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Solution Marks
Q.2 a. Give the comparison between the open loop and closed loop systems. 04
Answer:
OPEN LOOP CLOSED LOOP
Utilize a controller or control actuator to Utilizes feedback to compare the actual
obtain the desired response. output to the desired output response.
System stability is not a major problem, The use of feedback makes the system
therefore easier to build response relatively insensitive to external
disturbances and internal variations in
system parameters
Use open loop only when the inputs are System stability is a major problem because
known ahead of time and there is no the system tends to overcorrect errors that
disturbances can cause oscillations or changing
amplitude.
b. With neat block diagram explain an automatic control system. 04
Answer:
'4_ Forward path elementsh;
___________________________ i
i Error ' l
Reference : detector ' Controlied
nput | Error or Control ] output
- - Plant
: actuating elements
: 4 signal
'''''' Controlier

Feedback path _
elaments

The general block diagram of an automatic control system is characterized by a
feedback loop as shown in figure. An error detector compares a signal obtained
through feedback elements, which is a function of output response, with the
reference input. any difference between these two signals constitute an error or
actuating signal. The control elements in turn alter the plant in such a manner as
to reduce the original error.

c¢. Consider the circuit (electrical) of Figure 1
(i) Identify a set of state variables (physical variables).
(ii) Draw the signal flow graph of the circuit in terms of the state
variables identified in part (i).
(iii) From the signal flow graph, write the state variable equations
of the circuit.

(iv) From the signal flow graph, determine the transfer function
Ec(s)/E(s).
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A, L Node
BT
. — i — i
O SR
Loop
Fig.1

Answer:

(i) This circuit has two storage elements, so these shall be two state variables. We
shall identify these as the inductor current i and capacitor voltage e both
these are associated with energy storage.

From the elemental laws of inductor and capacitor the signal flow graph as in Fig.
The complete signal flow graph is then constructed by the KCL equation at the
node and the KVL equation round the loop. These equations are

I =—+Iir or

(a)
(ii) The complete signal flow graph is drawn in Fig. b
(iii) From the signal flow graph the two state variable equations can be written as
below

di, 1 1( . ) R, 1 @0
—_— = —g, = —|—e;, — I, tel=——i,——e~-+—¢ e VLT
at LY - b it Lt L° 1L

and

de- 1 1(_ +e,_-) 1 1 (iv)

— = —i,= i+ —|=—<i, — 5 e (T

d¢ Cc° c\® R,/ ¢* R,

Equations (iii) and (iv) can be written in matrix form
dil_,-”dt] _[R/L —UL] [i;] N [1;;,] ]
di/dt 1/C  1/R,Clle; 0
These are also known as state space equations.
(iv) Input E(s), output E¢(S). From the signal flow graph we have,
1

1 1
Forward path P, = - X < oL ;A =1
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R, 1 1
P, =—,Pyy =— P
Ut T SR.C T X 2
pe1 4y + L
B sL  SR,C  s2LC
Ec(5]:P1ﬂ1: sZLC _ 1
E(s) A R, 1 1 ( L ) 2
+s|R,C+ 5 ) +5°LC
I+ 3R, c T 571 1L+ g
Q3 a. Reduce the system shown in Figure 2 to a single transfer function
C .
Gi(s) Gols) Gy(s) 9,
Hys) Hy(s) [
”lf."') -t
Answer
Gis) Mﬂ Gals) Gs(s) <o,
40, Hy(s) Hiy(s) [
Hils) [
1
Gg[.ﬁ')
L [ Vas) Gily) C(s)
GI[J) GZ[‘) 1 +G}ﬂ5J‘”3[J’) 2
Hy(s) [+
H|[5)
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Cls 2
(q(5) (r3(5) ) »
Hy(s) =
Hi(s) fos
Ris) 4 A1) _ a(s) L, Ll Gi(s) C(s) 1
@ U Ga(s) ¥ Gy(0)3(s)
Hs(s)
Gils)
Hy(s) f=
R(s) + Va(s 1 8 C(s
(%) G1()Gals) 4(5)= ( N 1)( Gy(s) ) (£) 1
- G (s) 1+ G(s)H5(s)
Hy(s
204 sy [
Gyls) 1
R(s) G1(5)Gy(s) Vals) I | Gi(s) C(s) _
1+ Gy(s)Hy(s) + Gy(5) Gas) H (s) G(5) ) 1+ Gs(s)Hy (s)
1
R(s) N G(s)Ga(s)[1 + Ga(s)] C(s) .
[1+ Ga(5)Ha(s) + Gy(8)Ga()H(s)][1 + G3(s) Ha(s)]
b. For the system shown in Figure 3, determine the gain between y1 and y5 08
- 3y g3 Qaq
21z 43 s T fas
o > > > >
¥y Vs
Fig.3
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Answer:
1. There are three forward paths
Path 1: y1-y2-y3-ys+-ysP1= qizaz3 ass+ass

Path 2: y1-yz—-ys-ysP2=aizazsass
Path 3: y1-y2-ysP3=arzazs 2

2. There are four loops
Loop 1:yz—-y3-yz2L1=azasz

Loop 2: y3—-ys—-y3Lz=aszsa43

Loop 3:yz-ys+-y3-yzLz=azsa43 a3z

Loop 4: ys—ysLa=ass 2
3. Non-touching loops: yz- y3 - yzand y+- y2 Thus the product of the gains of the 1
two non-touching loops: LiL4= azzazz ass
4. A=1-(Li+ L2+ L3+ L4) + LiLe=1 - (az3a32 + Q34 Q43 + Q24 Q43 Q32 + A44) + A23 A32 A44 1
5 All the loops are in touch with forward path P;,
Thus Az = 1. All the loops are in touch with forward path Pz, thus Az= 1.
Two loops (y3-y4+- y3and y+- y4) are not touching with forward path Ps. 1
Thus, A3=1 - asza43- a+4. 5. Thus,
=2 AA +PA, +BA,
M A
1

_ (13023034045) + (a13004045) + (a0, - a340,4; —ayy)

L= (ay305; + 34045 + Gy,0300,5 +Ay,) + y:03,0,,

Q.4 a. Consider the feedback control system shown in Figure 4. The normal value
of process parameter K is 1. Let us evaluate the sensitivity of transfer function
T(s)=C(s)/R(s) to variations in parameter K

Controlier
B R e Controlled process
Ais) 5+ K fs) ]
= T > 25 e rS G[s::mj B e
._J}. i . :
Fig.4
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T(j_ﬂ(s]_ 25K B 1
S_R[sj_sf+5s+z5k_1+sﬂ+5s 1
25K

8T K e(e+5)
Therefore 5}; =—Ho=0—
8K T  ef+Es+25k 1

r 0T K s(s+5)
S T e e —
oK T s +5s+25K
Since The Normal Value of Kis 1, we have
T s(s+5)
SK T . her
s +5s+25K

S may be evaluated at various values of frequency . At a particular frequency
w=5, the magnitude of sensitivity is approximately | S; | =1.41.
25K 25K

I(s)=— 1
s”+(1+4K)s+25K _s(s+1)+ K(4s +25)

r_ s(s+1)

K= s(s+5
s(s+1)+K(4s+25)=2( ) forK=1 2
s*+5s+25K

The magnitude of sensitivity at w=>5is | S} | =1.

Controlled process

. B o N o
i _"'!.*'_\f" }_'E 25 I_p.l‘:/:/):—i Gfﬂlnﬂ;f_ .

| .

A two-loop configuration for T(s)

b. For the block diagram of Figure 5, determine the
sensitivity SGT,T(s)= C(s)/R(s). Evaluate it at ® = 0.1 and 2 rad
(for a =2).

Cfs)

Ris T
| (5} A

Fig.5
Answer:
a

Ho)= s(s+)+a
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oin(e) _

r =
To find Se oln(r)

oln[s(s+1)+a] a
oln(a) s(s+)+a
oo @ _ sks+D 2

Then s(s+D+a  s(s+D)+a

T
To evaluate Sa’at s =jw=j0.1and j1 1

s(s+1)=;0.1(;0.1+1) =-0.01+ ;0.1
—0.01+ 0.1
(2-0.01)+ ;0.2

-1+ /1

2-DH+ /1
In terms of absolute values
S5 (jO.D) = 0.05,] S, (j2) =1 1

It is observed that sensitivity increases with frequency.

=0.05293°

SI(j0.1)=

SI(j2)= =1290°

Q.5 a. A unity feedback control system is characterized by an open-loop
K
s(s+10)
Determine the system gain K, so that the system will have a damping
ratio of 0.5. For this value of K, find the rise time, peak time, settling

time and peak overshoot. Assume that the system is subjected to a
step of 1V.

transfer function. G(s)H(s) =

Answer:
The characteristic equation for the present problem is
1+G(s)H(s)=0.
+ L — 0
s(s+10)
s°+10s+K =0. 1

For the reference system shown in figure, the characteristic equation is given
by

1

2
[0

+——2— =0
s(s+2¢w,)

s*+2w s+ =0. 1

Compare equation we get

2w,s=10 and @]

[
~
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Since ¢ =0.5
Weget, 2x0.50, =10
o, =10rad / sec
Hence, K=102=100 )
From the formulae derived in the last section, we get
'1 2
n—tan” 5
L g 1
e Risetime t, = = 0.242 seconds
®,1-¢
e Reaktime t, = — I —0363seconds
o, \1-¢° 1
e Settlingtime t, = 4 0.8seconds
o, 1
_ JfL
—p VI —
e Peak overshoot Mr =€ =0.163=163% 1

poles in the right-half of s-plane.

Answer:
G(s) = K(s+1)(s+2)
(s+0.1)(s—1
The characteristic quaion of the system is given as
1+G(s) =0
(s+0.1)(s-1)+K(s+1)(S+2) =0
(1+K)s?+(3K-0.9)s+(2K-0.1)=0
Applying Routh criteria
S (1+K)  (2K-0.1)
S2 (3K-09) o0
SO (2K-0.1) O
i) No poles in right half s-plane (system stable)
K+1>0 orK>-1

3K-0.9>0 or K>0.3

2K-0.1>0 or K>0.05

b. A unity negative feedback control system has an open-loop transfer

function consisting of two poles Two zeros and variable gain K. The zeros are
located at -2 and —1: and the poles at —0.1 and +1. Using Routh stablity criterion,
determine the range of values of K for which the closed-loop system has 0, 1 and 2
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Hence, K>0.3

ii) 1pole in right half s-plane (=one change of sign in first column terms)
-1<K<0.05 2

iii) 2 pole in right half s-plane (+two changes in sign in first column terms)

0.05<K<0.3. 2

Q.6 a. Briefly discuss rules followed to plot the root locus. 08

Answer:
RULES FOR ROOT LOCUS PLOTTING

m

KTT(s+2z)

1+ KG(s)H(s) =1+ F(s)=1+—=% =0

[1ls+2,)

J=1
m=n : K=z=0

1. The root locus plot consists of n root loci (branches) as K varies from 0 to @ . The loci
are symmetric with respect to real axis.

2. As Kincreases from 0 to @ , each root locus starts from an openloop pole with K =0
and ends on an open-loop zero or on @ withK = @ . The number of root loci ending at
equals the number of open-loop poles minus zeros.

3. The (n - m) root loci which tend to @ do so along straight line asymptotes radiating
out from a single point s= -@a on the real axis (called the centroid) where

o - Z(rm! partof open —loop poles) —Z(rmi part of open —loop zer(
! n—m

These (n - m) asymptotes have angles

_ (2g+1)180°

n—m

@, g=01-.(n—m-1)

4. A point on the real axis lies on the locus if the number of open-loop poles plus zeros
on the real axis to the right of this point is odd. By use of this fact, the real axis can be
divided into segments on-locus and not-on-locus; the dividing points being the real
open-loop poles and zeros.
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5. The intersections (if any) of root loci with the imaginary axis can be determined by
use of Routh criterion.

6. The angle of departure By of a locus from a complex open-loop pole is given by Blp =
1800+ @ , where @ is the net angle contribution at this pole of all other opetloop poles
and zeros.

7. The angle of arrival @ of a locus at a complex zero is given by B-= 1800- B , where
is the net angle contribution at this zero of all other open-loop poles and zeros.

8. Points at which multiple roots of the characteristic equation occur (breakaway points
of root loci)

dK ﬁ‘(ﬂpjl

are the solutions of —=0 where K =-—-1—

e

ds H|IS + zl-]

b. A unity feedback control system has an open-loop transfer
function of
G(s) = Kz(s+4/3)
s7(s+12)
Plot the root locus. Find the value of K for which all the roots are
equal. What is the value of these?

Answer:
Poles: s=0, 0, -12 1
Zeros: s=-4/3
_ 1
B 5 T S
3-1
+180° 1
4, - +180°(2g +1) _ 190"
3-1
2 2
oS +24s LS (s+12) _0
(s+4/3) (s+4/3)
or —35(s+8)(s+4/3)+s5°(s+12)=0 or s(s+4)> =0

s=0,s=—4,-4
Breakaway point is at s=-4

Equal roots (3Nos) are at s=-4
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K(S:_4):4><4><8:128><3:48 1
4-4/3 8
The root locus
=12 i
Q.7 a. Draw polar plot for the system with the transfer function
RN (N
s(s+1)(s+2)
Answer:
10 2
Gl iew) =
() Jjoljo+)(jo+2)
10
Gljw) = >
| | aJ,f(a)z—I—l)-J(ro‘ +2) 2
ZG(j@)=—-90" —tan™ g —tan" @ 2
! 4
Figure: Polar plot for the system

© IETE 11



AE61/AE109 CONTROL ENGINEERING | JUN 2015

b. Explain in detail Nyquist stability criteria.
Answer:
NYQUIST STABILITY TEST

The Cauchy criterion (from complex analysis) states that when taking a closed
contour in the complex plane, and mapping it through a complex function G(s),
the number of times, N, that the plot of G(s) encircles the origin is equal to the
number of zeros, Z, of G(s) enclosed by the frequency contour minus the number
of poles, P, of G(s) enclosed by the frequency contour.

N=Z-P
Encirclements of the origin are counted as positive if they are in the same
direction as the original closed contour or negative if they are in the opposite

direction. When studying feedback control, we are not as interested in G(s)H(S)
as in the closed-loop transfer function G(s)H(s)/[1+G(s)H(s)]

If 1+G(s)H(s) encircles the origin, then G(s)H(s) will enclose the point -1. Since
we are interested in the closed-loop stability, we want to know if there are any
closed-loop poles (zeros of 1+G(s)H(s)) in the right-half plane. 3

The Nyquist Stability Criterion usually written as Z = P + N, where

> 7 is the number of right hand plane poles for the closed loop system (or zeros
of 1+G(s)H(s))

> P is the number of open-loop poles (in the RH side of the s-plane) of G(s)H(s)
(or poles of 1+G(s)H(s)), and

> N is the number of clockwise encirclements of (-1,0)

“A feedback control system is stable if and only if the number of counter-
clockwise encirclements of the critical point (-1,0) by the GH polar plot is equal
to the number of poles of GH with positive real parts.” (Nyquist Stability 3
Criterion Definition)

Q.8 a. A unity negative feedback system has an open-loop transfer function

of G(s)= K
(s+4)
Consider a cascade compensator
+
G.(s) = s+a
S
a. Select the values of K and o to achieve
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(1) Peak overshoot of about 20%
(i) Setting time (2%basis) =1 sec

For the values of K and a found in part (a) calculate the unit ramp input steady-state
error

Answer:

In this simple example we can proceed analytically. Compensated forward path
transfer function is

K(s+a)

G (5)G(s) =~ 5+ 4)

(i)

Its characteristic equation is

1+G.(s)G(s)=0 or s(s+4)+K(s+a)=0

or
1
S +(4+K)s+Ka=0
Required :
_ NG
M, =e =0.2
Which yields £=0.456 1
o 4
Settling time t,=—=1 1
- o,
. . 4 2
Which gives w, =——=87TTrad/sec
0.456
From the characteristic equation
Ka=w =(8.77)> =76.9
K+4=2%w,6 =8 2
Transfer function of pre-filter
G (s)= _
g s+19.23 1
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1
b) R(s) =— ,unit ramp
s
) 1 . (s+4) 4
=lm =lim =
205G, (5)G(s) s K(s+a) Ka 1
4
e, =————=0.05 1
4x%x19.23
b. Give the comparisons between phase lag and phase lead compensator. 06
Answer:
Phase lead compensator Phase Lag Compensator

e Bandwidth increases High frequency | Bandwidth decreases
gain increases
e Dynamic response becomes faster Dynamic response slows down

e Susceptable to high frequency noise | High frequency noise suppressed

e No significant decreases in steady- | Steady-state error reduced
state error
e Application: When fast dynamics | Application; When low steady-st:z
response is required required.

e Cannot be applied when phase angle | Cannot be applied if uncompensa
of uncompensated system is | phase angle in low frequency re

decreasing rapidly near crossover | yfficient to provide requisite pha
frequency
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Q.9 a. The simplified block diagram of the controller and the wheelchair
is depicted in figure 6. Write down the canonical state variable
form for the complete system, Also draw its block diagram (in
state variable form).

UG) | 25716347 ! Y(s)
~— I : L
: s+118+ 2
g+1
Controller Wheelchair
Fig.6

Answer:
The transfer function of the complete system is

Y(s) 257 +6s+7
U(s) (s+1)>+(s+2)

Notice that the system has repeated roots. Decomposing the above transfer
function by the method of partial fractions yields

Y(is) -1 N 3 N 3 1
U(s) (s+1) (s+1)> (s+2)

We shall define the state variables term by term. Because of repeated root at s
+-1, the state variable of the second term will feed into first term.

X, () . . .
_(S2+ D =X()=>x,=x+x, =X =—x,+x (1)
U(s) =X, () Du=x,+x,=>x, =—x, +u ...(ii)
(s+1
Uls) =X,S)Du=x4+2x, => X%, ="2x,+u ....(iii)
(s+2) 2
Output y=-x,+3x, +3x,

The state variable model in matrix from is written below from the above wqns.

Jordan block
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] [-1 1] o] x] [0 1
% (=10 =1] 0 x, |+|1]|u] (V)
5 10 0 =2 |x | |1

Xy
y=[-1 3 3]x, (Vi)
X3
1
The state variable block diagram is drawn
U(s) 1 "~ 1 o+ 7 N Y(s)
: S Xy s o=
t ‘\: ‘ ,/" \n;+
meed Hl L 1 e /
» 3 / /
i
— % H—Oo———» 3 /
2 |«
- 3

b. Obtain the time response of the following system:

X, I 0] x |
= +| |u
X, I 1]x, 1
Where u(t) is a unit step occurring at t=0 and x'(0)=[1 0]

Answer:

We have in this case

16
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T

The state transition matrix @®(¢)is given by
At 1 2.2 1 3.3
e” =I+At+—At"+—At +...
2! 3!

Substituting values of A and collecting terms, we get

i 1+£+0.5t +... 0
417+ 1+2+0.5% +...

— |:q)11 CI)12:|
(D21 (D22
The terms @ ,and ®,,are easily recognized as series expansion of et. To

is tet.

only for simple cases.

The state transition matrix is

t
o) = e o
te' ¢
The time response of the system is given by
x(t) = CD(t){x0 = J;d)(—r)Bu dr}

Now with u=1,

weome| 2 e
e’ e ||1] |e"(1-7)

[[@(-)Budr=| ke {l_ﬂ
0 [er-r)ar| e

0

recognize @,,, more terms of the infinite series should be evaluated. In fact @,

The computation of e4t by expanding it into a power series in t and then adding
the corresponding elements in the matrix terms of the infinite series, is practical
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Then the solution x(t)is given by

ol B!
o

t

e 1

0

1-e™
-1

o

t

t
e

te te

)

2¢' —1
2e'
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