace Transform Pairs

S.No.

f(t)

F(s) = LIf(1)]

10.

11.

12.

13.

&(t) unit impulse at t =0

u(t) unitstepatt =0

uit—=T)unitstepatt=T

Z,e—at

Z,n e—a[

sinwt

cosmt

Basic Laplace Transform Theorems
Basic theorems of Laplace transform are given below:

(a) Laplace Transform of Linear Combination:

Llaf,(f) + bi(1)] = aF(s)+ bFy(s)

where f,(1), (1) are functions of time and &, b are constants.
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(b) If the Laplace Transform of f(t) is F(s), then:

. afit)] _ .
(i) L[W_ = [sA(s)-f(0")]
e
0 L[dfg) — [$2F(s) - sf(0%) - (0%)]
at? |
e
(iii) L[dd:g) = [$SF(s) - $2A(0%) - sF(0+) — (0*)]
2
where f0*), £(0*), f”(0*) ... are the values of (1), % d :g) ..att=(0%).
(c) If the Laplace Transform of f(t) is F(s), then:
. RECREC
(0) L[[fo] = s e ]
) [F(s) 0% 20
0 ffro] = |5 L0 L ]
[Fs) 10" f20%) 30
(i) L J[jro] = T e s

where £1(0%), £2 (0+), £3 (0*) ... are the values of j ft), j j fe), [[Jf) ..att=(0".

(d) If the Laplace Transform of f(t) is F(s), then:
L{e@ ()] = Fs+ a)

(e) If the Laplace Transform of f(t) is F(s), then:

L) = -<LFs)
(f) Initial Value Theorem:
Limit) = Lim L)
. L) = LimsFS)
(g) Final Value Theorem:
[L_/')nlf(t) = SLir]%sL[f(z‘)]
or [L_/f’l ft) = SLir]%sF(s)

The final value theorem gives the final value (t — ) of a time function using its Laplace transform and as
such very useful in the analysis of control systems. However, if the denominator of sAs) has any root having real
part as zero or positive, then the final value theorem is not valid.
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- EI Example-1.2 Laplace transform of sin(ot + o) is

Q.2

Q.3

Given the Laplace transform of () = A(s), the
Laplace transform of [f{f) 4] is equal to

(@) A(s+a) (b)
(c) e*Hs)

A forcing function (£ — 21) u(t— 1) is applied to a
linear system. The L-transform of the forcing
function is

The Laplace transform of f(f) = t” e (1) is

sScoso + ® Sin o

a b cos o
(a) 10l (b) s2 + o2
s . ssino + ®Cos o
(c) = > sina (d) 5 5
s+ s“+w

Solution: (d)
sin (ot + o) = sinwt cosa + cosmt sina.

®Ccoso.  SSina
2t 2

L£{sin (ot + o)} =
tsin ( ) L+ s+

s sinoL+ ® Ccoso

82+(D2

Fs) 1. (a)
(s+a)
(d) e* Hs)

[ 2. [0

2-5 o

o 1-82 o
(@) Rl (b) | —5

[ 3. B

STUDENT'S
>ANSWER KEY / ASSIGNMENT |

) HINTS & SOLUTIONS // , STURENTS.

f(f) = (P-20 u(t-1)
= [(t=1)2=1] u(t-1)
= (t=1)2u(t-1)—ut-1)

-s -s _ 2
Fis) = 22 —e—=(2 = ]e-s

S S S

(n+1)! nl nl
(s+0)""" (s+0) HEuD) = =53
=t _nt ot n!
(S+0L)n+1 d (S+0L)n+1 L(e it ut) = (s+ a)n+1
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2.1 Mathematical Modelling

A control system has to be modelled mathematically as per the physical laws governing its elements. A
control system is an interconnection of physical elements arranged in a planned manner.

2.2 Mechanical Systems

All mechanical systems are divided into two parts:

2.2.1 Mechanical Translational System

Input = Force (F),

Output = Linear displacement (x) or Linear velocity (v)
The three ideal elements are:

(@) Mass Element:

d2X F—— Vv
F= M mx
M f
or F = /\/Iﬂ L=
at
(b) DamperElement:
d dx
F=f=— ===
o) = . N
where, X{—=X, = X y F v
or F=~fv,-v,)=1H 1 — ?
|
where, V= v, -, 1]
f

(c) Spring Element:
F= K, -x,) = Kx

1

where, Xy =X,

or F KJ(V1 - V2) = KJV

where, V=V, -V,
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Consider,

UPPSC-AE

| M_tF |
!
F=F +F+F
F= /\/ld—226+f%+Kx
at dt

2.2.2 Mechanical Rotational System

Input = Torque (1),

Output = Angular displacement () or Angular velocity ()

The three ideal elements are

(a)

(b)

(c)

Inertial Element:

T = J d?0/dt?
or 1= Jdw/dt
Torsional Damper Element:

ad

T= fa(e1 —62)—f—
where, 6=0,-0,
or T= o, -n,) = fo
where, 0= 0-0,

Torsional Spring Element:
T= K0

or T= Kjwdt

Consider,
T= ‘51 + ’52 + ’C3
d’0 ,de

1= J—5+f—+K6
at dt

.. (ii)

MRDE ERSY
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2.3 Electrical Systems

2.3.1 Series RLC Circuit:

23.2

2.4

NOTE: From the two analogies it is clear that mass and spring elements are energy storage elements.

Applying KVL,

But,

or

Parallel RLC Circuit:

Applying KCL,

where,

where,

Duality:

, ai 1., _
IR+LE+EJ.IC” =V,
=4
at
q= fidt
a’q  pdg g
L—+R—+—= =v
dt.2 dt C V/n
K+1J.vdt+cﬂ =i,
R L at
v = node voltage
_ 9o
at
& = Magnetic flux
2
cde 1do o _,
dr? Rdt L
C - L,
R — l
R
o= q

Analogous Systems

Modelling of Control Systems

11
R L
— Y =cC
(o
(i)
< L
E:R §L -=C

On comparing equations (i), (ii), (iii) and (iv), F-T-V-I Analogy can be developed as follows:

Mechanical Electrical
Translation | Rotation | Force-voltage analogy Force-current analogy
f T v i
M J L o
D D R 1/R
k k 1/C 1/L
X 0 Q )
Table-2.1

(V)
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2.5 Nodal Method for Writing Differential Equation of Complex Mechanical System

e Number of nodes = Number of displacements.

e Take an additional node which is a reference node.

e Connect the mass and inertial mass elements always between the principle node and reference
node.

e  Connectthe spring and damping elements either between the principle nodes or between principle
nodes and reference depending on their position.

e  (Obtain the nodal diagram and write the describing differential equations at each node.

One mass element = order of differential equation = 2
Two mass element = order of differential equation = 4
é n mass element = order of differential equation = 2n
A point or node between damper and spring must be taken as a displacement.

|

Z
S
-
m
[ )

x(diaplacement)

° Each mass must be taken as a displacement.

2.6 Gear Train

A gear train is a mechanical device which transfers energy from one part of the system to other part
without any loss.
N = number of teeth on the circumference of gear wheel 1
r = radius of the gear wheel (m)
T = torque (N-m)
6 = angular displacement (radians)

Ny, r,

| ’ ) Gear | Gear Il ( ( |

Ng B h_ 8 0 &

For two wheel, — =
N, T, 6 0 &
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For N wheel connected in series,

Ne |t _
N Zx

Purpose of Gears
e  Gears are mechanical devices which are used as intermediate elements between electrical motors
(shaft) and load.
e  Gears are used for stepping up or stepping down either torque or speed.
e (Gears are mechanically analogous to electrical transformers.

NOTE: Mass or inertial mass elements and spring elements are known as consecutive elements because
they are analogous to inductor/capacitor in electrical analogy.

- E I Example-2.1 A mechanical system is as shown in the figure below. The system is set
into motion by applying a unit impulse force 8(f). Assuming that the system is initially at rest and
ignoring friction, what is the displacement x(t) of mass?

1 . —x(t)
(a) exp (-M- 1) (b) == sin(t)
\/7 MK M AV‘:EVAV
\/? d ! K t 0 O O
(@) J_KSIn( M‘tJ @ Tk |V
Solution :(c)
Mo x(t)
)= =+ Kl
Taking laplace transform, 1= Ms2 X(s) + K[X(s)]
1 1

1 , K
x(l‘) = \/W Sln( Mf]

- E I Example-2.2 The mechanical system is shown in the given figure,
The system is described as:

I—V}/z(t) ’—>y1(t)
@ mTAD g -y o+t }—]B]_E e

(b) M jf(t) w8220 -y 01+ )

at

2
© M0 5D iy 1) -y, 01+t

(d) M f(’)wdy;t(” = Klys(t) - yo (D] + £(1)

Solution: (d)
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E I Example-2.3 Consider the following mechanical system shown in the diagram:

K; Ki
_Im\_
M, M, |,
1 o
B, K
B, s, 12 Kz > x,

Which one of the following circuits shows the correct force-current analogous electrical circuit
for the mechanical diagram shown above?

C1
vi 1{_AAAA v
1T VVVY
Ci, Ry
) = £
(a) i L RZ L, ==C,
L1
oo
Lo Ry |y,
AAAA 2
V1 m \AAAJ
(C) . <:
l(P =C Re2 L, =c,
Solution:(c)

I Ly i L
1 s )
o v(® , 2
C12T <E Ry, T C,
G,

\AAA DS

shown in figure, X,(s)/X(s) is

E I Example-2.4 For the mechanical system with mass and viscous friction components,

Xg~— X,
BZ B1
M
(a) S E— (b) 1
Ms +B; + B, Ms + (B + By)
P N
(c) Ms+B, +B, (d) None of these
Solution: (c)
Dynamic equation,
d?x, dxy d
o 2?"'51&(350—%) =0
MXy(5)s? + B,X,(S)s + B,(Xy(s) — X(s))s = O
Xo(s) Bs B
Xi(s)  Ms®+(B,+B,)s Ms+B,+B,
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