?..ss, IR |

Unit =_m

R ,i,:,s,:s,é

|
{

|

Stability Analysis

|

Characteristic Equation, Poles and Zeros

31

Important Points to Remember

o The closed loop ransfer function of a system is given by

0,66 |
R(s) 1+G(s)H(s)

o The equation obtained by equ
ansfer function to zer0 is ¢
system. It is given by, ,.iQ&E& =0,

o The roots of the characteristic equation of  system are called closed
loop poles of that systém.

o The roots of a equation obtained by equating numerator. of a closed
loop transfer function to z¢ro are called zeros of that system _

ating denominator of closed logp
alled characteristic equation of

a system in s-plane hence characteristic equation giving closed!
poles of a system plays an important role in the stability g%m_ %

o The system stability %E_% on the locations of closed _8 a_mm of |

\_ @ system.

Control Systems 0k Stability Analysis
Ans. .
Loacatlon of Closed Loop Poles and Stability Condition
e 8
or Nature of | Locations of | Step response | Stability
zo.. closed loop closed loop condition
: \\.%\_o\m\\\ poles in s-plane
—
1. | Real, negative .
je in LHS. of a
s-plane ” Absolutely
Pure exponential stzble
\\l\l\\u\
2. | Complex _
conjugate with N _.ﬁv o)
negative real part X 5 Absolutely
¢, in LHS. of L || stable
m.@_ws@ i Damped oscillations
.\\\\\-\\ll \\ll,l\.‘\l\l e e |
3, | Real, woﬁzo
ie. in RHS. of
. s-plane (Any : = Unstable
one closed 1oop o o
pole in right >0
half Eomvwoﬁﬁ & Exponential but t
m:Edc er om increasing towards =
poles in left
half of s-plane)
4. no@_a . -
conjugate with
Emaé real part Unstable
ie. in RHS. of Oscilatons Wi ~
m.w_mb.a Increasing ampltude
\r\
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Non repeated
pair on )
imaginary axis

without any pole
in RH.S. of
s-plane

Frequency of
oscillations = w,

Zwﬂmm:m:%
t| Or critica)
stable,

two non repeated
pairs on
imaginary axis.

Sustained
oscillations with
two frequency
components S.h ¥
and (0]

Repeated pair on e et

‘ imaginary axis Jog
— without any pole c
in R.H.S. of o t
— s-plane . Sanmhmﬁuhm_mnao
Unstable

T.w : Concept of Stability \

Q2 Define : i) Stabl
. e system ii) U
Marginally sta nstable system  ii iti
y stable system iv) Conditionally stable u%mnﬂwuﬂiﬂnna:% o

L[SPPU : Dec.-
ec.-99, 01, 02, 05, May-01, 03, 04, 07, Marks 7]

Ans. : i) A lin i
e €ar time invarian em i
conditions are satisfied : i s said to be stable if followin
a) When the system is excj i

bo
unded and controllable,

Wm. (/m.& In the absence of the in
: 4 ©f the initial conditions PUt, output must tend to zero i
irrespective

ted b i
y a bounded input, output is also

|
)

L A G
ulde for Engineering Students

~ towards left half of s-plane, s€
. system becomes more and mo
Sfor Engineering Students

Stability A nalysis

Control Systems
output (BIBO) stability.

led bounded input bounded
be unstable if,

me invariant system is said to
ded input, it produces an unbounded output.

e This is cal
ii) A linear ti
a) For a boun
b) In absence ©
certain output without input.
jii) A linear time invariant system is said to be critically or marginally
if for a bounded input, its output oscillates with constant
y and amplitude. Such oscillations of output are called
d oscillations or sustained oscillations. :
e invariant system is said to be conditionally stable if for
dition of a particular parameter of the system, its output
is bounded one. Otherwise if that condition is violated output becomes
unbounded and system becomes unstable. Thus the stability of the
system depends on condition of a particular parameter of the system.
Such a system is called conditionally stable system.

f the input, output may not return to zero. It shows

frequenc
undampé€

iv) A linear tim
a certain con

3.4 : Relative Stability

el

Q.3 Explain the concept of relative stability in brief.

Ans. :

o The stability of ap

closed loop poles in s
relative stability of a system is always de

time with other system.

to be relatively more stable if
an that of the other system.

t or pair of complex con
osed loop poles, is invers

articular system defined based on the locations of
-plane is called its abolute stability. While the
fined by comparing its settling

e System is said settling time for that
system is less th

e The settling time of the roo jugate roots of the
&orwnmoalmnn equation i.e. cl ely ﬁnovoaonw_ to
the real part of the roots.

e So for the roots located ne

pair of complex conjugat
ttling time becomes

re stable.

me will be large. As

from j® axis i.e.
smaller and

ar the jo axis, settling ti
e roots moves away

. roots or
lesser or

A Guide



—Diliy, 1
hy
l
A,

N

les move away from th
€

00
._Zcﬁnnn_nn_ou&_ p PO . .
e This & L Mm.ﬂ—hbn the qwbm—gn ﬁm:.n of the output die nm_:.‘
- A o v NS ?
axis 1 le v and the system settles to a steady state ut M,
znd more quickly Valye |
&
quickly- .
. . stem improves, as the cl
o So relative stability of the 3t w " osed loy P
move EWAY from the _BNN_E axis in left half of; w-ﬂ_mso. _.,,.
o ct) jo
! Stable S
N // for P, ﬂ VN"
Y i
P, Py /_»o_»e.ﬁ_v. more G2 h Ho:
stable for P, '
iy
(a) (b) (c)
- g & _ jw  Axis
s
Relative
stability —e
More stable pIo o8 ’
fora
] 2 = s-plane
t
(d)
(o)

Ig.
Fig. Q.3.1 Concept of relative stabllity

ty related to real and pair of

* The Fi
- __@ om.._ shows the relative stabilj
piex conjugate closed loop poles

PR

3-6 Stability Analysis

_1M.m . Routh-Hurw

\\\J-“olui Points to Remember

der that the characteristic equation of a system has no root in
it is necessary but not sufficient that,

polynomial have the same sign.
s i.e. all powers of °s’

itz Stability Criterion

e In OT
right of s-plane,
1) All the coefficients of the

2) None of the coefficient vanishe
descending order from 'n’ to zero.

Q.4 State and explain Routh's stability criterion.
-01, 07, May-2000, 03, 05, 09, Marks 6]

=" [SPPU : Dec.
Consider the general characteristic equation as,

must be

Ans.

~ F(s) = ao st +a, s"1ta, s"=2 4+ ....+a, =0
e The Routh-Hurwitz array is then obtained as,
s” ag az ay P L
mﬂl- ap ajs as aq
m:ln b, b, b;
w5|u O— ON Ow
mc ap

e Coefficients for first two rows are written directly from characteristic

equation.

From these two rows, next rows can be obtained as follows.

ay ag —apdy

ﬁ a;as—agp a a; a4 —agpa
—u— = 1 IQ. 0“3 uUN“ 1 ¢4 045 i Uw ot

_ 1 a a)
| e From 2™ and 3™ row, 4™ row can be obtained as
m .
_ ¢ u,c_mwlm:cn lc_mmlfdu

1 A U ’ ON oy 5 g

1 1
nt for s0 is obtained

. e This process is to be continued till the coefficie
ted.

' which will be a,,. From this array stability of a system can be predic

« CCuide for Engineering Students




Routh's a7y _.M“._n& have
‘ - change in first
..o>mﬁnnh.il ~“ﬂ_uaggu§
{ L g =

system having closed |
5843 +7s% +35+2 using xaﬂw

characteristic equation (ind pumber of closed loop poles in the Fig,

-%&u

joate the
as Isvestigd . Q) = 5

_._E& laze. g £Z[sPPU : Dec-17, Marks
“ .
Aps. : Routlls 212§ is, \
i | 7 2 No sign chznge in the first
; \ : column hence 1o closed loop
s’ |5 - T pole in the right balf of 5
s m 64 2:: 0 plane, sysiem is stable.
o | 14375 0
Y _ 2

Q¢ Iavestigate the stability of system with characteristic equation
Qs) = 5% + 65> #1557 +55+3=0 £ [SPPU : May-18, Marks &

Ans. : Routh's ammzy i3,

8¢ | 15 3
2 |6 £5.,:10
s¢ | 3
g 3.73 0  There are no sign changes in the first column
of array hence system is .@E« in nature.
s |3

Control Systems 3-2
Siability Analysis

Q.7 Investigate the stability of system with characteristic equation :

Qs) = 3*+952 2752 +45+3 = 0 using Routh stability test. Also
determine the number of poles in the right half of s-plane.

EZ"[SPPU : Dec-12, Marks 4]

Ans. : Routh’s amray is,

3
s ! 7 3 Thete e two sizn chznges i
. the fret colzmn of G =y,
$3 9 4 0 ’
So there zre 2 poles inthe
$2 6.555 3 0 right balf of s-pleze. System 5
ﬂ unstable.
st -0.119 0
Ié
p a
s 3
Q.8 : Investigate the stability of the system with characteristic

equation : s* +253 +45? +65+8 = 0. How many poles of system lie
in right half of s-plane ? £=[SPPU : Dec.-19, Marks 4]
Ans. : The Routh’s array is,

s |1 4 8

$ 12 6 0 There are two sign changes in the first
column of the Routh's array hence two

52 1 8 0 poles of system lie in right half of

s-plane.

3.6 : Special Cases of Routh's E._.mwb

Q.9 Discuss the special cases of Routh's array.

[ [SPPU : May-02, 07, Dec.-04, Marks 6]

Ans. : There are two special cases of Routh’s array.

Py L

A Guide for Engineering Studcnis



Stab iy,

nt of any r
of first €lem® onNawW _oS 35 2
f at lcast one n clemen ™

a small positive numbey |
N::
p clements are examined by

comp
es mcn:ﬁ:_vx as

takj,
4

lete row as row of zergg w

shown, hij

« Row of zeros

L ing the coefficients of g

{ is m.oaaom using t » - roy,
elIn ncnu case an MMﬂMWowoi of zeros. Such an nacm:o:. is .om:ma "
MMMM:“ gMM:naou denoted as >~mv. The auxiliary equation is m?mr

s ho%ﬂwn“&n“: M.:..N +.n~ s 44 ¢y 5770
, o Differentiate this with respect o 5.
||w Qb«mv.nﬁ ﬂ:lmv m=|u+nm Aalhv m=|u+nu ﬁal@ sn=7 .
ul .ﬁcavwaw the array, replacing row of zeros by the coefficients of i
, equation d A (s)/ds.

o If at all, there is any sign change in the first column of the complete

array then the given system is unstable.
o But if there is no sign change in the first column then it is confirme
that there is no closed loop pole in right half of s-plane. But systen
may be stable and its stability is' determined by solving the equatior
A(s) =0 i.e. auxiliary equation for its roots. From the locations of thes
roots it must be decided whether system is stable or not.

w_ Remember that the roots of A(s) =0 are the dominant roots of
i F(s) = 0 and stability is totally dependent on the locations of
roots of A(s) =0 in such special case. ‘

\—:«5,.
Y

Control Sysrems 3-10

Stabllity Analysis

Q.10 Comment on stability using Routh criteria if characteristic

equation is : Q(s) = s5+2s4

poles lie in right half of s-plane
Ans. : The Routh's array is,

sd 1 3

s4 2 4

s3 1 2

s? 0 6
+ €

s! 2e—-6 0
£

s0 6

Q.11 Investigate

equation : Q(s) = s +653 +11s2

Ans. : The Routh's array is,

sd | 1 11
mw 6 6
s2 [ 10 10
1o
S
20 0
s [ 10

+3s +4s2 + 55+ 6 = 0. How many
? LZ3°[SPPU : Dec.-14, Marks 4]

& Special case 1
+ g is +ve
; 2e—-6
lim
e > 0 €

— —-Ve

Thus there are two
sign changes in the
first column hence
two poles lie in right
half of s-plane.

the stability of the system with characteristic

+65+10 = 0. Comment on stability.
BS[SPPU : May-19, Dec.-22, Marks 4]

10

<& Special case 2
 A(s)=10s%+10

dA(s)
O — 20s
ds




may be stable. But g, .

. the first .
e <ion <h mn o mth
- M“uma,%ommmo:ﬁ - . mu e % aginary axis }
special € jost +10°% 0 ..n.? vc_d;. on the imag -
: : ated roots F
n are nonrepe
Thus ther® i stable. PT
e E..H:..E h array -E_ %5.:.:; the st
truct Rout ey
ar ﬁ”___.nan n_:..-n-a:u:nnon._m A
system 4 o125 4208 +16s May-22, Dec.-22, Marks g
i 2 [SPPU ¢ May-18, Marks 7.
= :
Ams. @ The Routh's array is, b
£ 1 g 2
$2 02 26 0
e 3 4 O
: 0 = Special case 2
Sl oo o O e semsils
m . 0 *» dA(S 3
is = +24s
mM 6 16 0 ( i
s'[2667 O
o[ 16
first column of

There is no sign change in the

completed array. But due 10 special case 2,

system may be stable. j2

To obtain stability, solve A(s)=0 % 9)7

ie. 25%+1252+16=0 7

b 2,-4 2 e
st==2, - i

ie. s=%jv2, %2
As the roots of A(s) are complex
conjugates, purely imaginary and non-repeated,
the system is marginally stable in nature.

Fig. Q.121

v

R s
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Control Systems 3-12 Stability Analysis 2 R .
3.7 : Marginal K and Frequency of ; i \ ot
Sustained Oscillations ———————
/ o -
Important Points to Remember 25.= hwvu
S
e Practically gain K of the forward path is unknown. The range of K
for stability can be obtained by constructing Routh's array interms of
K and then finding the range of K which will not create any sign
change in the first column.
S —

e The value of K which makes the system marginally stable is called
marginal value of K denoted as K, . This is the value of K which
makes any row other than s% as row of zeros in the Routh's array.

e To obtain the frequency of oscillations, solve the auxiliary equation
A(s) = 0 for K = Kpar.

e The magnitude of imaginary roots of A(s) = O obtained for margmal
value of K (K, ) indicates the frequency of sustained oscillations,
which system will produce under marginally stable condition.

Q.13 Investigate the stability of a system having closed loop

characteristic equation : Q(s) = s> +7s*+10s+K = 0 and find

K pnar 804 Opgre 0" [SPPU : May-17, Marks 4} wL O
Ans. : Routh's array is,
s3% | 1 10 From's® row, K> 0
s? 1 K  Froms'row,70-X>0
s! 70-K 0 .K<70 Pl
! 7
¢ |K ~ |0 <K <70 is the range of K for stability. U
>0
The value of making row of s! as row of zeros is K o 1.8 Kpar= 70 3
: A(s) = 72 +K=0 ie. 782 = =Kmar —
(Gucob> A Guide for Englneering Students




\ - s equation of closed loop system is given ,,
14 charactersts

3 =_2_95¢

1 - Gis) Bls) = 57 =75~ 3 |
tich are hying on left balf side of ©

At 4 [= [SPPU : May-22, Marks g

Ams. : ﬂunuhm\lumunmhnnﬁna.
PRFASET- IS 25 ) 5 2255’ -1)=39=0

PRNTY e C +14s)+20=0

Routh’s ziT2y 1S,

14 No sign change in the first

t
3 N -
4 colzmn hence no root 1s
7| 4 20 loczed 1o the right of
s=-1.
srP) 9 0
(s75° ] 20

mnﬁgvﬂoﬂgc»meEnwnwgonnulmmuu.

-39 =0. Determine the number .

—_— . —————

Control Systems 3-14 Stabitisy e

3.9 : Root Locus : Definition, Angle and
Magnitude Conditions

Q.15 Define root locus. State the angle and magnitude condition of

root locus. Mention the use of these conditions.

Anmns. :

e The locus of the closed loop poles of a system, obtzined when system
gain 'K’ is varied from 0 to + == is czlled Root Locus.

e Angle condition can be stated as, £ G(s)H(s)for any value of 's’ which
is the root of equation [1 — G{s)H(s) = 0] is. i
=+(29+1)180F whereq=20,1,2 ...... M

| ie. 0dd multiple of 187, |

|
t
{

e Any point in s-plane which satisfies the angle condition has to be on the
root locus of the corresponding system.

® ?Am.mbuﬁah condition is stated as,
| Gs)HGs)

a2tapointins - EHNH 1
which is on root locus

e Magnitude condition is used to find K for any point on the root locus.
wEEanmEongnEmonnmnvogoEwﬁ&g:WmE.nEEw
point is on the root locus.

e Hence angle condition is used first to confirm whether a point is on the
root locus or not and then once confirmed it is followed by the
magnitude condition to find the corresponding calue of K.

3.10 : Rules to Construct Root Locus

Q.16 Explain the rules to construct the root locus.
L= [SPPU : May-02, 04, 05, Dec.-01, 06, 08, Marks 8]
Ans. :  The various rules to construct the root locus are,

_N:_r 41 : The root locus is always symmetrical about the real axis.

Rule 2 : If G(s)H(s) = Open loop T.F. of the system and

——e A Guide for Engineering Students
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1
[

~——

v 7<¢B—uﬂn. O&- Omvﬂmu —OOmu NOn.Om t
e - of open 100P poles (N = P),

.on of open 1oop pole,
tion e o Oy,
s will 1€fminate ar Y
“ 5

hey

gpprosch © mfinl  loop ZET0S .
root locus if the sum

ies on the loop ze
e open Jo/ oS, op 0

d th
It £ this point is odd.

8

Rule 4: s’&a of 8) & 10 HHHQ.EQ aopm the mqmn..mwﬁ.:.ﬂ@w Om:a
are the guidelines for sa
m

branches
res are given by »

uﬁu-.:%u =0,1,2 ... ﬁ.lng

6= o s,wnann

Rule 5 : Centroid :
real axis at a common point known

o All the asymptotes intersect the ;
centroid denoted by 0. The co-ordinates of centroid can be calculate

as,
—

i id) = Y Real pants of poles of Q&E.NUNM 'Real parts of zeros of G(s)H(s)

. . - " ‘_
.nmnnda is always real, it may be located on negative or positive re
axis. It may or may not be the part of the root locus. “

Rule 6 :  Breakaway point
‘ w . . . ,~
L ~§HM.8§ 15 a point on the root locus where multiple roots of the!
haracteristic equation occurs, for a particular value of K. |

" Rule No. 8 :

3-16 Stability Analysis

Control Systems

e Steps to determine the co-ordinates of breakaway points are,
Construct the characteristic equation 1 + G(s)H(s) = 0 of

Step 1:
the system.
s involving 'K’ and

From this equation, separate the term
of K in terms of s

Step 2 :
terms involving ‘s’. Write the value
i.e. K = F(s).
Step 3 : Differentiate above equation w.r.t. °s’, equate it to zero
dK
iee. —=0
ie =

SO 0 gives us the breakaway

Step 4 : Roots of the equation I

points.
dK
e Out of all the roots of Ty = 0, those for which the value of K is

positive are valid for the root locus.
e The root locus branches always leave breakaway points at an angle of

Hm@t where n = Number of branches approaching at breakaway point.

n
Rule No. 7 : Intersection of root locus with imaginary axis
e This can be determined by constructing Routh's array interms of K. Find
the marginal value of K. Solve A(s) = 0 for marginal value of K. The
roots of A(s) = 0 for K, are the intersection points of root locus with

the imaginary axis.
Angle of departure at complex conjugate poles and angle

of arrival at complex conjugate zeros.
o The angle of departure is the angle at which a branch departs from a

complex pole denotes as ¢4. It is obtained as,

g =180°— ¢ where 0 = O 0p -, 0z
where M op = Contributions by the angles made by remaining
open loop poles at the pole at which ¢4 is to be calculated.

M ¢z = Contributions by the msm_n_w made by the open loop zeros
at the pole at which ¢4 is to be calculated.




Stabllly, "
aly,
i

¢ arrives at 5

. (he angle at which 2 branch A comp
of D:J/.b- 1s “
tes as Oa-

val at @ compl

where

i o The angle
i zero, deno

« Angle of arm

ex zero is BiVET by

o= M op \M 9z

poles to the compley v
Ol

ded by these phasorg o
I

inin,
X op> join all the remaining

e To calculate les subten
. ; dd all the angcs =

under considerarol \wnx..m. Similarly join all the Nnﬁom.. to_pole yyy

sitive % all angles subtended by these phasors Wiy

respect 10 po 5
consideration and adding
tive x-ax1s,

respect 10 posi

determine Z9z-

mber

Points to Reme
tence of breakaway

Important
point in rqq,

dictions for exis

laced poles on
art of the roo
petween adjac

General pre

locus :

1) If there
axis between
minimum one breaka

This is shown in the

the real axis and the r¢,
t locus then there exig,

are adjacently P
ently placed pole

them is a2 P ?
way point 11
Fig. 3.1 (a)-

\\
_ Branches moving Breakaway point
el By towards U.wmmx F}
« 0 away point AR Nt t e
. —8 . —4 g2 BN
2 poles

=7

Breakaway point Branches moving

away form breakaway point

Fig. 3.1 (b)

d zeros on real axis and section
part of the root locus then there
between adjacently placed

(a)

2) If there are two adjacently place
of real axis in between them is a
exists minimum one breakaway point in
zeros. This is shown in the Fig. 3.1 (b). ; ,
3) If there is a zero on the real axis and to the left of that zero there |
is no pole or zero existing on the real axis and complete real axis
to Gn left of this zero is a part of the root locus then there exists|
minimum one breakaway point to the left of that zero. This is
shown in the Fig. 3.1 (c). |
=/

s

Control Systems 3-18 s
na.
Breakaway
point
NRL H NRL
-4 -2 l.__a (o)
Fig. 3.1 (c¢)

ﬁw.HH : Steps to Draw Root Locus _

Q.17 List the steps to draw the root locus for a given system.

Ans. :

Step 1 : Get the general information about number of open loop

. poles, zeros, number of branches etc. from G(s)H(s)-

Step 2 : Draw ﬁ._un pole-zero plot. Identify sections of real axis for
the existence of the root locus. And predict minimum
number of breakaway points by using general predictions.

Step 3 : Calculate angles of asymptotes, ’

o i (20+ 1) 180°
= P—Z where 6=.0, 1 , 2 ..... ®-Z-1
Step 4 : Determine the centroid.
M Real parts of poles of G(s)H(s)
; - Real part
o(centroid) = M parts of zeros of G(s)H(s)
P-Z
Step 5 : Calculate the breakaway and breakin points. If breakaway
points are complex conjugates, then use angle condition to
check them for their validity as breakaway points.
Step 6 : Calculate the intersection points of root locus with the
imaginary -axis. These are the roots of the equation
A(s) = 0 for marginal value of K, obtained from Routh's

g array. .

Step 7 : Calculate the angles of departures oOr arrivals for the
if present.

complex conjugate poles and zeros,

A Guide for E ngineering Students
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Q.1

8 Open loop

vf.\ﬂ\n\\\\.—. A

¢ final sketch of

My,
Y

Yo,

. , Combin¢ step ]
tep 8¢ ]
o dood h stability and q.nn.oa:::no ofthe; glven SYSte,
Pre t the |
Step 9 ¢ by _.“M.e (he root locus:
ck syste .
tion of unity feedback system fy Gy

sfer func
tran e root locus and commeyy,

:__

l\\.\—\r\\\\. . Sketch
6+2) (s +10) p*[SPPU : Dec.-15, Mary
. stem. §)
stabllity of 5 Jo
Ans. i
" - u- Z= c- Z Ll u-
Step 1+ Ml Z = 3 branches 10 e NRL
Starting : § = 0 -2, - 10 -0 =2 \ o R
Terminating = 2 *» % One
; 1 . Int
2: Sections of real axis as breakaway po
Step 2% S own in the Fig. Q181 Fig. Q.18.1
Step 3 : Angles of asymptotes
] (2q+D180° .o, 1, 2
; - a Q =y, )
{ 6% =p-z
4 i o, = 605 0y =1805 03 =300°
1K Y R.P.of O.L. poles—Y, R.P.of O.L. zeros
IJ @ Step 4 : Centroid = P-Z
Iﬂ... o 0|N|_ouN|&
| & 3
& Step § : Breakaway point, 1 + G(s)H(s) = 0
E ~+.Av.+dﬁm+~8 =0 ie. s3+12s2+20s+K=0 .» (Q.18])
K = -s3-125s2-20s ... (Q.187)
dK . 2
= 0 gives 3s2+24s+20 =0 ie.s=—0.95 —7.05

ds

s = —0.95 is valid breakaway point with K = + 5.59
from equation (Q.18.2).

|
[}
I
i
i

Control Systems

e it el S b o s I i B S

3-20 Stabllity Analysis

Step 6 : Intersection with jo axis :

From cquation (Q.18.1),

1 20
240-K = 0 for K = K,
12 K
Kmar = 240
240-K o 2
i3 12s*“+Knar = 0 is A(s)=0
K 2 :
s = —20 i.e.s=1=x j4.47

No complex poles hence angles of departure not required.

: The complete root locus is shown in the Fig. Q.18.2.

B it

_ T I _ _.

Scale
On both axes : 1 unit = 1 unit]-¢

§

90 . Y O g
M- q

u m _

~

|

Breakaway

point, — 0.95
; ;

Stabllity

0 < K <240 Stable
K = 240 : Marginally stable

K > 240 : Unstable

Q.18.2

|

I
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Stability Ang,,

p transfer funcg b

system with opeb loo

Jocus of 4
Sketch root
Q.19 \\\m.\\\\‘ g [SPPU ¢ May-17, Marks 8)
G(s) HO) = 5(s+4) (s+6) of the root locus. Ve,
the v—.OnndEd and nmnEd\ 60° 9, = Crify, |
Ans- uﬂnm.ﬂn- Q—m M.On.. ﬁ\.gﬂd_ﬁ = \M.muu. @— . i QO»—.ON .~wco.
the important points 33 int = —1.57 Kmar = 240, Inters 7 Vit g,
way point =7 577 : : .
g, = 300° Breaka®®
> o n" . g@% .
5 ._nu ¢ locus of 8 syste™ with open 100P transfer functioy
Sketch roo
o [ S 17, Mark
Gs) HO) = 5(5+2) (s +8) wr[sey She _~ arks g) |
oot locus. Vey
Aps. : Refer Q18 for the procedure and nature of the T Verigy ,,_
] il s . . ,,
e _ue” o, = 60° 82 = 180% 95 = 300°  Breakawy, |
Mwmmoli .w.m.% .uumm ar : 160, " [ntersection with jo axis = £J < \
= = U7 m
i loop tr ﬁ
Q.21 Sketch root locus of the system with open P ,»Bﬂ.ﬂ ‘,
function : “
1 |
Qﬂu.w = \\Mrl M ,
s(s+2)(s+3) gs® [SPPU : May-18, Marks §] \
t centroid = — 1.667,

cedure and verify tha
= 30, Angles of asymptotes = 60°, 18

Ans. : Refer Q.18 for the pro
+ j 2.45. The nature of root locus js

Breakaway point § = — 0.784, K,
° 300° Intersection with jo axis =
same as shown in the Fig. Q.18.2. _

K

is GOHE) = 35+ 5)

nal value of K.

Q.22 The open loop T.F. of a system
Draw the complete root locus and find margi

[S[SPPU : May-14,19, Dec.-18,19, Marks 8]
The nature of. root locus
-2.667, Breakaway poin
= 120, Intersection

Ans. : Refer the procedure used in Q.18.
remains same. Verify that : Centroid =
= -1.213, K at breakaway point = +10.2837, K,

with imaginary axis at + j 3.873.

Siy

Control Systems 3-22

Stability Analysis

e T

Q.23 A unity feedback system has the loop transfer f ,
unction.

K

G(s) =
) =7 G+ (5+3) +4) Plot root loci by determining breakaway

1@53 and intersection with imaginary axis

Ans. : P - Z = 4 branches to «
Starting points : s =0, — 1, -3, -4

: oo,
. y OO, ©9

Terminating points

I=5°[SPPU : Dec.-12,22, May-16, Marks 12]

I

oo
Step 2 : Sections of real jo
axis. " Two
breakaway points - NRL S NRL NRL
possible ‘ _4 w-3 1 p o
Step 3 : Angles of
e asymptotes, . Two breakaway
0 = 455, . points
g, = 135% 85 = 2259
g, =315°
Step 4+ Centroid = <127 = 2
Step 5 : Breakaway points
1+ G(s)H(s) =0
e si+8+ GmN +12s+K=0
K = —s* -8 197 - 125
dK _
—4s% - 245> —38s-12=0

-ds

e s5+6s2+955+3=0
o 43 s = - G.&ﬁmmw Y u-mmH.H

Breakaway points

ave




fo fun - -
— Breakaway —— —Breakaway vl

o, = 225° £ point o point e g, =315°
’ ~ B T -oates | bl

Q.24 A unity feedback system with open loop transfer function
K
G(s) = . Plot root locus.

(s+1?

oS [SPPU : May-22, Marks 10]

E.“mavuuwua.NnPZnA.len&l%

an_.nm..mNI_.l_.lrlu
Terminating : o, o, o, &

4 Culde for Engineering Students
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Control Systems 3-24
Stability Analysis

Step 2 : Sections of real axis as shown in the Fig. Q.24.1(a)
. Q.24.1(a).

jo

ﬁ

4 Poles

NRL / NRL ——
-1

Real

Fig. Q.24.1 (a)

Qn+$§o°

3:0= =
Step P_z ° q=0,1,2,3
45°, 6, = 135°, 03 = 225° 04 = 315°

Step 4 : Centroid = IHlﬂ.nglo ==1

e Q_ =

Step 5 : Breakaway point
K _op

1 + G(s)H(s) = 0 gives 1+
s+D?
- K = —s%—4s3 —6s2 —4s-1 .-(Q:24.1) .
.MWA. = 0 gives Amu+uwwm,+uwm+hno
Solving, s =-—-1,- H -1
4.1) hence all branches meet

— 1, K = 0 from equation Q2

_ 1 at start and then approach to < along asymptotes.

together at s =

Step 6 : Intersection with j® axis
4 453 +652 +as+1+K =0

1+G(s)H(s) =0 gives s

A Guide for Engineering Students




Stabllity 4 nay,
sl

From oW of s, 16 —4K =0
) ! o Ko 4
s 4 0 >ﬁmvnmm~+w+~no
4
mm s a1 0 .mN“AkMHv“
i m 7 ) .
wl. .
 — .e=1
g | 1=K 0 ey
5
0 K+1
i t £
i i th jo axis arc a
Intersection points s,“ J open loop poles hence angle of departure g
ex
Step 7 ¢ No comp
- i .o Q.24.1(b)-
Step 8: Root locus is shown 11 the Fig. Q4 ®
e s mom_m On uoc._ axes
2 units = A _5;

Fig. Q.24.1(b)

A Guide for Engineering Studen's
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Control Systems Stability Analysis

Q.25 Plot a root locus for the system
K
+4) (s +4 -y
s(s+4)(s” +4s+13) U [SPPU : May-22, Marks 10] (
Step 1 P=4,Z=0,N =4, P —Z= 4 branches to «
s=0,-4,-12%j3

G(s) H(S) =

Ans. *
‘Gtarting points :
Terminating voEﬂm
2 : Sections of real axis as shown in the Fig. Q.25.1(2).

§ = oo, 00, ©o, @

Step
jw
NRL NRL
> \ Real )
One breakaway point
Fig. Q.25 (a) it s S
Step 3 : 8, =45% 0, = 135°, 85 = 225°, 84 = 315° as obtained in Q24
as w Z=4
Step 4 : Centroid = T2=2-820 o :
2 Sa0
Step 5 : Breakaway point
1+ G()H(s) = 0 ie. 1+ S =0
s(s+4)(s? +4s+13)
g 485342952 +525+K =0 .(Q25.1)
K = —s* —8s3 2952 -52s .(Q252)
anm 0 mZow 453 +24s% +58s+52=10 L
Solving, = -2,-2,% 158 o
Using angle condition, it can be confimed that all three are valid >0
breakaway points. Using equation (Q.25.2) the value of K is,
0,8

|~§aﬂﬂ+$.~mmo: -2 +j1.58

K=+36fors=

l

A Guide for Engineering Students
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$3-27
then remainj
; reakaway point occurs M..Mn +mMM.N.m. ainin
‘ Thus * P :NG Wonﬁn m..u.:c:h:oocmq for
breakaway Po! S 5
Step 6 * Intersection with jo ax
- =0
s4 +8s° +29s° +s52s+K
K From s’ row, 1170 — 8K = o
i ~ ;i Kmar = 146.25
3 8 52 o AGS) = NN.MWN +K=0
ce - ; s” K SR Sihei25 0,
e/ ; 1 . 3 22.5 5
1 :vclmﬁ o - s
K 22.5
s° K
poles :

NRL
| Fig. Q.25.1 (b)
o. -1 3 - o
op1 = 180°—tan M = 123.69
—1 3. o
= 90°, ¢p3 = tan M = 56.31

op2
270°

3 op = 123.69° + 90° + 56.31°
0= 3 6p—3 0z =270° — 0° = 270°
94 180° — ¢ = — 90° at — 2 + j3

®d

= +90° at — 2 — j3

.M.\&@\\\O\ \nza\
an

A Guide for Engineering Srudents
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Control Systems
The complete root locus is shown in the Fig. Q.25.1¢c)
. .25.1(c).

/ I I

Scale on both axes
1 unit = 1 unit

Step 8

i

<

Breakaway
._uomza
T
2+j1.58 ]

P |

i H ]
5 Breakaway o
point + centroid . s = — 2

fremre

i
s = -

nmlnlm.mm
£
Breakaway - |

point

Fig. Q.25.1(c)

.12 : Effect of Addition of Pole and Zero on
Root Locus :

ﬁw

What are the effects adding open loop poles and zero

on the

Q.26
nature of the root locus and on system ?

Ans.:
K

e Consider, G(s)H(s) = ﬂ The root locus of this G(s)H(s) is shown

in the Fig. Q.26.1.

e It can be seen that for any value of K’ system is totally stable.

ring Seudents

|

|

E
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Ve i e g

Fig. Q.26.1

Fig. Q.26.2 .
it can be seen that after some vay

moves in right half of s-plane. §

o Afier addition of pole in left half,
absoultely stable. Thus t:

of ‘K’, the root locus branches
system becomes conditionally stable from

stability of system gets restricted. The root
of s-plane

...

B R

s
o

i i :
i i ;

]
f
1

_

Fig. Q.26.3
A Gulde for Engineering Studen’ M

4) Range of operating values of 'K’

Jlocus shifts towards R.HS§

Shatad Stability Analysis

Control Systems
= ~ 4 to the original G{(s)H(s)

e Now consider the addition of zero at s
K(s+4)
then the root locus becomes as shown in the

i.e. G(s)H(s) = G2

Fig. Q.26.3.
o It can be seen that root locus shift towards left i.e. towards zero which

is added. So as roots move towards left half of s-plane relative stability
of operating values of 'K’ for

increases. Also it increases the range
system stability.
Effects of addition of open loop poles can be summarized as
1) Root locus shifts towards imaginary axis.
2) System stability relatively decreases.

3) System becomes more oscillatory in nature.
4) Range of operating values of 'K’ for stability of the system decreases

Effects of addition of open loop zeros can be summarized as :
1) Root locus shifts to left away from imaginary axis.

2) Relative stability of the system increases.

mes less oscillatory.

3) System beco
for system stability increases.

END... &

—
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Control Sy 4-2
Frequency Domain A
C (jw) - Sw nalysis
R(w . L — .
T T =
. Dividing by 03, Chu _ \ S0 jor o &5
R{jo) 2
Tﬂh +225 2
Wy ) o
o Replacing %. =x, MM W _ 1
Q1 Explain the concept of frequency rest i o _. g ®  [1-x11+28 ) x T
nse of 2 system to a purely sinuseiq, | o In frequency response, the second ord FELEY
Ans.: ¢ THe steady St .mewa& from 0 to =15 defined as ?3:2“5 ! called resonant peak M, and Snnmwwanmimwmmu shows a peak. This is
nput when input frequency 5 o | frequency ©c- quency is called resonant =
respo system. . : 3
In m“ntuohwwmﬂ the effect of change in input wnpcmnom of the inp, Magnitude __mfa.ev_ = 1 S
.umnuu_wmaa_& on the magnitude and phase ofite mwmc : : 0 z?lm Y +482% %
= s i1 {rans function replace $ y jo s R
HoaﬁB%Q%BBb fer s ind the val i P a . dM
..._,M et frequency TCSPORS® means to sketch e variation in magnitug, « Find the value of x which maximises the magnitude i.c. ma.lm = 0.
and phase angle of Gijw), when 01 varied from 0 t0 e , b
.Qauznoéﬁzu%e%ime: Phase Angle — flo), | XY 48 mi/ -
(= Input frequency- e e
o Frequency response means to sketch variation in M and ¢ against (. , =
ili pe decided from such frequen =—= ElxN )2 +482 x? 12 d 12 Y + 482 2 L L
The stability of system can ; oy > &n? _2) +4E2 2 1=0
responses. ; 5 : —
o Solving, 4 x[ % +NWN -1)=0 ie. x = 0 or 24282 -1=0
4.2 ; Derivation of Resonant Peak M) > e =
%2 =1-2% je. X =4l- p2 i = 8 et o
ency (@) , 2 x = 0 has no pratical significance
®
— = )‘Tmm..u ~ which maximises M.

and Resonant Frequ

essions for resonant peak M, and resonant
nd order system interms of £ and ®,.
-02, 03, 08, May-05, Marks 6]
th the closed loop

Q.2 Derive the expr
frequency ©, for a standard seco
g [SPPU : Dec.

Ans. : ® Consider a .standard second order systcm wi
transfer function in time domain as,

C(s) _ w?
RS) s2+2Em, s+

bt
2

W

=A

®q

8:

nant peak is obtained by subtituting @

e The reso

o To get frequency domain T.F. replace 's' by 'jo .

—

.. Resonant frequency

in expression of My,

A Guide for Engineering Students



Q.4 Determine

Ans. : Compare denominator with 52 +2

Frequency Dopm, in
An
A .
N

i

Nnmo:mz
?mn

r

pndamped natural freqy
mping factor, EngR o
Q3 Determine mn- _‘wuonnun frequency for the SY: with 25%
resonant peak an . q
loop transfer function :
100
i . : May-
ith 52 + 0
Comparing denominator with 52 +280n S+ @n
Ans. :
w2 = 100 ie. w, =10 rad/sec
n
2%w, = 10 ie Eie 0.5
\_ o .\\l\m\\\\l =.1.1547
3 2
5 25/1-& 2x0.5v1-0.5
o w12 = 10/1=2%0.52 = 7.071 rad/sec
w, = Wn
undamped natural frequenc,

%EE:N ~ factor,

t frequency for the system with closg

peak and resonan

resonant
loop transfer function :
6
G(s) = L\l
s2+65+36 g% [SPPU : Dec.-17, Marks 4|
2

Ew, s+Wp»

2 = 36, o, =6 rad/sec

w?
6
E = 1 =—=0.5
28w, 6 ie & %6

= 1.154

M, = I ,
4 “ ,,

2E./1- &2 |
w, = W, y/1-2&% =4.243 rad/sec

—_—

j
|
|
I
.W
I
[
f
i
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Control Systems 4-4

Frequency Domain A nalysis

Q.5 For the system with closed loop transfer function

400
Qﬁ.h Ahv o 2 ,
s +20s5+400

determine resonant peak, resonant

frequency, damping factor and natural frequency.
LS [SPPU : May-18, Marks 4]

Ans. : Comparing denominator with s2 +2£m, s+ 02,

Sw_ = 400 i.e. w, = 20 rad/sec

20 e &= wao - 05

2Emn
_ 1
= 1.1547

M, e
28)/1-¢?

W, = o,+/1-22 = 14.142 rad/sec

Q.6 Determine resonant peak (M ,) and resonant frequency (©,)
for the unity feedback system with open loop transfer function

9
G s(s+4)

Ans. : H(s) =1

O="[SPPU : Dec.-18, Marks 4]

9
: Cs) _ G(s) _ s(s+4) _ 9
i - R(s) 1+G(s) |, 9 s?+4s+9
s(s+4)
Comparing denominator with s +2Emps+0F,
-4, E=0.667

w2 =9, v, =3 rad/sec, 2&w,

. 1
oM, =
284/1-€2

Q.7 For unity feedback system with open loop t

100 )
= . Determine dam in
G(s) S5 +9) etermi ping

?o.n:n:n%. resonant pea

k, resonant frequency.

= 1.006, ©, =0, y1-2&% = 0.996 rad/sec.

ransfer function

factor, undamped natural

g5 [SPPU May-19, Marks 4]

for Engin eering Students
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Frequency Domaip i
aly,.
i,

G(s)H(s) = 0

Ceontrol Systerms
equation is 1+

Anms. : The characteristic sk R
10 _ g ‘e 52 +0g+100=01¢.5" +2EWps+ 05 =
T es+9)

. r.m, = 100, ®, < 10 rad/sec and 28®p = 9, E= 045

n

T - 1041-(045)° =893 rad/sec

N = = 1244
« umaﬂlwu
—

S 128 = 7714 rad/sec
Q.8 For the system with closed loop transfer function :

o
G{s) = — =

s -65-25

quency, damping factor apy
S [SPPU : Dec.-19, Makrs

IRy
2 +2Emps + Wn

Determine resonant peak, resonant fre

natursal frequency. .
Ans. : Comparing denominator with

w; = 25,0, 5 and 280, =6

OL = L 0.6, w, =5 rad/sec
2w, 2X5

.
LA\
|

: M, = o =1.042

Tz N-E

@, v 1— 282 = 2.645 rad/sec.

4.3 : Co-relation between Time
and Frequency Domain

Q.9 Explain the co-relation between time and frequency domain.

[[SPPU : Dec.-98, 02, 03, May-02, 04, 07, 08, 11, Marks 7]

A Gulde for Engineering Students

Control Systems

i-6
Ans. @ The two im . mgg
ran iated With 2
oaM system in m.BMM ncy “_ Mngzna ﬁmcnﬁ&
e ain .
f) fesonant frequency (u,) . ?Mn.; the fequency at which the SYSIETE

shows a peak in its
fre 4,
o, = W, z\v_llwm..u . quency response, It 1S mZ«: d%.

ii) Resonant peak M,):
of a second order syste

by, M, = H
28 1-g2 ,,

e While in time domain it s known that
system, damped frequency is Wy = ;

and zb "01#@@

° mnoB.Eomn expressions co-relation be
domain can be obtained as,

1) on.Zm and M, are the functions
both indicates the relative stability of :

2) As ‘g increases , M_ d
> My decreases and get .
that, system does not produce any o<nmmsw%.&=wrna when & = 1. After

While in frequency domain M, will vanish if| ,\TNmN =0
ie. 282 =1 ie E2=1n

smﬂ s Em peak value of the mnonch nnmmx.ubmm
ocurming at resonant frequency @r and given

for a standard second order
W, ~lnu .

tween frequency domain and time

of the nwmhuumuwmw .
g ratio al
the system. alone.280

i o £=10.707

in such case system wi ibi

chown in Fig. O.o.m\ will not exhibit resonant peak. This can be

3) Wh i i

) ! en & Mm very m8m=. Le. less than 0.4 , both M and M, will be very
arge and are not desirable. So ‘&' is moso,am:% designed to be between
0.4 < £<0.707 where M and M, are comparable to each other.

4) As £E-0, M, achieves 1 ie. 100 % overshoot while M, tries to
approach to e and hence both are undesirable from system point of
view. .

5) Also when & is between 0.4 to 0.707 both ®, and gy are comparable
to each other while when & — G both and 4 approaches the
value ®,. When € is small, 0y is large and hence rise time is small.
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.M }

uency Domain Anayy,;
]

X 1S
-2 is small @ S mﬁhna of the response-

Similaly B ° . dics
oy 9.2, Q.
the resPo*° m@.s% gre shown 10 the F1g- Q91 @92 Q93 a,
1311005
o All these ©°F

Magritude

al}

0.707

- 0.707

04
Fig. Q.94

Fig. 9.3
< 0.707.

o The two responses arc comparable b

Bode Plot]

ctween 0.4 < &

4.4 : Introduction to Bode Plot

Q.10 What is Bode plot ?

Ans. : ® Bode plot consists of two plots
1) Magnitude expressed in logarithmic v
of frequency called Magnitude plot.

which are,
alues against logarithmic values

\L‘I\

A Gulde for Engineering Students

| frequency @
/ a‘ Yy

4-8
Frequency Domain Analysis

Con rol Systems
\\\\“
2) Phase angle in degrees against logarithmic
phase angle plot. garithmic values of frequency called

de M

I
I

The magnitu IGG@H(w)| 20Log 5 |G(jw) dB
The phase angle ¢ = ZG(jomH(ou) in degrees
» The twO plots are shown in the Fig. Q.10.1

£G(jw)

|GG
in degrees

indB

Log w Log w

Fig. Q.10.1 Magnitude plot and Phase plot
o Both these plots are sktched on the same semi-log paper and together

called Bode plot of the system.
Important P~ 5 to Remember J

is used to sketch the Bode plot. In such paper the

o A semi-log paper 1
X-axis is divided into a logarithmic scale which is non linear one
While Y-axis is divided into linear scale and hence it is nwznm

_semilog paper-

o The logarithmic scale available on X-axis takes care of logarithmic

\yalue of w There is no need to find the logarithmic values of

. g

4.5 : Standard Form and Factors of G(jo)H (o)

Go)HGw) ? State the general

to the Bode plot.
d time constant form

Q.11 What is the standard form of G
Gw)H(w) which contribute

factors of G
form of GGWH(W is calle

Ans. : The standarad
and given by, ,

KO+ Ts) (1+ Tp8) coeeee

G(s)H(s) =
OHE) sP(1+Tp9) A+ Tys)

K = Resultant system gain P*= Type of the system

A Guide for Engineering Students
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Frequency Domain 4, -
§

different poles and zeros,
be 06850& by mCUmSE:.:
¥

v

o List of basic factors contributing Bode plot is ,
i r.
1) Resultant system gail K, constant facto
expressed in time constant form).
the origin. (Integral and
af origin will be
ed first order factors of the for,

(When G(GWH(oy

Derivative factors) .
2) Poles or zer0S at :

(jw)=P . Either poles or zeT0s
es and zeros also call

+1 :

present.

m, 3) Simple pol
f (1+sT)=! ie. (1+ jooT) .
or zero, which cannot t

. . . _n
4) Quadratic factors 1.€. ncm&,mcnvo .

. : i ving complex conjugate roots, of th
factorised into real factors 1.c. having comp 7 €

a..n_ .N
“ ' ‘.S ._E
».oaBT.TNIJJ.Tm‘; n I&m%\nw +ﬁalu
oy ¢ Op :

n

N

ﬂ Important Points to Remember

The magnitude plot of K is a straight line parallel
f (20 Log K) dB above or
K. Postive K does

1. Constant K :
to X-axis i.e. Logw axis at a distance O

below 0 dB line depending on the value of

not contribute to phase angle plot.
2. Poles at the origin : One pole at the origin contributes a line of
slope — 20 dB/decade passing through intersection point of ® = 1
and 0 dB lines. If there are 2 poles at the origin, the slope of the
straight line changes to — 40 dB/decade and so on. In phase
angle plot, each pole at the origin contributes fixed angle of
~ 907 at all the frequencies. Two poles at the origin contibute
—180° and so on. For| zeros at origin the sign of the slope
changes 1o positive in magnitude plot while the sign of the angle

changes to positive in phase angle plot.

————————

A Gulde for Engineering Students

ﬁau&& Systems 4-10
ﬁwnatnaq Domai
n l:&k:.m

\.\\\l\\‘
. 3, Simple Poles or Zeros (1+Ts) ! ;
l.e. AH + h.Cuu—uwH 1

pole contributes a straight line of slope - 20 : Simple
corner frequency which is given by w- = 1 ﬁmw_\_nH e after it
’ ! 0= .wC.\. =

1/T, the factor does not contribute to ma
simple zero, the sign of the slope changes t,
Hnam.wa same.

gnitude plot. For a
O positive, the naryre

The phase angle of such factors is gj e
given by *tan~! T s e

ooan.mwﬁmon is required to be calculated at varig
. 5 -
sign for simple zero and — sign for simple pole. Bk L

4. Quadratic Poles or Zeros :

These are represented as
£1 . ; -

. 2 ‘ .,u
~+Wnu.w+m‘ ie|l+28] 01,30
[ON 0?2 o o,

The comer frequency of such factors is given by o = o
3 n-

¢ Quadratic pole contributes a straight line of slope — 40 dB/dec aft
its comner frequency which is given by wc = w,. Till 0= o n_M
does not 8:3@50 to magnitude plot. For a quadratic zero, the m“mu
of the slope changes to positive, the nature remains same. . }

The phase angle of such factor is given by,

1 2E (/o )
1-(w/ o, )?

factor is quadratic zero.

e When the magnitude plot of two factors representing straight
lines are to be added together in the Bode plot, then resultant
line always has a slope which is algebraic addition of the
individual slopes of the two lines which are to be added.

e The starting slope of the Bode plot for the function G(s)H(s) gets

decided by number of poles or zeros at origin present in
/QSNA&.

¢=—tan” The positive sign is to be used if the

A Guide for Engineering Students
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Frequency Domain 4y, alyg;
i

\

trol Systems -
se mvmnﬁnwao:m e Ll Frequency Domain Anays;
. vi) Phase Es_‘n..E P.M. : Similar to the gain, it i . sis
. frequency domain specification phase lag in the system ie. negative _msa Possible 1o introduce T
, Define the following X M.HMESQ i) GM. V) PM. v) ﬂ, magnitude plot of G(w)H(o). gles withow affecting &g
Q.1 ) an n | ; - A e
Resonant pesk ii) momou eross-over frequency ., o The Euo.sa of additional phase lag which can be ;
D frequency vi) Phase 6.10,11,13, M ,, system till system reaches on the v o0 D€ infroduced in the
eross- OV ool May-01,06,122% Dec.-01,03.05.0% aue of ey | margin P.M. | erée of instability is called phase
sppU : May-u o . imum value of magps, . | .
= onant peak M) IS i Beﬂrw, value of ,Rmosmw e, | o Mathematically it can be defined as i
Ass.: RS frequency response: Larger foe : pey | , 5 ,
of te closed I90P 50 C - choot of system for S°P npt ,,” PM. = [£ GOHGO) |y ~ ] - [(-180°)) Ny
more is e §Mcn mnms, (0,) ¢ The frequency 2t which Bwonwbm Pedky | & v . B
i) Resoner™ OM“a loop frequency response s called resonant requengy | - .. PM. =180° + ZG(uH(w)| - /
occurs 1 t which magny,, = Oge
. The frequency @ ity T e =
iif) Gain nnoam:.on. ?B.nswnw_ Aemnvnmzaa gain crossover frequency, , o Positive P.M. indicates m.am.zm system while negative PM. indi
f Gjo)H({w) 15 unity i.e. 115 unstable system. More positive the P.M., more stable i s = Eall
\ ( et Oo.@mc.@ is expresse 4 in dB. And dB valy , M., stable is the system.
o Generally magn! _
1is 20Logyo 1 =0 dB. : _ _ ﬁ».q : GM. and P.M. from Bode EAW/
-0 cross-over frequency is the frequency 2t i?oﬂ agninug, j —_—
o Mﬂw nmvm“nm 0 dB line. Hence at O magnitude of GGWHGo) is g Q.13 Define G.M. and P.M. How to find them from Bode plot
] TS [SPPU : Dec.-10, 12, May-13, M
dB. requency () ¢ The frequency at which phy a X y-13, Marks 6] il mm
iv) Phase crossover ’ quent pe alled phase crossover frequency OR How to determine stability from Bode plot ?
angle of G(w)H(®) 15 = 18018 _ St
T [SPPU : Dec.-13, Marks 6) _—
: M? o As gain 'K is increased, the system stabily Ans. : For definitions of G.M. and P.M,, refer answer of Q.12.
v) Gain ma L i inally stabl
. mar €. . ,
reduces and for a certain value of 'K’ 1t canoaown &_msmzw .- o In a Bode plot, identify » = w,; and extend o = v, line upwards tll
i R argin in gai owable by whit| @i, . i
* Gain BEW.u Whmw%_ Mmﬂwywm»%wm o:mﬂw—<ﬂmo of instability. ,, it intersects resultant magnitude plot at point A. The magnitude
gain can be 1n ) & adeeos % corresponding to point A is | GGO)HG0) |y = .. -
o Mathematically it can be defined as reciprocal of the magn! , pe
G(je)H(j) measured at phase crossover frequency. f o The difference between 0 dB and magnitude corresponding to point A
1 : | i.e| Go)H(w) ﬂsus% is Gain Margin. If point A is below 0 dB, E Ol
GM. = TGGOHGO)| o= 05 GM. is positive and if point A is above 0 dB, GM. is negative. ‘3\
) o For phase margin, identify ® = g and extend 0= g line downwards 250
GM. = 20 Log ———— R . . R
g | G(o)H({w)| o= pc ” till it intersects phase angle plot at point C. The angle corresponding to oy
In decibels . ﬂ the point C is Z{G( @) H( )1y =0 g B
GM. = - 20 Logyg | GGOHG)| 0= aye =

¢ More vamﬂ?o the Og. more stable is the m%mﬁg. _———
(Brcopl) A Guide for Engineering mam%_,.._

A Guide for Engineering Students



Frequency Domain An, Disi

?&.Mv.hm!h 1-14
mmm! —_— Frequency Domain Analysis
" dnabs

3) Draw a line of appropriate slope Tepresenting poles or zer
os at

ie. ZIGHOHI® o= ang

: int C
. qance between this poin  Glliseaboy . . .
o The dis he phase margin. If poin € ~18 the origin, passing through intersection point of »= 1 and ¢ gp
180° line IS nothing but - below.—180° line, P.M. is negative, For 1 pole at the origin — 20 dB/dec, for 2 poles at the orj -
AL is positive and if 1S . — 40 dB/dec and so on. rigin
o P.M. 1S M. are positive wh: | . R 5 .
line, . 1o be stable when P.M. and G.M :m:m 4) Shift the intersection point of = ] ang 0 dB on 20 Log K I
o System IS said umstable when both P.M. and G.M. are negatiy, | and draw parallel line to the line drawn in step 3 .::mSM
- cvstem is said © be eeltr instability i.e- marginally stabje in addition of constant K and number of poles or zeros at the
- f- - .
origin.

on system is on the

M. both are Zzero. This is possible wh,
i . | 5) Change the slope of this line at various comer frequencies by

appropriate value i.e. depending upon which factor is occurring at
comner frequency. For a simple pole, slope must be changed by
« The GM. zad P — 20 dB/decade, for a simple zero by + 20 dB/decade etc. Do not
Mag indB draw these individual lines. Change the slope of line obtained

4 ,ﬁ in step 5 by respective value and draw line with resultant slope.

Continue this line till it intersects next corner frequency line.
Change the slope and continue. Apply necessary correction for

Now wh
pamure then GM. and
Ope = Opc-

=<

M. for stable system is shown in the Fig. Q.13.1. 4

[G(Ra)H{o)]
indB
B quadratic factor if required.
0d8 6) Prepare the phase angle table and obtain the table of @ and
+ve GM. resultant phase angle ¢g by actual calculation. Plot these points
2 A and draw the smooth curve obtaining the necessary phase angle
FiComess +ve PM. . )
e Remember that at every corner frequency slope of resultant line
-180° D ; ~ must change.
ool 7) Determine g, ®,c, G.M. and P.M. from the Bode plot and
. - predict the stability of the system.
\ “Wge Wpe Log o .
Q.14 For the unity feedback system with open loop transfer function.
: 50
Fig. Q13.1 0,c <0v,, G.M. and P.M. positive, stable system . G(s) = , sketch Bode plot.
i 4 ® = G G+10) P
B i , phase crossover frequency, gain
.v 4.8 : Steps to Sketch Bode Plot U&oﬂ.ﬂ?n gain crossover ...dn:m.uo% pha pet q
margin and phase margin. Also investigate the stability.
Important Points to Remember US[SPPU : Dec.-17, Makrs 8]
2.5 .
F i ; : . : = = ... Time constant form
) Mnn?au w.:ﬁ. G(s)H(s) into time constant form. Ans. : Step 1: G(s) H(s) SA7055 (7019
) aw a line of 20 Log K dB which is parallel to Log w axis i.c.
X-axis.
: ’ Guide for Engineering Students
@rcooss A Gulde for Engineering Students @iconi> A Guide fu
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Frequency Domain 4 nay
i

ht line parallel to Log @ axis,
a—n

Factors
Step 2 _8dB, s
& ) K=2 3, 20 —\Omr § : of slope — 20 dB/dec.
1 e P .&: ine
= . 1 ope pole at ongin Sis iB
Em. 5gmo=om8“_guc
L o = 2. straight line
passing o™ S BHLE o sy |
) L, simple pole 11 1
1l
~ Q NS |
1 _ jo, mﬁzmg line o?

Resultant slope i
dB/dec

Step 3 : Phase angle table .
. . s \I\\l\‘\\\l\
G(wH(w) = 05j0)(1 + 0.1jo)

jo1+0.

o) 1 [-tan105 —tan~10.1
jo

\\S \-80 \ _571° \L.:o 6.85°
ﬁ \-80\ _as5° \-:.uo \nz

\- \ 68.19° \ ~26.56° \Lﬁ L
10 \-80 \-a.%o \-&0 \-N;%g.

=
|

\..80 \'80 -90° \nméo \

‘ Step 4 : The Bode plot and the answers are given in the Fig. Q.14.1
g (See Fig. Q.14.1 on next page)

w

Frequency Domain Analysis

contro! Systems

\I\\‘\‘

3 4 587801

2

SEMILOG PAPER (SCYCLES « 110)

3 4 567894

2

3 4 58678914
[

+14dE

|

|

3 4567891

2

i

-210°

Mg in a8
A
+60
60
dB/dec
+40 |-+
—40 -

-150°
80
=210°
240
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Control Systems €17 Frequency bcii: ol
Isiy | Systems B
contro!O) 1-18 =

Q.15 Draw Bode plot of the system with open loop

50
tr i = and determi
ansfer function G(s) S5 (5 +10) ne Ew?SE, 2, .
margin and phase margin. 0Z°[SPPU : May-18, Dec.-19, Mari m
: s &
Ans. : Refer Q.14 for the procedure. Factors are, K =1, one vo_g mm
e 0og =1 o e g =
_ origin X and simple poles with a¢; = 5, oy = 10. a 2 B
) w Hum wm aﬂdﬂ.ﬂli .
W Verify the answers as : 0g, = 1 rad/sec, 0, = 7 rad/sec m o-H &f BB R =
.. GM. = + 24 dB, PM. = + 73°. System is stable. 2 Yy ‘ —
¥ H35 = HESs "
Q.16 Draw Bode plot of the system with open loop trangg, i mmn mm Z =
b function : d °H E s =2
i 20(s+5) . ) . ‘ ull 5 m._ e 3
| G(s) = Mﬂu||+_c|v and determine gain margin, phase . margiy, | § —F m N
Also comment on stability. 0S°[SPPU : Dec.-18, May-22, Marks 8] a ‘
Ans. : Step 1 : Time constant form, m 3
10 (1+0.2s) <
§) = ——
S5 s (1+0.1s) 5

Step 2 : Factors
i) K = 10, 20 log K = 20 dB, straight line parallel to log  axis.
ii) One pole at the origin, straight line of slope — 20 dB/dec

_ ;

iii) Simple zero, 1 + 0.2s, ¢ =02 =5,

straight line of slope + 20 dB/dec for 25

T

I
|
1L
,” m‘ V: i
LT :l\ »

1

H

I

U

2 3 456789
i
I
i
0 dB/dec
I
I

i

LRI

5 ,
iv) Si I ! g =
iv) Simpl , ———— =— =10, =
s o vy AN, o =
straight line of slope — 20 dB/dec for =10 o =
~ -
Range of © 0O<w<s 55w<10 10Sw<oo * r =
, E #88 § ¢
Resultant slope in dB/dec | - 20 -20+20=0 0-20=-20 3 o
. Fig. Q.16.1
Step 3 : Phase angle table, G cecuE
jo(14+0.1 jw) -
A Guide for Engineering Sders




1 +tan”! 020 - -
® -
: jo SE—
\
TI\I\\\.\!I.L\\-\..“||\|| s .:o _ N.MOO
(\I‘Ill\‘.\nl (-}
S I B
r‘\\\l‘l“l\\ bWo . &Mo
10 A B W :
.‘l“'\l L4
L ° — 78.69° .
0 _ 90° \.Hmwll\\!; :
Y rl‘l‘.\ll‘ll (-]
¥ oo - 90° +90° - 90 :

Step 4 : The Bode plot is shown in the Fig. Q.16.1.

plot, GM. = + o dB, PM. = 103°

From the
Hence the system is stable in nature.

3 4 5678931

th open loop transfer

Q.17 Draw Bode plot of the system Wi

40 . A

ion : = and determine gain Crossover
function : G(s) G120 .

2

phase margin,

frequency, phase cross over frequency, gain margin,

Also comment on stability. IS [SPPU : May-19, Marks 8] .
Ans. : Step 1 : G(s)H(s) in time constant form. -
1

G(s)H(s) = s(1+ 0.55)(1+0.055)

Step 2 : Factors
i)K=1,20log K=0dB

ii) .M.. one pole at origin, straight line of slope — 20 dB/dsec

passing through intersection of w= 1 and 0 dB

! y 1
705’ 1 =S 0 = =2

i straight line of slope - 20 dB/dsec
B iv) Simpl _ - =
ple pole, 70,05 " T, = 0.05, ¢y = ,_.IN = 20,

iii) Simple pole,

—

r m._m:_%;:w Students

““\“\\I\\!‘ \»9:%?



/dseC
«raight line ©f slope = 20 i )= 5j0) . |
step 3 : Phase angle table © G(i®) = Jo(1+0°) : m
tep 3¢ _——— ,
-1
ae\ _tan~1 0,050
\\.\\.\ o
et | 9T
l\.\\\\. o
4 - 571
B S
~ 78.69° - 26.56°
\\\l
|I||.I:Jéi _ WOo — DOO
\I‘
_ answers are given in the Fig. Q.17.1,

Step 4: Bode plot and all the
» 9: >a<m=8mmm of Bode Plot

of Bode v_or QGE& cmn...: Marks ¢ |

Q.18 Give the advantages
. 1) It shows both low and Emu wo@gow characteristics of HE; ;
fimction in single diagram-

asily constructed using some valid approximations,

2) The plots can be e
can be studied by om_oc_m:nm GM. ayl

3) Relative stability of system’

P.M. from the Bode plot.
4) The various other frequency domain specifications like og.om

frequency, bandwidth etc. can be determined.
5) Data for constructing complicated polar and ZvﬁE,ﬂ plots can b
easily obtained from Bode plot. :
6) Transfer function of system can be obtained from Bode Eoﬁ
7) It indicates how system should be 88@@:%8@ to get the desirl
response. _

specifications of G.M. and P.M. from Bode plot.

open loop system can be obtained experimentally.

8) The value of system gain K can be designed for requirel

9) Without the knowledge of the transfer function the Bode plot of statk

\

Polar and Nyquist P1o¢

# 4.10 : Polar v—ﬂ

049 What fs polar plot 2 Explain polar plots for Type 0, 1 and 2
’ n

uw.u.cn—u. 123 [SPPU : Dec.
; : =17, M
Ans. ¢ ° Polar plot is defined as the locus of tips of the ou;a “9 .
hasors o

various magnitudes plotted at the corresponding phase angles for differemt

yalues of frequencies from 0 to oo,

o The polar plot starts at point representing magnitude and phase angle for
- 0=0. While it terminates at a point representing magnitude and phase

|

angle for ®= .
:  Consider a open loop transfer function
1
1+ Ts
1 1+30

I+ Tjo 1+joT
H

1+ o T?
[ ™ | ¢ |
e L
T |

o The . rotation of the plot is i
290°-0°=-90°  ie. ggo ‘0-%0@xs Rotation of 90°
clockwise. So the polar plot is -90°  clockwise
starting from 1£0° it ends at Fig. Q194
0£-90° with 90° clockwise
rotation as shown in the Fig. Q.19.1.

loop transfer function
1
s(1+Ts)

Type 0 system
G()H() =

\1

W
1

G(wH(w) =

|

GGoHGl = M= , £ GGOHGW = 0= —tan™ (T)

|

0<£-90°
End
~a

2

Tangential

1400
Stant

}Oo

cl1vE| |

Type 1 system : Consider a open
G(s)H(s) =

ering Students
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/ 4.11 : Nyquist Plot

a.20 state and explain Nyquist stability criterion.
B3 [SPPU : Dec.

. -2000,02,06,22, May-04,08,12, Marks 6} = =
Ans. ¢ Nyquist mcmm,"mnna. to select a single valued function F(s) as 1+
G(sHE) where G(s)H(s) is open loop transfer function of the system
F(s) = 1 + G(s)H(s) ’
¥ o Poles of G(s)H(s) are the open loop poles which are known as G(s)H(s)
is known but zeros of 1 + OGVI.@ are closed loop poles of the system
| which are not known. The stability depends on the locations of these s
,_ zeros of 1+ G(s)H(s) in s-plane.
o To examine whether any of these zeros are located in right half of S
s-plane or not, Nyquist has suggested to select a 7(s) path which will
encircle the entire right half of s-plane. .
, e Such a uum.ﬁ— should start from R
the Fig. Q.19-2- function s = + jeo. Tt should be . _
2 system : Consider a open loop transfer continued till s=— jeo along S=i . L
Type 2 SY . imaginary axis and should be :
1 completed with a semicircle of Ertire right halt .
G(s)H(s) = \N\mﬂmu radius oo, encircling entire right D
s : \\\\\@H_\ow\\\ll ; half of s-plane as shown in the gl A =
L = 5770) (0+J0) (1+joT) Fig. Q.20.1. This path is called «(s) path called = =k
GGHG) jo .ﬂe.c+._.._ev 0+ jo) ¢ i n _ Nygquist path and should. not a, -~ wznc,ﬂ path
. e 1 ¢=-180°-tan oT be changed except small e =
B o 3 modifications, Wwhile analyzing
AR stability of any system. Fig. Q.20 [
% M ¢ . oAs poles of G(s)H(s) are
0 oo - 180° known which are the poles of 1 + G(s)H(s), we know the value of P ie.
270° : poles of 1 + G(s)H(s) which are encircled by Nyquist path.
= 0 - 90° clockwise

¢ The rotation of the plot is,
-270° - (-180°) = -90°
ie. 90° clockwise.

/ e Map all the points on the Nyquist path into F -plane with the help of
mapping function 1 + G(s)H(s) to get T'(s) locus.

o This mapped locus obtained in F-plane by mapping all the points on
So th : Nyquist path is called Nyquist plot.
eSo the polar plot is starting from «w—-0 .

o /~180° it ends at 0Z-270° with Start | e As this locus
90° clockwise rotation as shown in the
Fig. Q.19.3.

.

is obtained, we can determine the number of encirclements

{ of origin by Nyquist plot in F-plane, say N.
Fig. Q.19.3

A L g
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Frequency Domain A, "
"

must satisfy the equation, N = 7

ight half of s-plane.

...ZE__E stability criterj,

psolute stability of ¢y,
olnmn of H-U_mno 3
sof 1+ OAmvamv ie
f of s-plane and in

s that for a
ents of new
mber of pole

rion state
f encirclem

. denwn

system, the pumber 0

Nyquist plot must be €
poles of G(s)H(s) which are 1

clockwise direction.

Q.21 How fo determine g2

Polar plot.
Ans. : According to definiti

on of gain margin,

1

GM. = - -

is nothing but NAOQ where Q is the

e In polar plot |G(iw) H(®) = o pc
al axis. Q is the point

intersection of polar plot with negative r€
corresponding t0 W= Wpc.
=i 1
GM. = ——
: 1(0Q)

where Q is intersection of polar plot with negative real ‘axis.

“e According to definition of phase margin,
PM. = 180°+ £ G(jw) H(jw) _euemo

“

$18

System’ 41-26
32:3@ Doma 5,
N Analysis <

radius circle on the
- polar plg
r plot is denoted a . POt The poiny |
s P at which jo) b Pomt ahere

frequency i nothi o) =
quency i nothing but 0=y, OV =1 and e

no:&:m

Oo“nm .
he angle of point P corresponding to (=,

. oo the PM 55 v
phasor OP with negative req] M. i3 the

ax1s. This i

Acv\. >0,

Unstatie system

£ G (jo) H(joo)
atn= Oge

(a) Fig. Q.21.1 (b)

\\\\\\l Important Points to Remember

To find ®, and intersection of polar plot with negative real axis
i) Rationalize the open loop transfer function GGWJHG®.

ii) Separate real and imaginary parts of G(juyH(jw). Both are the function

ome.
jii)Equate imaginary part to zero o get equation as f{) = 0. Solve this
to get value of ® which is making this imaginary part Z€r0 ie. 0=

This frequency should be positive finite and greater than

)
pe’. .
cluded that there is no intersection of

zero. Otherwise it can be con
polar plot with negative real axis.
iv) Substitute this value of wp in the real part to g
co-ordinates of an intersection of point of polar plot WI
This point is denoted as Q.

get the actual
th negative

(3»_ axis.

e

v Cesdants

l
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Frequency Domain Analysis

| Systems 4-28

- K

For & certain control system G(s)H(s) = —————u--
s(s+2)(s+ :.:. Sketch

. a2’
jve the problem using Ny, | :
a22 List the steps psed 10 $0 i (SPPU : May-16, zsﬂff the Nyquist plot and hence calculate the range of values of K for
S
criterion- g stabllity: [ [SPPU : Dec.-02, 03, 11, May-06, Marks 8]
Ans. * .
Amps- * of G(s)H(s % - 4 [Nyguistpan
1 Count how many number om.w NHM“E« RM_ vaﬁnv ,Mo in g, step 1: M 0 b ; P
Step ] _olane 1. wi 1S 0§ 4, Step 2 ¢ =-P= e critical ,
right IR ¥ point —1 ._o should not mona:@L @
vatue of P- get encircled by Nyquist
o o, N = - P ie. how plot. ey
10 the stability criterion as . A P ap, . Section (11) 4
Step 2 Uonanz st plot should encircle -1 +j0’ point 1, Step 3 ¢ Pole at origin hence R—0 @
times NY4 " Nyquist path is as shown in Section @
lity.
absolute bl the Fig. Q23.1.
. function G(s)H(s)- Step 4 ¢ R |
step 3 St Nygis i 287 E m.sul\\\l\l\\x M_. Q.23
Step 4 : Analyse the sections as starting voua and terminating poin QQSV G H.SAN.._.' j 0)(10+] o) g. .
- of plot. Las section analysis is not required. M = [GGe)HG®) _
R .
d intersection of Nyquist plo \\|\|\|\|\I|
Step 5 ¢ Mathematically munoﬁenn i - wx /4 + 0? x/100+
with negative real axis axis by rationalizing G({wH(o). Th 0
_— point of intersection is denoted as Q. - Tm
m||\l, = Step 6: With the knowledge of sep 4 and 5, sketch the Nyquis tan-1 (2 1{ 9) an-!
plot. : 2
e 3 o 10
= - t nms —_
Step7:  Count the number of encirclements N of -1 +jO 3\ Nyquis § & an - 4 5
e | plot. If this matches with the criterion decided in'stp 2}  gectionI: s=*i° os=+j0 ie w— oto = +0
system w stable, otherwise unstable. o °
GM. g Starting point | ©—= 0£-270° _ gp° - (-270° = * 180
I|||| where -, , . .
o | [Terminating point |0 +0] ~ 0<**7 i L st
Q = Intersection point of Nyquist real ; . ~0
naogagsaﬁmﬁ u_c.s._sanwusﬁ W _manao._:“mnd.o tos=-j0 1€ e“u._u\e\w.\\\.\\\
i 0 o=+ 18C°
; : ¢ w £ -90° 90° - (-90) !
GM. = 20 Log : Starting point E Anticlockwise rotation
10 TAA~( hoo 3 T . . - -0 o L+ 90
_ erminating point | @
W. Section III is mirror image of section about real axis:
' ) :.nb:%::
—— = | e A Q:E«\gsh..ﬁ?wﬁ.
Ssmden® ﬁ @

A CnlAds (e Fnolneering
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Frequency

NS
o | Systems 4-30 =
. an ongi® K Contrt — Frequen
p IV an 07! \\\\ cy Domain Analysis &g =
e mc.@:c@ | _.e:o+ J 0)(2*] o S step 7 : Now for absolute stability, N = 0 _— =
i xs jo)2= ) y msos_ﬁmoo located on left side of point Q ie. |0Q| <1
_io(iv b K .
HAA ] (10-j )2+ j )2~ _ N»o_ =1 _—
K < 240 -—
go range of values of K for stability is T
,., Q.24 Construct Nyquist plot and find phase crossover frequency and
in margin if : G(s)-HE) = 1 o
i O-HO = ey AN commer o
,
| wanEQ = SRS s
, I3*(SPPU : Dec.-14, Marks 8
| Ans.: Refer Q23 for the s 8” 1
ﬂ, ?,oooaﬁn and verify the answer = a0y
_ # N
\\H\\\\\\\\ 1 | -as: -i0 \\?
. point Q = 75 (@0 O 100+ 20 | GG HD = — -
e ist plot i ,, ; jo (L+jo) 2+ o) A S
i Step 6: The Nyqust PE2 | otee . -1+0  Q e\
i _270°, +90° _ , Rationalize to gIve, i ﬂ e o —_
#ot = i | G i3l h —
,_ | G0 HGo = we jo@-o’) O _gsem
Bl _ s= —j0 4 | : o? (L+o?) @ro’) L
o O =2, Q=-01667 oy
The Nyquist plot is shown in the GM =20 Log —< dB
Fig. Q24.1. ,8, g
J

=20109 o;mﬂu +1556d8
Fig. Q.24

Q.25 For the unity feedback system with open loop transfer function.

G(s) = 20
s :i:mis,

sketch Nyquist plot and investigate stability.
TS (SPPU ¢ May-17, Marks 8)

—
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Control Systermss o _s_ﬁ = uy
. Step1: = .
5 2:N= p=0 for stability = i b
te TN =7 ; ; .
5 3 : The Nyquist plot 15 shown 11
Step 3 ° by B
Fig. Q.25.1(@): o
alysis of sections: ctor
- K i Section 9 j
S .
NO I_SLi g

— ) (10+ J©)

Oo.avmo.@ = Jo(1+ _.SXHO.:. *
Fig. Q.25.1(a)

Secti =t j0
_ 90° — (=270°) = + 180
Anticlockwise |
.V+ 90°:+:907 = -+ 180° |
Anticlockwise |
Section ITI is mirror image of section I about real axis.
Section IV is about origin so not required.
Step 5 : Intersection with negative real axis.
A 20(~ je)(1 — jo) (10— je) _ .
” ] = S : £ .Hﬂwﬂ .
GO jox— jo)(1+ je)(1 - j0)(10+ jw) (10— j) 1onaliz
_ - 2200 — 20jX10~ o?) :
w2(1+ w? X100+ ?)
Equating imaginary part to zero, 10-0?2 =0
S Wpe T V10 rad/sec,
substitute in real part
. - -220
.. Point R
Q= 535770 =~ 01818 : .

Control Systems 4-32
Frequency Domain Analysis
y - 2708
step 6 The Nyquist plot is —jo 1
m?O(ﬂB 5 the Muum. ONM.H AUV
~i:8 ‘a s
m~nﬁﬂu>m2"0.‘|u+uo is not Zn\o \ B -
encircled by Nyquist plot. This gl
satisfies step 2, hence system is
MQQU—Q- +jo 1
- 80°

Fig. Q.25.1 (b)

4.14 : Advantages of Nyquist Plot

Q.26 State the advantages of Nyquist plot.
I="[SPPU : May-01, 03, Dec.-07, 09, Marks 4]

Ans. : 1) It gives same information about absolute stabili i
1
. by Routh’s criterion. S g

Useful for determining the stability of the closed loop system from

2)
open loop transfer function without knowing the roots of
characteristic equation.
3) It also indicates relative stability giving the values of G.M. and PM.
4) It indicates reality, the manner in - which system should be
- - compensated to yield desired response.

4.15: Advantages and Disadvantages
of Frequency Domain Analysis

Q.27 State the advantages of frequency domain analysis.
p°[SPPU : Dec.-22, Marks 8]
r function, frequency response

Ans. : 1) Without the knowledge of transfe

can be obtained experimentally.

2) The methods are easy o UsS
are well tested.

calculations are simple and the designs

A Guide for Engineering Students




\

system can be determined pr,
ponse of the system

frequency T
a] generators and the prec;g,

Cty
teayy,,
Ty,

e
the step resp %
. (< onse ,,_
e 15 . 0
cy TeSPORSE - close relation between Ew the
(J g‘o wmﬁf

quired 10 obtain the frequency response ;
Sin
: I

cy response analysis,

g [SPPU : May-22,
r m_-ru
8

only linear system, i
 Fop |

1) The method n»nmno linearity, the results are ina !
onE.mﬂmp

with some¢ degree ©

’ i tors, the frequ N
mputers and simulators, quency "

- pe outdated and old. 535

<

I

on of the step respong, . |

the estimati ,
ed UV~ Emgm the fact that a EWEQ. monq
oam

(4

MMHa W«uwnwwwnwuﬁo%maq as second order when under g
Hence the results arc not that accurate. To have accurate pe %
extensive calculations ar¢ required to be done. ﬁ,,_

4) For an existing system the moa.cnun% response is possible only 51_,
jts time constan w minutes. n. the time constant is ip 5,,__
then practically the method is not convenient. d

practically is fairly time consuming,

5) Obtaining frequency response
END.,. ;

P —

H ]
[Unit V|

State Space Representation

5.1 : Advantages of State Space Representation

Q. State the advantages of state space approach over transfer

function approach.
[S"[SPPU : May-06,08,14, Dec.-01,02,03,10,13,14,15, Marks 4]

The method takes into account the effect of all initial

Ans. ¢ 1)
conditions. .
2) It can be applied to non-linear as well as time varyi
, : ) arying systems.
3) It can be conveniently applied to multiple i :
systems. ple input multiple output

4) The system cai be designed for the optimal conditions precisely by

using this modern method.
5) Any type of the .N.BE: can be considered for designing the system.
6) As the uwo.ﬁomh:\o?nm matrix algebra, can be conveniently adopted
for the digital computers.
7) The state variables selected need not necessarily be the physical
quantities of the system.
.8) The vector matrix nota
representation of the system.

tion ~greatly simplifies the mathematical

Q.2 Compare the classical control theory with the state variable

theory. ES[SPPU : May-2000, 01, 07, Dec.-05, 07, 11, Marks 4]

Anms. @

\m.z; Classical control theory
\H \ Initial conditions are nelected.

‘ 2. \ Applied only to linear systems. .

State variable theory

Effect of initial conditions is
considered.
lied to both linear and nonli

near

App
systems.

e

Sy ey dent

s-2

Page
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¢

4) State space : The space whose co-ordinate axes are nothing but the ' |

mnmm—% Dﬁﬁ=na to ﬂSC_:—u_o in

multiple output systems, Py

¢ input

: ltipl
apply © °
ut mv.m—nam.

Difficult ©

multiple outP Applied to time variant g

jnvariant systems.
Any type of input can be
considered.

Due to matrix algebra, casily

Not suitable for digital compP %n ditital computers.

o:. \\\\
Uses perfect Bmﬂrnﬁm?
— » tri rror : s ,
7. It uscs many trial m.mbm MO mm<n E.Onn&ﬂﬁﬁm to give required opi; W
ures hence 1! solution. my
|

ovnaw_ solution. _

:50

uters.

52: Important pefinitions

State ii) State variables ' iii) State veeto, |
U : May-01, 04, 05, 07, 08, 10, 13, ,

Dec.-05, 06, 07, 09, 10, 13, Marks
Ans. : 1) State : The statc of a dynamic system 1S aumwoa as a Mininy
set of variables such that the knowledge of these variables at t = )
together with the knowledge of the inputs for t 2 H.? completey |
determines the behaviour of the system for t > to.

lved in determining the state of,

2) State variables : The variables invo :
dynamic system X(t), are called the state variables. X; () X5 (1) ...

X, (t) are nothing but the state variables. These are normally th
energy storing elements contained in the system.

3) State vector : The 'n' state variables necessary to describe th
complete behaviour of the system can be considered as 'n' component
of a vector X(t) called the state vector at time 't'. The state vector X(j |
is the vector sum of all the state variables.

Q.3 Define the terms : i)
g5 [SPP

iv) State space

state variables with time as the implicit variable is called the sttt}
space. : i

5.3 : State Space Model of Linear Systems

Q.4 Explain the state model for multiple input multiple output |

control systems with the help of block diagram.
(i o :
[SPPU : Dec.-05,06,07,09, May-04,05,07,08,10,11, Marks 6]

—1

A Guide for Engineering Student

e While outputs of

Control Systems 5-3 :
at
AnS. Consider multiple input s E
L ultiple output, n" order system 1> Oueie
as shown in the Fig. Q.4.1. CNIN.ll' o ” H*
; = : -,
Number of inputs = m T SYSTEM ”
Number of outputs = p il
[nput, output and state variable % % o
yectors  are column  vectors Quﬁ»ﬁ:»u.o ux:
having orders mx1 n x 1 and. Flg. QAr
p X 1 respectively. ]
ﬁC— Aﬁv ﬁxm AnVl ﬁ<_ AO:
_ Uz () X, (1 Y, ()
vo=| : [-xXo=] : [LYo=] :
[ U (O] | Xn (] Y, ()

¢ For such a system, the state variable repres tioh & .
; ; enta an
the form of 'n' first order differential equations. be arranged in

dX; (0 _ o

It meﬁdvl m.m mumn wuhN P VA: ..C._ v.C,N ......... GBv
X5 W e B

2 = X2(t) = (X1,X3 oo Xp Uy .Uy oo Uy )
dX, ® _ _ _

L = Xn@®) = £y (X1 X3 seeee. Xp 2Up Uz e, Uai)

o Integrating the above equation,
_ t
XM = Xi(to)+ [fi K Xz X, Up,Us....Upg)dt
to

wherei=1, 2, .......n.
e Thus 'n' state variables and hence state vector

determined uniquely.
e Any 'n' dimensional time invariant s

functional form as, X(t) = fiX, U).
such system are dependent on the state

at any time 't' can be
ystem has state equations in the

of system and

instantaneous inputs.

A Guide for Engineering Students
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5-5
State Space Representation

Obtain physical variable state model of the system shown in

ig. T [ [SPPU : May -17, Marks 6]
L
g tr }
atrix of €0 i | R
B = Ev__”_”uauiu ot observation matrix of order Xy »
¢~ W._Ms gransmissior matrix of order p X m U W & \v W Ry Yo
= DI . |
D s iher 1S called the state model of i 2 «
o The tWO vector equa N ’
. Fig. Q.5.1

Ans.i: Applying KVL to the two loops,
i diy .
l:HN“_ IHLH Q.ﬂ.l:HNN +HNHNN +<§ =0

di -R1+Ry). Ry,
diy 1+Ra); (Rey i 1y Q5.0

ints t0 Remember

tion of state variables s | G- ! r 5
.m o“o%sa the state model for given system, it is MECESSATY o elgy i 1 | 127
the state variables. " oM d\»-lswmu_www Ry = 0
o In general, the physical variables a.z.a.E& i&. energy storig, G, Ry, ®y+Ra).
elements, which are responsible for initial conditions, are selecte; % - +.ﬁ|~|: ||ﬂ|5 i
as the state variables of the given system. |
llgiss 2hs Q53

the intitial conditions are existing due to intitig ; . )
Using X =i, X2 =12, Vi =U, Vp=Y

¢ In electrical systems,
d initial voltage across the capacitors.

current through inductors an

o Hence for the electrical systems, the currents through various X, = Aw?wbx Ry 1
inductors and the voltage across the various capacitors ae 1 Ly - H+MH|xN +r||c
selected to be the state variables. : . :
{ ¢ Then by any method of network analysis, the equations must be. VN = H|~Px _{Ry +R5)

e : | 2 1 X2

b interms of the selected state variables, their derivatives and { Ly L2

, imputs. The equations must be rearranged in the standard form 50§ T

I 10 obtain the required state model. : 1 Y = XoRs

o Itis im . | ; y
portant that the equation for differentiation of one Ei Hence state model is X = AX + BU, Y = CX + DU with,

4 - Variable should not . ,
,J_.zp ot involve the differentiation of any other state | w
T |

A Guide for Engineering Smudent
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ectrical petwork.

. Q.6.1 (a)

Fig

-V;+ Vi 7 0
: . (Q6])

VisVo : ... (Q62)

ip-ip = Ggyr md TC2g

Using (Q-6.1) 2nd (Q.6.2) in above equations, i
Vo~ dVo

Vin - Vi ?-5 dv. Vv
= = O ——b 1~ Vo Sl
Ry R; & 1Jr ™R, AT

Select the state variables as .
X,=Vy, U=V, Y=Y, 2 s capacitors 1.c. X1

dents

(]

A Gulde for Engineering St

g [sPPU : May-05, 16, May
6

State Space Representation

1
Xp+ X 1 o
v CiRz 22T Y53

o Practically state model

X1 X2 = C, X2 e V.CH L X - 1
C,R; ' GR; (2 - (@69
X - (Q.6.3)
i X = AX + BU, Y = CX + DU with,
!
1 |
=| CiR4 c=[0 1],D=[0] _
0

ied ‘ 5.5 : State Diagram Representation

ITmportant Points to Remember TN

o State diagram is the pictorial representation of the state model
aﬂ?& for the given system.

o It is the proper interconnection of three basic unit : i) Scalars 1)
Adders iii) Integrators
multipliers,

ts which integrate
d state variable.

ts and integrators

adders are summing poin
f state variables

e Scalars are the
the differentiation 0

are the elemen
Lt obtain require
1

e The transfer function of any integrator is always —
. S

is n_t&a a state variable.
gram of the basic state
Yy =C X +D U

ed from the state diagram by
ariable.

‘s The output of each integrator
model

5.1 shows the state dia
)=A X(@) + B UM and

ijs obtain
Eomn:oh. as a state v

—

kcB.Fm the output of each i

A Guide for Engineering Students



Stat,
¢ Space xmhwnanin:e:

Thus X = A X(@® + B U®.
, And 25 v = X;(t), thematrix C=[1 0 o 0
guch set of .mgno variables is called set of phase <. ] and D = [0},
is also called Bush form or OoEEEoHﬂ»E&. Such a form
orm.

of mat . as
gy ‘o adv. ges of phase variables j.e. direct
e v _n_,_m anta ¢ct programming

|, Easy to implement.
variables need not be physical variables hence

The muwum,mn
lly powerful to obtain state model.

5.1 State diagram of MIMO system

Fig.

g Phase S:._mEmﬂ

resentation using phase variab]e,
time system represented by p%
o&ﬁ

the state space rep

Q.7 Discuss
Ans. : Consider 2 linear continuous
i ik v % Buﬂwnamaom
Y'+2_ vle.+a Y13 Y@t) = byU() - QI 3, It is easy t0 establish the link between the transfer function deci
erally output variable <~»§ M“n_”_ M:UBMM hM&MMnM&MM qumm <mam€nm. n design and
| : can be obtained. ’ y inspection, the matrices A, B, C and D

of state variable is gen
ivatives of the selected state varj,
m g

|

Q.8 Obtain the state model for .m%mﬁoE represented by

Choice
other state variables aré deriva
Y. |
oo o0 1.’/
- X0 =YD, X0 =Y0=X0 X, = YO = X,() =X, .. (57 47 ey 1Y 410y =300
o Thus the various state equations are, de? dt? dt
. . . ] . —@ﬁmvvc : Dec.-07, Marks uou
X0 = X0, X200= X;(1), . X1 = X, (0. | Ans.: System is 3rd order, n =3
o Only n variables are to be defined to keep their number minimum. wﬁﬂwwwwﬁwmwoﬂmﬂm%ﬂmew Mﬂnmwnh&mﬂ_ Select y = X; and then
. ariaole.
: th s '
o “::._h X, _ (1) gives n" state variable Nus.. But to complete state model X, = Xz = dy/dt (Q81)
; ° QM y
XN = Xg=—=— 5
2 .. (Q8.2)

# X4 but X3 must be obtained by
on.

Qu
dt

X, (1) is necessary.

* X,(t) is to be obtained by substituti i .
original differential BE%Ms 0 w .:_.am the selected state variables in the
Y'() = X,(t)

*Use Y(1) = X,, w.\E = X, w\.«c =X, Y =X
(Q.7.2)

. Now as 3 variables are defined, X 3
,_.M.N,Efﬁ_asm all selected variables in original differential equati

=3U as Xun

r

St

2|

Xu +me+HHXN +HOX~

X (1) =-aX, -
.mﬂanhh=Hﬂk~ﬂ “mwn ‘:lmalnxbl—lﬁhl—xn.*.wc CAﬂv oo
quations now can be expressed in vector matrix form a5

E :
A Gulde for Englneering Studen’ el A Guide for Engineerin
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. - 6X3
by \Hﬂ\/w 0/ 3
* = mc - ~OY~

c o
which is OUtpyy , 0. ,_
nh: be wrtten &

10

5.7 : State Model using Direct Cmnoacommsﬂ

Q.9 How state model is obtained by direct decomposition of y,
T.F.? &

ﬁ
1 d
Ans. : » Consider an element in T.F. as mHM. It can be written as, |
! |
1 s _ G
sta .3 1+ GH

s
¢ Its simulation is as shown in the Fig. Q.9.1.

¢ If this group is added in the forward path of another such loop, we ¢
block diagram as shown in the Fig. Q.9.2.

5-11
m\d\\\\ State Spac, Representation
iis
a
(}\'I\
J
S+a
Fig. Q.9.1
1
s+a

ils
Fig. Q.9.2
1 1
: +mxm 1
TF. = B = Pl
L_b _ X+b X=(13)
+—_—
s(s +a)

o If this entire group is placed in the forward path of another such loop
with H=C than we get TF. = !
. e sY+c

ér.ﬂn Y =sX+b, X=s+a.

o Hence the denominators of various orders can be decomposed as,

_ s2 +as+b= {s(s +a)+Db}

. s3 +as? +b m+oUAﬁm+mvm+.Sw+@

s +as? +bs? +cs+d= {[s+al+b}s+o)s+d}

e From this, the block diagram can be constructed.

e For numerator, if it is constant b then add a block of by at the end of
block diagram obtained.

(Prcoo)

A Guide for Engineering Students
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o1 State Space znh..nnnﬂ
d of th ~ : h&.ﬁ& Systems ae 5 T s O\
G gt by plock is .m» the en m“um mro EOO.W ammm_. \\\M\Hﬂn s fate Space Repr S
+ If numerator Mr M,W grom input of first integrator OWN in g, N sl 2 lon
while b, is tak! X
: ] = +
Fig. Q9 - gken from input Of second in e (ST XS OB .
e For by bys p.s", the block b, 1§ . By A 0 1lB-=\° - =
b, " > = = -~
as ww%sd - the Fig- Q9 ] -6 -5)’ ML/M €=l 3.y T
5.8 : Transfer Function from State Mode]
— e ,
att perive an expression to obtain transfer function fr
om state

variable as the output of each integrator and writin,

¢ Assigning state .
= d state model can be obtained.

equations, the require
Q.10 Obtain the state model for the syste
¥(s) _ 3s+4
U(s) s*+5s+6
Ans. : The closed loop T.F. is given fro.
directly decomposed s,
s2+5546 = [s+5)s+6]
The numerator is 3s + 4.
The state diagram is shown in the Fig. Q.10.1.

m with transfer function

IST[SPPU : Dec.-22, Marks 9]
m which the denominator can be

Fig. Q.10.1

From the state diagram,

Xi = X,, Vs =
. X2 = -6X, ~5X, +U(s)

IIIII\-\
A Gulde for Engineering Studen’s

odel. 0 [SPPU : Dec.-11, May-
m ay-10, 12, 14, Marks 4

. Consider a standard state mo g . .
Mw:mﬂnv mM , del derived for linear time invariant
% =AX®+BU® amd  YO=CXO+DUY..QILY S
Laplace transform of both sides,
A X(s) + B U(s) and Y(s) = C X(s) + D U(s)
. Q112

o Taking
[s X(8) — XO)] =

stem is time invariant, the coefficient of matrices A,
s. While the definition of transfer function is
onditions i.e. X(0) = 0.

s X(s) - AX(E) =B UE)

o Note that as the sy
B, C and D are constant

based on the assumption of zero initial ¢

sX(s) = AX(E)+B C@.ro.

erator while A is matrix of order n X n hence o match

e As 's' is an op
f hand side, multiply 's' by jdentity matmx

the orders of two terms on le

I of the order n X n. :
» dX@)-AXE =BUE e
¢ Premultiplying both sides by [sI - AT

(1 AT ! [sI - Al X(s) = [s1- AT BUG)

(sl - A|X(©) =B U0

But [sI-AJ'[sI-A] =1
Q1)

X(s) = ll- Al ' BUG

\
forE ngineering Students
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= »vz’

R S

i State Space Rep “
Pe;
2), L
uation Q 10. \
.m:wmnanaﬂ_n N«. h_.nm ve) P Us) = {CI-AT 'p | D) | % §-15 State Space Representatlon
ey =C [S1 .
y(s) = C fer function is, Uy | ni |° 2 313 3521
¢ Hence the trans | 4 s+2| |5
, _ : TF. = =[1'1 mw+N~
3 s?+8 H s2+8
=0 6._:_,m , B [8s+1]
g s +8
_,H AD 43 Find transfer function ennﬁ.m =1 + 2 r(0);
M g 3 -1lx ] 5]
x
A Qg yen 2 TL _
B : S [SPPU : May-22, Marks 9
Q.12 Consider 3 system having staté model © aus.: From the: given model, !
| 2 3] [%1] + Mg wmd YSIF e X | A >uﬁm;.wu3.ou:g
. 4 2] [X2 5 i X, ,‘ 3¢ jE
X1 | | CAdj[sI-A]B
‘ 1 _a1-1p = CAdj[sI-
with D = 0. Obtain its T.F. g=°[SPPU : May-12,16, Dec.-13,19, Mag, i ,:u C[sI-A]"'B _MTR
- | :
Ans.: TF = C [sI- A] 1B _, 1 0] [-5 - s+5 1
o | PRV M b P b
>&.ﬁmml>~ ; o 1|3 -1 -3 s+l
[-AT' = : _
|sI-A| , : o o= A .ﬁw+ﬂ IHH_
9 i | e e j [sT=41 T 4
En‘&nmhcuu uumol 21r=3 ﬁ : , 3 s+5
1/ [4 2 0 s| |+4 2 : _mH|>_..nAm+m:m+5+u
[sI-A] = 552 0 5  veie TS g2 46548 _
-4 s=-2 ; ,
: ; =(+2@Et9d .
T : : ..
Adj = Cin Cr B s-2 4 H.I. §.—12:10 =3 1 s+1 -1 A - Bﬁwmdg
Ca Cp -3 s+2 |74 s+2| B oy 2tp3e] [ 2l 3 s+5]15 |\.|\mw.ﬁ,m1
v \\I\l\\‘
okl : : o=y 4 (s+2(s+9)
B-Al = (s+2)(s-2)+12=s2—4412=52+8 (s+1)(s+4)
s-2 =3 ® _Nuw+mwa
~m~l>_v_ = E (s+ )(s+ )
52 +8
ineering Students

: I‘“ﬂ“““!!‘ A Gulde for Eng!



5-17
S,
esenitay,
7 ation

“ig‘_L\Jlb\.(l:.\l-\‘o m
s-16 Stare.Space bnﬁw&m:s:.e h.&.\\& Systems
h
-stems ] 2= :
= talning ¢rapsfer funeson from g ;) = T =C[sI-A]' B + D,
re the formula for ob functiont of a system with | ate ) S
Gt a1, to}/ad EranelEn tate . AdIST—A]
model 2 sI — Al o [SI—A|
model. =
N\HN‘Q u\\\uﬁ.Nyu\N& . o H :
5 \M | pS"[SPPU : Dec.-17, Marks ¢, r-Al=s[o L o/-o o uw -1 o
= NN WN 1 for lexﬁ.ﬂuoa Oﬂv H‘HH 2 : 4 . H A i B : ¥ o
\ruu.u Refer Q.1 i pii .
A NNMM = .N N‘w 22475+ 4 o 55
H vl >\.— = MITQ MﬁMuTVV 'AMI.W
2 i Cofactor [s
m »
5 - HN . Adj [sI — Al = {Cofactor [sI — >:H
[sI= A= N‘ - u 4 s+ 7 -
. s2+7s+4 . s+7 )
. -7 & i =3 s(s+7) s
Adj [sI— Al 47 s i @ s
2.
I—A| = s*+7s+ 4
: \ Lz A | s3 +7s2+3+4s =53 +7s2 +4s+3
2 31 s+7 1 0\\ 3s+2 O iiroan
—4 sl _ e L0 151
- T(s) = = s2+7s+4 ‘ v _
.- s2+7s+4 N
S +7s+4 s+ 7 1 0
Q.15 Determine the transfer function of system with state model : s st = Bovad I
] 1 0 0 - s sl
I H + 78 +4s
1
y=[1 2 1]x [SPPU : Dec.-18, Marks 6] i2 ]
Ans. : From the given model, N
s
0 1 0 0 - u .
3 +4s +
—3 e - =7 ;
A Guide for Engineering Students




jon matrix and its propertie

g [SPPU ¢ May-01,08,13,16,17,,
.om.o?oobo.unhm‘umLo.NN. Mary
uation as,

At
3 :

Dec.
. Consider a scalar differential €q

?Bu.. A
mm = ax iw—owo MAQV“NO

dt .
« This is a homogeneous equation without the input vector,

of such a homogeneous equation in sealar fy, |

Qg f

o The required solution
is,

x(t) = ¢ X

o Thus if the homogeneous state equation is considered, X(t) = A yf

then its solution can be written as, .

X(t) = ¢ X(0)

o In this case, ¢* is not a scalar but a matrix of order n X n as thatd _
matrix A.

.w.n“us be observed that without input, initial state X(0) drives the s
) at any time . Thus there is transition of the initial state X(0) for

initial time t = 0 to any time t through the matrix ™. Hence i

called state transition matrix denoted as o)
® The various useful properties of the state transition matrix are,

= At - )
0(1) = ¢ = State transition matrix

1. OAOV = n>xo =]= ~mgnnv~ matrix
2, O(t) = At (oAL- ;
< 0ty - .U,.:_Lvﬁ.n:v N MRV ¢ '@ =0 )
= eAll A1y nahd
s =00 000) = 0t o)
n;ou:l.tu ey ol v
e 2t .

CIO)N

'
3
]
g

AGUlde for Fratsering S den”

E&W\n\‘ el State Space Representation
AR i

This property states that the process of transition of state can be divided
[

into number of sequential transition. Thus t, to t, can be divided as t, 10

. and by to ty, as stated in the property.

1

3. o is a

5.10 : State Transition Matrix by Laplace
Transform Method

non-singular matrix for all finite values of t.

a.17 How to obtain state transition matrix by Laplace transform
method ? ISP [SPPU : Dec.-16,22, May-17,18,19, Marks 4]

Ans. : Consider the non-homogeneous state equation as,

Xt = A X(@ +BU® Q17

Taking Laplace transform of both sides,

s X(s) - X(0) = A X(s) + B U(s)

L $X(s) - A X(s) = X(0) +BU(s)

As s is operator, multiplying it by Identify matrix of order n x n,
[sI - A] X(s) = X(0) + B U(s)

Premultiplying both sides by [sI - AT,

alsl= AT [sl - A] X(s) = [s1 - AT {X(0) + B UG
X(s) = [sI - Al X(0) + [sI - AT ' B UE)
= ZIR + ZSR Q17D
The zero input response is given by,
X = eA'X(0) e XOF 0(s)X(0)

e
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e % Jﬁ.—.ﬂﬂw
W

ol .quusslnh Sl
o) mgﬂﬂ qEHanm.oz Hﬂﬁnjx

St
- ate Space zA:nua:i:e:
\\\\.\“ s+9

1

(s+1)(s+8) (5+1)s+8)
-8

S
(s+D(+8) (s+i)s+8)

ﬁ_.imm _0.1428 w ﬁ

=

01428 0.1428
nts 10 Remember "

—_—

s+1 s+ 8 s+1 s+8 |\

—1.1428 1.1428)\ (-0.1a )\
(n % n) BM then the remaining mb -1 S%z i 5 . ‘ )
- une_whn arc mn_onnvm The value of this aoﬂogssw &, eAt = L7 [sI-A]
erminant V" tor C;; of o B~ B )
n dete) ment ag TheD gofastor Cy.of an axsmgw = | 11428e7" —0.1428e7% g 1438e-t (110 a1
of an : .

\
\

-1.1428e7" +1.1428e™3  _g 1478t +1.1428e 7% |

-

19 Determine the state tramsition matrix of system with state
Q.
f co-factor matrix. | equation-

° 0 1 X
x“—ﬁlm Im@

et = L sI- AT}

=" [SPPU : Dec.-17

/19, May-18, Marks 61
oint « can; be obtained direy

matrix, the adi e e Y AR ey
w diagonal clements and changing the g, |} I-A] = s = -
B | ierchemging fhe CEBEE R [s 0 1] |-8 —6] |8 s+6
A\ jmaiping clements. 0 —
_ i7e the state transition matrix of state equation ] Hl_Z _[s+6 1 .
Q.18 Determine the . et B!
e I B Pl i .
.Mn\“.m,.rx\us. - I3 [SPPU : May-22, Marks B Al = LT SO S
EM =, “.,‘.‘.,‘A.- .,.". " A...,_,A‘:m..‘. .._nn ea . . w+o M
., : 1 [ Ag[sl-A) 1l L-8% s
At _ -1 _
b3 ‘=1L .mmal>u E (s+2)(s+4d)
s+ 6 1 2 1 05 03
s 2 s+4
-1{(s+2)(st4) (s+2)(s+dH|_-1|s+2 s+4 w.u,,m mu
4 =L 3 S i . 4 )

, r2 st 4
(s+2)(s+4) (s+2)(s+49) s+2 s+4 s+



State §
Pace Represenyay
Pntation

s+ 3 \ ,
= s+ Dis+2)  (s+1)s+ 5/
IN S | = 0(s)

s+ Ds+2) (s+1)s+ 5%

artial fractions,

uation is div gindin® P N
ﬁ%ﬁm msnﬂ ﬂn ﬂaﬁﬂ _ ﬁ
et %Mﬂmn response (ZIR) and Zero stage MM N A= L (o= m.“fNH = om”.lw|,.//1
ﬁBAMO.:omnNhO : ; | voﬂ. w+H+ 2 A S+ 7
e S T miTas
SER%@EB« i BU 26Tl et mem2t
- By - = -e
BY ) ) X0+ L [¢s) B UG Cpetaze?t ety -y/
X0~ o 9 B UG = ZIR + 25y 2e
i g [S1=Al JR = et X =™ ; /Nm; e 1
\len +NNIN4 /.,_
gnd 2SR T L { &)BUG) } :
r unit step input of g o .
d out the c 0 S¥stey U@ = Unt step - US) = Us
cen bY X(t) = |2 \m =2 xé s Tl : 1 \
5 Sigloaur : ZSR = L7 xw +2) (+Ds+2)| 1o \
. [ : . 27 <12, Marks 3 Ys+72) (s+ D+ 2) ) /
e s 0] o.p_!m....H 5 SiE ik J-ﬂ
. _Al= iy ¢ 49 2 22
Ans.: I-A17 0 s =15 o] |2 ,m+m -1 mﬂmiwﬁﬁ 2) qals el
T s 3
AGj[s1-A) = ou Ca] <[22 - "> . , L EEDED T
- n {dall ‘H s m , ~ 2
2 B el RO 253 2 25-5e ' +25¢€”
[s] - >_nm 2435+2= Am+~:m+uv 5e-t 502!
r._ fis1 - 3.: £y
b g 5
Eegiiay rw.m.m.\.w By [ X(t) = ZIR +ZSR = 25-3¢t +15¢
; | ) y m. ml b wm —2t
0o 1
Y® = .78
D =
\
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s:e
4.3 |5 ) ,..._..‘
% J~MA~U f‘ : N— ._.c
[ uo... ..nuo 307! Ell; g
- il - e i ——— 28
ﬁ.l m+ Oﬁ ! ﬂ—o uO—CumOﬂ_ is mm<n= 5%- T— ~—
Pieas) and Ya()= =54 -
' c 3 uAﬂ w A x:v - G}. x fhwbnx-
> J_A it step m—._—u:n b—qﬁ:nm. N». ~ (0) = | 0,25 ) w-?-.-a
aua_ooﬁu:c—.a%_ \ "0 —=2
Thes¢ atrix of ¢
a2 Determine state gransition I the RAITS ,_
: ! N
suate equation ¢ "y, f
1
X “ ” & k.. §
f state equation If :
Also determiné solution © 22 What Is controllabijig se
e 1 i Y and Observapy,
i t
— —Mﬂvc H cﬂn.le >nm. s 0 ;n OOBOQMX Om. - H\W—mvvc . y?
0 ! ' 3,; gransfer of any initial state of rollabiljty, 2. May-1y, p,
. he model, A = u b e length of ti of the gygrer , = 1,
Ans, : From 0 -4 ) finite engt ime by applicat; Ystem 1, Ystem Mary 6
. stem is said to be alion of Ny gy 4 Cled
o Wfste —1 o8 to be comp} Proper inpy. " dsired 5., %
1 0} ~ iransfer the system state wsn_w state ¢q puts, ¢d stae, i
(s] ~-Al =8 01 0 -4 0 s+4 desired state X(t¢)in a %."8.5 any E_g%:o_;z& ” 12
yector U()- cified finjte :Bcwss x:e_w Mvos.&w o
a+h ] : i ] nterya] any
Adj [s1-A) = Jsl-Al=S (84, o According t0 Kalman's test, the (o) by g o
; 0 § : . {he system to be completel Necessary , Ntro|
 composite matrix Q_ fs * W State contro)y 04 sufficieny
.m.. I ¢ % T Where mayiy awzn s that 5»8352— for
03 0)— - —(l— gh MO—M_>H = H‘I_ § S Am +&v ¢ 18 glven d%. fank of the
[sl= 1
; (0 e o The observability is related t
& . gtate by measuring the oEcEm Em problem of deg - (Q22))
. ; or 1 etemini
; ._. .@.mmummw : . o A system is said to be - _55 length of time ning the sysier
- 1 2 e *
" v_.. s 8 _au_. . g be .oojv_ﬁo_w identified by Y observable, if every
0 S , : finite time interval. If the msogcwnsga of the o state X(1 ) can
it e that few of its state énwsumas is not complete] sema Y(t) over a
— ) e , shielded from the observation S are not practically Nsmaﬂzmw: means
AhE v -4 . . g able and
Aa 1 025-025¢~" .>oo9“9=m " Kalman's test, e system ; are
0 _,. AFAL only if Eo rank of the composite W:sﬂw _m completely observable if and
g : Q, = [CT:ATCT: Ho 's 1 where Q s given by,
e (WDPTCT]|




.L w2

Thws rank Of
M or Oﬁhlinlﬂﬂwwr.af,-

Stare S,
5-2 Pac
\ N xnbvwaav.

for g:-—-—a.o

cem Wit

) 1

S
~
<

)
l,'
|

. nnns B J
o o
o

fo O

1 =9

Pumﬂbﬁgn

no-—»-.o:nv——:v,
del matrices .

h state space mo

St
ate Space wavqnan-:ﬁ:c:

\ = 129 # 0

_nOMOO
¢0nu—..w 0 Nu

= 3 = n hence system isg naav—ﬁoJ Mate obse
Tvable,

no:?oﬁw;ﬁ—
noa with state space model

‘/ i)

o
May -17, Mary 1»3?«%
8 cC=1 2 1)

T3 (SPPY Dec.-17,
Q23 "for aﬁo vnoooaﬁn and verify the answers

/ / \Q\=1=0,
—7 44

w Unﬁoo system is controllable.

w/ \Qo\=+25 =0,

= 3 hence system is observable.

(3]

e system is noavun»n—% state controllay),

estigate for complete state controllability and observability
of the 3,@85 4:3 m»w»a BuGAEG

ATCT aTPCh]

v © ~

y=10 0 5 X
For ooﬁﬂoﬁwgrﬁb
= [B:AB:AZB)

3 4 té )
TR
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140
=f1 0 0]x . d state observability,
_.w_.amﬂw.a the state controllability 4% ity
g [SPPU : Dec-18, Mark
Ans, : From given model, |
0 2 1 0
>u~cumu_ﬁn:oo__
140 0 .
For controllability, Q. = [B : AB:A’H]
0210 21 i ‘
AB =10 3/[1]= 0
1 4 0[]0 4

1 4 0 4 | 5 |
0 2 4 -
Q. = |1 0 ¥ Qd=+1240
0 4 2
Q.1 o, the rank of Q¢ is n = 3 hence the system j
le. 13 comp
rollab’® s pletel
wmnacwc:_? Qo =I[CT: ATCT: (aTy2 €5 ’

: Oﬂww o..,,

‘Hl 1

cT = |0pATCT =12 0 4| |o|=|,
0 .—woo

T (AT 0 1 1) o] 3
1 3 0 1 ,,
18]
1 0 3§ f -
Qo 0 2 4} fOo,Hwﬂo
_ 016
0 the rank of Q, is n =3 h
mO_ﬂ. N ence the system ;
Wcm_m%uc_o. : YStem i completely
ioate for complete state .
a.27 Investiga controllability a v
of the system with state model : %y and observability
5 Kt | _10

A=y 2]
DS [SPPU : May-19, M
. For controllability, Q. = [B AB] y-19, Marks 7

Ans.
-2 110
AB = B
1 =2|1! =2
0 1
Qae= | -2 ,,oodnlwﬂoraso:nmuﬂﬁ

Thus the system is completely controllable.
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& — Stage
3 u«.m.na is not completely controliam. e S5, Rep
< ' . ., o Proren
33).»6.:_&. Qo = (CT L ATCT (41 —Ztom
o ‘.

moA 0 1 o\To -
\ ")

_r.ﬁa,
}

1Tct = 0O 0 o :/u ol

a 0 hence . A
. _3= =1 ] o /
5 = e_ \;.‘_Oo_“ : =n A 5 =1 \=1)
TR le. .
o " ﬁoaﬁ—o.n—v« Ovmn-)i—o e | . o 0 ot
Fence the system 15 n ete StBtE 833:»5:»% and Obsey, 1 ( AT yct = ATIATCII=\0 ¢ .ﬂ G
. compl€ ak. 4 ¥ \ol= g
Q.28 ~=4ﬁu=ﬁ-»».n—”—_”:»n BO&Q— u r:.i . ? 4 I/w/,,ra \ ,.,
of J.ue&wau\,ui 5 ; : M M " ISR
= 0
- 7 4 N u OO d /O /“ O .
le_,— 0 |L~V 0 : Je 1 11 ° LS gnﬂﬂ”.
00 - . 3 ’
.mo 0o 11X 5" [SPPU : Dec.-19, Ma, B jence system 18 not completely observable
“ﬂ = 7 dﬂ ) .
: 1, 1 . trollabili d -
Ans. : From V0 Moam , 1 . a2 MEM nws M« and observability of the yaye mod
B = ! \ el
0 : : . A 1 1 Y = /@M.
o 0 - . 158 =
= . . s Refer D.N.M or the procedure and verify the + DRC-13, Marks 7y
cT =10 : E > poth the Jwaoow» O—M Mﬂa Qo isnot n=13 aboawwn”ﬂ Nt the rang
3 : contro 2 the sustem -
K ‘ ; . | T .noB letely _ able and not completely observan) M,n system is
A2 | 3 P
For controllability, Qc = [B:AB:A B . : . 513" Controllable and Observable Canonica) Fq ll/
| t Tms
0 o -3][1] [© : iR
B.= 170 2ll2l=1 | 8 Q.30 With© the help of general equation, explain
- = trollable canonical and observabl ; soncept of
00 .._- 0 0 | 3§ Sm. »..:wz.. i € ansﬁ form of state space.
L ) ,M E : .w.n.up.“ s u. it s SPPU May-14, 18, Marks 7
o o -31[0 0 @ﬂ . Ans. ,hoamﬁnn fhe transfer function of the system as !
5 g P ; B 2
A°B=A ?rmu ={1 0 “4\|1|= 0 - A&ﬂmu 3 dows +d~w§ 1 & :.u_.dﬂl /w.lup
0 0 -1){0f |0 e S ANY) s® +ast Tl ragosray
100 «The controllable cononical form is notun but phase var
Q. =|2 . S ) . . g but p adle form
p 1 0|, _on _ =0 ie. rankr#n#3 and m.m_,,do obtained by direct decomposition of transfer function.
000
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X =X,, X2=-2X,-3X,+U

™ |
o ThuS Ma%m _ PR | B €
=40 o it 0 X,
| 0 g : RINTE :
| X2 : : :
” = - O O cer ~ x=l~
¥ 2 —ap-2 £ |W—| ﬁn Vﬂn
./5|~ |bn |m5|—
Xe J X,
; X,
, boieib —a1bo ]l L [+
ibp-1~2n-1"0 : 0]
<u?__|mug n i U

n

be obtained fr
] ble canonical form can om ¢q
o While the observd transpose of A and exchangj Nrq), B
canonical form with A as the P \ sing Ewio%m |
and C. Ll ,
Thus the observable canonical form is given by,
PY 1
the O i _ 0 1
. Vh_ b, - a A ﬂ%r B= 0
v.n_ 0 0 - 0 -3, X n_ b n 3 sfo . ; -2 - 1 C-= ﬂw S
X2 10 - 0 —2p-1 2 n=1730 b, .
R IR F o B :
. : i ] : From this model observable canonical form can be obtaineg a,
Xn-1 00 - 1 a) X P )
; ot b, P | A KRR
[ A0 | . - T + U Y= ™

on in controllable gi :
s+3 | 3 5 "
R

s2+35+2
Q.32 Obtain controllable canonical and observable canonical state
models for the system with transfer function :

Q3 Obtain a state space representati
observable canonical form for the system G(s) =

direct decomposition.
Yo _s43 . 543 st+3s+5
e 3 G(s) = . .
UGs)  s2+3s+2 {(5+3)s+2} () BT 112579 om0 Wy 110, W

Ans. : The controllable canonical form is phase variable form. So using

direct decomposition,

The state diagram is shown in the Fig. Q.31.1.

* @

ent
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.
Xy = Xa» X2 =Xa yw
Y = wY.u+wXu+Xw

Hence the state model is X =

--9X; -

Y= AX +BUand Y = CX + DU wig,

5-35

ol 52 :
¢ dingrom is shown in the Fig, M., —

Fig. Q.31

2X7 =5X53+ U v.a_ = X5, X3 =X,

voh ﬂlwxplwvﬁwloxw.fc
wa.fquﬂw.fvﬁw

,.<u
I

ro 1 0 0 X = AX+BU and Y = CX + DU wigy
s=l0 o 1|B={0},C=[53 1], D = [0] . e e :
.IW IN |m H Y >..||. O o w uw” O.O”M.‘N 7 ww'U”MOw

This is controllable canonical form.
The observable canonical form is with,

This is controllable canonical form.

Form this observable canonical state model is given by the matrices,
0o -9 5 0 0 -3 p)
A=l1 0 -2,B=|3|,C=[0 0 1],D = [0] A=\1 0.-2|,B=|7,C=00 0 1,D=1
01 -5 1 01 -9 1

Q33 Obtain controllable canonical an
models for the system with transfer fun

d observable nmboES_ state

Q.34 Obtain the controllable canonical and observable canonical

2 ction : state models for the system with transfer function :
G(s)= S *T7s+2 s2+s5+9
Y1952 2503 G(s)=— 2 Marks 6)
Ans. : Using direct decompocs: LS°[SPPU : Dec.-17, Marks 7] $° +4s” +11s+3 L [SPPU : May-18, Mar
. Eosrion, Ans. : Using direct decomposition,
G(s) = LT 2
UG+ 9 s — +s+9
:Am,v ov S+ N_w+ wu Oﬁmv i S
— {[s+4)s+11])s+3}
Beconiy
A Guids s wwesgisnas vowr . - —— 7 Yemor—m—— '+ Guide for Engineering Students




ing direct decomposition,
s

s2 +7s+9
G(8) = {[(s+6)s+4]s+3]

am is shown in the Fig. Q35 4

> =X i Fig. Q.35.1
% = Xa X2 =% _«
vcmw s \wXul:.x~\PXu+c M Wa“vhwt X2 =Xj3, X3 =

5 |walbx‘~|@xw*ﬁ
Y = OXH... XN.TXW

¢ canonical oouno__msn state Boao_ is with,

= Ox—;\ﬂxp +X3
mgﬂﬂ-a

!

E * |

m E . X = AX + BU and Y = CX with,
|

]

§

| : o1 0 0 \
B A=|0 0 1} B=10},C={9 7 1},p=
i > . O \
M , -3 -4 -6 1 . \
| \
& .
E .
. i . 1s controllable canonical form.
. odel is with, e ioa
The observable canonical state model | ﬂ From this, observable canonical state model is given by,
ORalic? 9 L 00 . -3 9
A=[1 0 -11|,B=|1|,C [ 1 ¢ A=|1 0 -4}, B=17\;C={0 0 1},D=1(0
01 -4 1 M 01 -6 1
Q.35 Obtain controllable canonical and observable - canonical w
state model of the system with transfer function : |
Ge) = uun +~d+e. ] o
57 +6
s +ds+3 IS [SPPU : Dec.-18, Marks 7] |
@icond> 4 A Guide for Engineering Students 3 @
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6.1 : Concep

2 Which aré the various types of cqp troy

: ent which accepts the errg,

: controller 1s an o_oa :
..,ruw. .“smuwnonm de the proper corrective action. The output .Om the .
“u Hv:& to the process 10 be controlled. The controller is the

control system.
e The various types of ¢

Q.1 What is controller )

in Somg
Oﬂgo:aa
q

ontroller are, on-off oougz_nw, E,owo&osm_
integral I) type, ﬁnO@oﬂSobm—...mBﬁamam_ A@v

. derivative (D) WPS 4
M,Wno proportional+derivative (PD) type By
E.onoaonu~+_.2omam_+moa<wa<n (PID) type of controller. ang

6.2 : On-Off Controller and Dead Zone

Q.2 Explain basic on-off controller and concept of dead zope, Alsg

state its advantages and disadvantages.

Ans. : ON-OFF controller has to control 2<.o positions  of Contro
element, either on or off. Hence this mode is also called ON.qpg

controller mode.
e This controller mode has two possible output states namely 0 ¢, o

100 %. Mathematically this can be expressed as,
p= 100 %,

p= 0%, e,<0 and ep >0

o The p is the controller output and e is error based on the percent of
span. _
o Schematically it is reperesented as shown in the Fig.Q.2.1.

o Thus if the error rises above a certain critical value, the output changes
from 0 % to 100 %. If the error decreases below certain critical value,
the output falls from 100 % to 0 %.

P = Controller
output

Uvqooaua to
® Controlleg

0%
ON-OFF Controller

Fig- @.2.1 Block diagram of ON.oF contro||
or

i heater. If
ample 15 2 room the tem
ex heater 1S turned ON and if the tep,

pera
e o ture QSE below
' int t the heater is turned OFF.

perature increases above

ctical Controller output

9 ; mnﬁm:onm - —]
I ON-OFF g o | oo

|

. |
B pier ther® 15 22 “
|

|

.

Dead bang

—

, anwmnm ,ﬁEOﬁm”
inc decrease 0%

Sy
(=]
=
B
nN
(4]
(2]
-
o
j )
-
o
w
)

i . Error
span is no -he, se, e,

Fig. Q.2.2 ON-OFF controller with dead band

O e

output.
.« called neutral zone, dead zone or dead band. This is

e § an 15 h
This 5% the Fig. Q.2.2.
|t can be seen that till the error changes by Ae there is no change in

the controller output. Similarly while decreasing also the error must
decrease beyond Aep below 0 8. change the controller output. Hence
quring the range of 2Aep, there is no change in the controller output,
This zone is also called the differential gap.

o[n such 2 controller, the control variable always oscillates with a
frequency which increases with decreasing width of the dead band.
Hence dead band is purposely designed to prevent the oscillations in
ON-OFF controllers.
+ The advantages of ON-OFF controller are,

i) It is cheapest of all the controllers.

if) It is simple to design and having least complexity.




| of a heater
| in large volume
in various Nﬁﬁ——

1ii) ON-OFF contro
iv) Liquid level contro
v) Temperatrue control

EBnBBW

cations.

al Controller (P)

6.3 : Proportion

. ller stating its characterigg;
: ortional contro Ics,
Q3 Explain the ProP

£ [sPPU : Dec.-05,09,17,22 May-06,09,15,16,17,18,22, My g

. : is control mode,
Ans. : Proportional nons.ocow @ :In thi i e St )
the controller is simple proportional to the error e(t).

o The relation between the error e(t) N.Ea the .oobn.ozﬂ. output | .
determined by constant called vnouo-..:ouu_ galn constant denqtey 8
K,. The output of the controller is a linear function of the error e(t). as

o Though there exists linear relation between controller output ang 9
error, for a zero error the controller output should not be zero, othery; ¢
the process will come to halt. Hence there exists some controller oE;a
p, for the zero error. . put

¢ Hence mathematically the proportional control mode is expressed g

PO = K,e(®)+p, where K ,= Proportional gain constant,

- (Q3Y)

Po = Controller output with zero error.

@zcons

A Guide for Engin eering Students

cs *
: e controller output i
orror is zer0s ler output is constan

cror oceurs then for every 1 % of enrgr
P hieved. If error is positive, K |

ac i ) o 2

£ error i negative, K% correction gets subtra

ists for which th
of error nx_ma. € output of
g % 10 100 % without saturation. the controller is

€qual to s

gin Kp and the eror band PB are inversely proportionaj 1 h
€ac

uces an offset error in the output.

6.4 : Integral Controller 1))

2 Explain the integral controller stating its characteristics
2. -

03> [SPPU : Dec.-05, 09, 22, May-06, 10, 18, 22, Marks 4]

. o The controller which is based on the history of error is called

Se *
Wﬂn gral controller.
i such 2 oon.ﬁo:nﬁ 9.0 value of the controller output p(t) is changed at
a rate _idmnv % proportional to the actuating error signal e(t).

.gwaoammow:% it is expressed as

d p(t)
dt

= HAmmAS

where K; = Constant relating error and rate

o The constant K; is also called .integral constant. Integrating the above
equation, actual controller output at any time t can be obtained as,

| 2O = Ki[ewarrpo

. (Q4.D)

,S_Q.nwﬂovHOobﬁo:onocﬁcﬂi:ouwsﬁmﬁm_mon.oumﬁwaw.n.mﬁ
ﬂ — O.. .

e The output signal from the controller, at any instant is the area under
the actuating error signal curve up to that instant. If the value of the
error is doubled, the value of p(t) varies twice as fast i.e. rate of the
controller output change also doubles.

o If the error is zero, the controller output is not changed.
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6-6

OE:S:«; and c§§

Q:S: SYstems

he €ITor is zero, the controller output is zer,
n ne error is constant i.e. rate of chan

] . g¢ of .
\When fer output S Z€ro. error g 2610, e

was, when the ou or ! : ing, the con
- is not ZETO then v £ 1 % of error. amogg O orror is changing, troller outpy; changes 1,
2. Ifthe &% © - second for V€% 8, \when % per second rate of change of erroy. Y Ky % for
at a rate K; % PeC> oscillate about Zero and ¢, be 4 oven 17 .

r can 1
. +aora] mode, €O .« never used alone but Comp; - ey ) :
In pure integral M oral mode 1 Ingq” g, 6.6 : Composite Contr
.mﬂmx in practice INfCE . - the advantages of both the mo aowa.a fs ollers

the proportional

mnﬁrﬂﬂw 90 DOBUOM:O

. , - tak ) .
derivative controller stating Its nvnnmﬁmzmmom. ' q%:q& modes are used. The various composite control modes are
» " n 4 !
Q.5 Explain Enw [SPPU Dec.-05, 09, 22, May-06, 12, 18, 22, Mark . ._ Bropo rtional + Integral mode (PI)

f the controller depends on g
€

: ut 0 . _ ional + Derivative mode (PD)
Ans. : o In this mode, S%mwﬂﬂoa. Hence it is also calleq’ rate . me | 2 Proportio
rate of ge of the mnmon mode. ACtigy , uwaovo .......................................................................................

mode or anticipatory a¢

The mathematical equation for the mode is,
L]

; _ 6.7 : Poroportional + Integral Controljer (PI)

= Derivativ ;
e e ©Onstayy Y, Explain the features of PI controller.

! IS [SPPU : May-15, 16, 17, Dec.-15, 17, 18, Marks 4]
ADS. : ® This is a composite control mode obtajned by combining the

E%oaosm_ mode and the integral mode.
+ The mathematical expression for such a composite control is,

tant indicates by how much % the g S

tiie gain CODS
o The derivative gain % per sec rate of change of oy

output must change for QMQQ .
QMWQN_? K4 is expressed in minutes. |
The important feature of this type of control mode is that for , v
e e |

5 ; t
rate of change of error signal, there is a unique value of the controller p) = K, e®+K,K m._. e(t)dt +p(0)
output. ok g . e | : ’

o The advantage of the derivative control action is that it responds to 3 where  p(0) = Initial value of the output at t = 0

rate of change of error and can produce the significant correction before
the magnitude of the actuating error becomes too large. ;
¢ Derivative control thus anticipates the actuating error, initiates an S.% 3
corrective action and tends to increase stability of the system improving |
the transient response. ._
Characteristics

1. For a given rate of change of error signal, there is a unique value o
the controller output. .

- oThe important advantage of this control is that one to one

correspondence of proportional mode is available while the offset gets

eliminated due to integral mode.

_ Characteristics : lue that
- : a

§ | When the error is zero, the controller output is fixed at the <M.=n i
o fo 1 U

integral mode had when the error went to zero. This is nothing

p(0).

3 (e ® s o0 Enoineering Students
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1 4
is not zero. proportional mode adds o,
¢ . b
starts increasing or decreasing from .ozao:
i i ity .
-erse or direct action. S 5:”

When the emor
while the integral term
value depending upon rev
-es the steady state accuracy.

se time SO response becomes slow.

ta

It Improv

It increases the 1
It decreases bandwidth of the system.

It filters out the high frequency noise.
5. It makes the response more oscillatory.
« PI mode can be used in th

changes.
« The Fig. Q.6.1 shows the bl

w

S

&

e systems with the frequent o la
: 88 |
3q

ock diagram of PI controller.

P controller PI controller output

Plant
or process Cs)

R(s)

=~ I Controller
Fig. Q.6.1 PI controller .

6.8 : Proportional + Derivative Controller (PD)

Q.7 Explain the features of PD controller.
[Z [SPPU : May-10, 12, Dec.-05, 09, 15, 18, Marks 4]

Ans. : The series combination of proportional and derivative contro] §

modes gives proportional plus derivative control mode.
o The mathematical expression for the PD composite control is,

pO) = Kye®+K,Kg W%Jﬁs )

6-8

gzn:nu . damping and reduces overshoot,
%., w%azn e rise time and makes response fast,
ponse stable very fast,

S the pandwidth of the system.

;minate offset error.

oke the noise dominant at high frequencies.
o very effective for lightly damped systems.

. n& pequire @ relatively large capacitor while the cireyy

nauﬁo:.
Q.7:1 shows the block diagram of PD controller.

<\v controller

Ik ) Plant
R(s) X h / or process

sTy | PD controller
’ output

N~

.>~D Controller

— C(s)

Fig. Q.7.1 PD controller .

6.9 : E.U Controller

08 Write a note on PID controller and role of each action in short.
: US°[SPPU : May-06, 11, 12, 13, 14, 16,
Dec.-05, 07, 09, 10, 11, 12, 13, 15, 16, 17, 19, Marks 5]
Ans. : The composite controller including the combination of the
proportional, integral and derivative control mode is called PID control
mode and the controller is called three mode controller. .

L' o]t is very much complex to design but very powerful in action.

*Mathematically such a control mode can.be expressed as,

by de(®)
Héuwuns;vx;%aif?\aﬂie
o
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where p(0) = Initial value of the output
« The Fig. Q.8.1 shows the block diagram of PID controlje, )
mxnxu
+
R(S) +> K Plant or
ro
4 L process C (s)
KK
s
Fig. Q.8.1

o This mode has advantages of all the modes. Tp -
eliminates the offset error of the proportional mode ang ::omz:

also very fast due to derivative mode. The sudden r the Tes gaaa
i : €Sponse : Popg,
due to derivative mode. Thus it can be used for any Proces 1s ?oac.u i
: : . S congs,. Ieg
¢ With the PID control action, there is no offset, no og cillat; sa_:oa.a
setling time. So there is improvement in both :wswmozﬁwsm With, le
steady state response. B we t
N
Error e(t) )
+ 1
i
o .
p(t)
Controller
output
Derivative
action

JECODE VO
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the response of PID control for a particular error

t action.
ontrol produces the offset error. It requires
.onal . the steady state.

. oates the offset but at wrn expense of higher
elim ong period of oscillations and more settling

uces the steady state very quickly with least

d o
trol PO + maximum overshoot but offset is significant.

here is 10 offset and system achieves the steady state

Thus PID is the ultimate process composite

(o £.10 : Step Response of Controllers

ponses of various controllers for the step type of

p the Tes
, B3 [SPPU : May-15, 17, Dec.-14, Marks 6]

6, b
w& OWgWO.

sep 10 :

\
Response of P controller

1 shows the response of various control modes to unit

| e

Response of I controller

Response of D controller

g
i P
e
N
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d zero, it is necessary to consider sap;;
i a\t
“.ma %Mo“m gnin8 this controller. | ity of the ey
s *_n

Wb ‘ 6.12 : Integral Reset l

, 1::: the integral reset in PID controller,

4 BX A
ot stem with PID co ﬁﬁwvﬁmvvc * May-22, Marks §)

, When the SY ntroller has constant eryoy the

A .:no petweer the wne. point and the process variable never reach

&u«% cuch 8 case the. 58%&. term can grow to vary large <wEnnm AM
25 1 term accumulates the signed error remaining after each B :
Eama“o gse it in the next control cycle. When the output of a ooaona%w

te feed back controller.

the r4 PURTIN . cle . _:tad and process variable is not at i . °

_-.E Jler uses the feedback which is derivative ¢ Nooanm limite al nowsmiaoﬂ term ooB.Ech asw.mﬂ Point with constant

; o This ©O0°F mpares with signal proportional to the ery Oty (10% the inteBr For example a control 0 Snnnm.%. This i called
emally i u:.&n.ﬁ controller. or. Maan_.s_ reset. Torf P ntrol valve, when it is fully open or

called outpu! de

A closed and the process variable is not at its set point
ows the use€ of rate feedback controller wity Siai point then the

ly s
wm egral remainder mwo,zw to very large value. When the process condition

; 0.1 sh
o The FIg. Q1 integral reset becomes so large that even when the sign of the

order system janges >
second Of A Maoa changes, mrn output Bw«.boﬂ respond until all the integral reset
E(s) remainder term is used up. This may cause excess overshooting.

guch an integral reset problem can be avoided by,

R(s) . Increasing the set point in a suitable ramp.

2. Disabling the integral action till the process variable enters in to

ezm : .
~ s(s+28wp) _ ‘ C(s)
i

P controller

s K,C(s) ooano:omgo region.
Output 3. Preventing the integral term to accumulate the error above or below
derivative the predetermined limits.
- signal ,

4. To make the integral value zero every time the error is equal to zer0
or crosses Zero.

Fig. Q.10.1 Rate feedback controller

The integral Teset occurs because of limitations of a physical systet
Due to this controller, !

compared to an ideal system. The ideal output is ?ﬁﬁf .,a%wﬂ%.
The practical output is limited between the specific upper H&a. ower
bounds and due to. which the error becomes constant. This 18 Mw.m
common in position of a control valve which can pe maximum Ty

!

A Guide for Engineering m,:.

1. Damping ratio gets improved.
2. Reduces settling time and rise time.

@rcooly
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w.

st v closed and thus has upper and lowe, i
opened or minimum fully m

becomes constant .
& ourput. When this happens, the €Ot g
: y

TS ntroller output can pq,
.o this time the €O m@no
reset oocurs,  During ) i
R

.... Eammos ..
.. _mza__ﬁsanmm 859
controlled process variable. This . tio,

Cset,

Now a days external reset

ity o

feedback is used to avoid the Eamﬁ .

6.13 : Zeigler-Nicholas Method

Q.42 What is tuning of & controller ? Explain NQE»?Z?:S»
method for tuning a PID controller. | !
IS°[SPPU : May-18,22, Dec.-27, Markg
Ans. : Finding suitable values of the constants K,, ﬁ and
wu»wa the performance of a PID controller stable, optimum
fact is called tuning of a controller.
Zeigler-Nicholas method uses following steps to .95@ the Conirolje, ”
mﬁ.v 1 : Bring the process as close as the specified set point Emscmzw
° and Ky~ g
us Omom:mﬁozm. :
Step 3 : The value of Nn for which system shows sustaineq :
is called critical or ultimate gain denoted as K,,. The time pe
successive peaks in the continuously oscillating output is ca)
time period of oscillations denoted as T, . .

Step 4 : The table is provided by Ziegler-Nichols which
design the various constants of controllers based on the va

Step 2 : Tum the PID controller in P mode with T; =
Increase K, such that overall closed loop is in a continug

Scillatioy,
gmad ;Vo
ed Ultipg,

gives resulys ¢,
lues of K

and
T, . Thus depending upon the type of controller P, PI or PID, F&Mm Ms
vzlues in the Table Q.12.1, the controller can be tuned.
Controller type Kp T; K4
P | 05K, - 0
Pl 5
Wk | Ti-osmr, 0
PID 06
Ky HIN__ =05T, ql% =0125T,

P Table Q.12.1

A Gulde for Engineering Studen’s

r’

: Usin®

sfems

1.F. of PID controller is,

¢ the K, | i
Ge(® = Kp 5+ KpKes

he Table Q.12.1, the final G (s) is,

\I\‘\n}w

0.075K, T, | s+ —-
..H_S

6.14 : Solved Examples op Controllers

o3 The system given below is so design of |,

a ave &»E i s
0.107. Determine the required values of K, for PIng ratio

the given damping

ratio. : I [SPPy ; Dec.-16, Marks g]
Controller Motor
60
R(s) > —
; i 24175460 Y(s)
Ans. ¢ £=0.707
The closed loop T.F. with K, is,
60 Wc
YG) _ _s?+17s+60 _ . 60K,
RO OOKpy im0k, +1)
s2 +175+60

Comparing denominator with s2 + 28w, s + 02,

OF = 60K, +1) ie w, = /60K, D)

. ., _ 17
Nm.ves = 17 ie. & I&H
17
0.707 =
60(Kp +1)
.’ A Guide for Engineering Students
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 SAHALIng and Soly;
5m

e J
a,.%mﬁﬁ 4~«v = N.QNl
ry = .&QD
Kp 1

n&v-% system
10 A “ﬁbﬂoacﬂ&— ﬁ—:m an.-<m~n—<0
OOE:‘O_

has the plant transfer ?:ozoz

G() = M(s) s(s+2)
control the &auE_nu of the system. Uo::.n::o

employed to
i) ._Mn damping factor and undamped natur al frequency Whep
xm =0 :

t damping factor is 0.6.

alue of Kg such tha

ii) The ¥
BF [SPPU : May-17, y,
Encﬂegmnuosﬁ *y
10
cs) _ Gis) _ s(s+2) _ 10
R  1+GOHG) [, 10 s*+2s+10
s(s+2)
o?,

Comparing denominator with s2 + 28w, s +
o =10, w, =10, 26w, =2, £=0316
ii) With K4, system is as shown in the Fig. Q.14.1.

C(s)

5 Kg

Fig. Q.14.1
G(s) = :+»Nn v_o
m«m.ﬂwv mﬁwv = —
(1+sK 4)10-
se n,ﬂ& = %«m +NV = ~°A~+MNQV

R(s) (1+
13 *sKg )10 (2
e T +5(2+10K4)+10

s -
“% =10, =g 2w, =2+10K
d
@ f =

6-16 Controllers and Digital Contr,

N.:on but &= om (given)

20

- N+HOWQ ie. Hﬂn_ = 0.1794

0.6 = 2710

” 7 pesign # MHU controller for system with unity feedback ang
0

\\\\\\\\w.

2 =
mv s- +8t 1
60" s+ ( [SPPU : May-16, Marks 8]
is the Eowoa_os.& controller gain. The owamoanm:o

o Let K
«n:umoa s’ k)
i m@m@m 0
?\\M\\\lu 0 ie. s3+4s2 +4s+K+3=0
Ws+3) (87 5T 1)
goutl’s array is, | For critical value of K,
235 4 13-K=0
b K+3 ~Ky=K=13
o aMx 0 A(s) = 4s% + K+ 3=0
0
s K+3 ...m QA+wleA
4
s =12

Frequency of sustained oscillations = 2 rad/s

2n . 2n
But 0= Nﬁm“ ﬂ.—....ﬂl 1.€. .H.ﬁ = INl. = u.uhwm

Hence according to Ziegler - Nichols method,

x nomN =06x13= 78 T; = o.mﬁ_uu.chm
Ky = 21 = 03927
8
A Guide for N:w..anwlan h:.ia;k
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w°~ h
.—.

h~a

Hence the T.F. of the PID controller is,

bl
-

0075 K, Ty
~ GUs)=

A

S

t of a temperature control systep,

The system open loop trayp &mw_m.am &,

Q.16 An open loop tes
reaction curve shown below.

Ny
is given by gy
1
GO = s+ 1305 +1)
Used Ziegler Nichols method to determine K, K, K, - .
quarter step response PID control system. o,
. B [SPPU : Dec,-1g, "
102 sec tks 8
1
y(t)
05 /
0
Bsec 50 100 150 200 250 300

Time (sec)
Aus. : From the given quarer step response.
H. = W. H"HONIMNO&
K = 12T _12x94

P T =Ml

_ | 56.4(s+0.125)?
Ge(® = ;

These are nominal three mode controller settings.

1 :
= Hh.ﬂ. w = 0.0@Nw, =
E ﬂw uS» Wo . .H._ Wa 4
lication of the Zielger-N;
7 In an app e ger-Nichols methoq
| o.“ag oscillation With a 30 % proportional hang ._M wg..,_m ot
”o% 4. Find the nominal three mode controller settings, S min
IS [SPPU : Ma
. e s * May-22, Mark
] s 30 % proportional band will give controller critical i wz “m 8]
_ 100 _ 100 _ X v
K B30 3333
Kp = 06K, =06x3333=2
T, = Integral time = alwn
where Ty = 11.5 min (given)
, _ 1S .
e T; = —— =575 min
. 2 ;
K4 = Derivative gain = Hw:l =1.4375

T‘uhm + Concept of Industrial >=8=_mnoi

QA48 What is industrial automation

Ans.: o In traditional mechanical ~systems,

operated by human intervention.
¢ Enhancement in technolo

processing

sy

stems,

factories,

gy facilitated

7 What are its two types ?
operated machinery is

the automation of all industrial

test facilities, etc.

e e a e Qeudent!
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.:_a

. jgh control capability
. : tio v
oIn industrial automa sncrease the om._nmn:ow 5,

PC/PLCsPACs, etc.
precision, power and speed

momm _ \
»mﬂdw;o :
mwwa of

ts of control systems ooamﬁsm s,
hniques to ensure the Procesg <450£.

e An automation system consis
iy b
mgom :

tpes of closed-loop control tec
follow the set points.

« Some additional functions
control systems, plant :
performance, equipment scheduling, etc.

¢ To accomplish automation special dedicated hardware apq 1
products are used. mo?,.pg i

The two types of industrial automation are, v

1. Process plant automation 2. Manufacturing automatiop

Q.19 Explain the process plant E_Sn._:&on system.
Ans.: o In the process industries like pharmaceuticals, pety, b
3 c

cement industry, paper industry, etc. the product is manufacty, Msxa_
m mo.
9

various chemical processes on some raw material.
o Fig. Q.19.1 shows process automation system hierarchy.
.M.Mu hmdaﬂwo Mﬁ. nmm. Q.19.1 various ,_nﬁ_..n, of automatioy
° Level 0 or plant : Consists of machines like sep
actuators for translating the signals from Bmor.oz
produce control signals. g

° E_.M‘»_ H or direct process control : In this |
orma i A
= n.g.maa sensors 15 used by automatic ¢o K

monitoring systems. e

include functions for computing gey
startup or shutdown, Boaanswvosa foy
i m«.ﬂmg

y

Can da

and
S to

° Level i w
E,mma Mﬁ.ﬂﬁu_n._: supervisory control : In this leve| g
points are set by using automatic controllers. m

larget, maintenan, roducti
e management, are handled at this level,

s level.

=

V W~ N LY SEER >~ o ~ i ey

— Ot OYystems

4 Plant management I Leval s

, Production scheduling and control , Level)
, Plant supervisory control _m<m.l/ Level2

. , Direct process control level J/ Level 1

%' Plant / LevelQ

Fig. Q.19.1 Process plant automation system hierarchy

o Level 4 or plant management : This is the higher level of
the process plant automation. It deals with commercial
activities like market analysis, orders and customer analysis,
etc. rather than technical activities. .

Q.20 Explain the manufacturing automation system.

« In manufacturing industries like textile, glass, food, etc. products
omation can be included in various stages
, machining, assembling, inspection

Ans. @
are made using machines. Aut

of manufacturing like material handling

and packaging.

o Automation can be made more ¢
control and industrial robot systems.

o Fig. Q.20.1shows the manufacturing automation
hown in the Fig. Q.

e The functionalities of the levels S
explained as follows : ‘ :
us sensing and actuatng de

o Machinery level : Vario d act i
s level t0 control the manufactunng process.

fficient by means of computer aided

system hierarchy.
20.1 can be

vices are

used in thi R .
o Cell or group Jevel : Operations of 2 group o machnes
¢ . v Yaw
B manufacturing cells are coordinated at this level.
wi

A Guide for Engineering Students




Production 9
v_m::_zm. Qo?
mba mgmac_:._m SRR RAGe § _m<m_
erant monitoring 8nd “Fa,
order tracking LSRR She
. o - U _
llection <_ Pl
Shop floor data COTE R
il = REAT S~ W I oomwvwznoo_. Iy
; ‘ ~ 88 egpy
llection and <oty
Group (cell) data co oacv oy,
g o2 T ,Aom__v ooaa__ N
Data collection. signal checkand . ~ ~.. ,m;_
machine control 0035_ <
il o,
. -~ Sy
. Sensing and actuating devices ~
Fig. Q.20.1 Manufacturing automation system Zaqmqo_é
o Shop floor level : It is a supervisory automateq loveg
supervision and coordination of several Bmzzwwngg Whey,
are carried out. | 8 e

o Plant level : Various activities like production monjt

838: and scheduling, etc. are carried out at thig ~o<n_o:£_

o Enterprise level : All the management related activig,
as production planning and scheduling, etc. are dope
level.

S wcor
at m.:w

Q.21 State the advantages of industrial automation.

Auns. : Some of the advantages of industrial automation are :
1. Increased labor productivity
2. Improved product quality
3. Reduced labor or production cost

4. Reduced routine manual tasks
5. Improved safety

6. Assisted remove monitoring,

@econis
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6.16 : Need of 1oT Based Automatj,

in the need of IoT based automatjoy,

understand the concept of Internet
b simple scenario. Before some years e

to send messages. Nowadays we are ys
g cted to the internet. We can read a book,

' can get connected almost to everything apart fy,
m

d
b 285 %.sm. by means of different devices |
” like des

# qphone, €t
WP this background in simple words the conc

.% < . .
.M\ﬁw_&%a as S.Ebm all the things in the world and

of ;Emm (

IoT) Jeys

cellphones
N8 smartphopeg which
Watch a movie, listep 1,

just talking
ktop, tabler,

ept of IoT can be
connecting them to

the wbﬁoaoﬁ

. INTERNET OF THINGS

El I R -—--F

..., &
dy Anywhere
Fig. Q.22.1

oIn ToT things can be classified in three categories :

o Things that collect information and then send it. (For
example sensors like temperature sensors, motion sensors,
moisture sensors, air quality sensors, light sensors, etc.
collect the information and send it to the corresponding
device to make it more intelligent) .

o Things that receive information and then act on it. (For
example car receives a signal from car keys and the door
opens)

o Things that can do both the tasks Bn.saonnm above. a..o.ﬂ

“example the sensors collect information about the Amow

moisture to tell the farmer how much to water Qnan_wmwm“a

irrigation system can mEoH.suaS:w. turn on as needed,
on how much moisture is in the soil)

A Guide for Engineering Students
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ations of IoT.

art city can be developed s
, tages ® . : A smart ped Wsing ady
Q.23 State the advantas Zuazmam_ IoT are : information and communication techpo) o
Some of the benefits & Ologies to
Ans.: *

improve the quality of government Services
operational efficiency and share informatiqy, «
public. . On With the

: mart grid is a mod S 4o
o Cost-effectivencss A smart gri em system which deliers

electricity. The smart grid enables two-way
communication of electricity data unlike traditional
grid. It collects real-time data which constinge for

electric supply and demand while transmission ang
distribution process. .

o Low ermors

o Lower power peeds

o Ease of control

o Quick process completion.

limitations of ToT are, . |
o o [oT systems ar¢ complex to design, develop and Eaaas

In smart cars the devices are used for interconnection
for various purposes like : Generating a alarm in cese
: : of collision, heavy traffic flow and other safety alerts,
o Due to interconnected Structure, the IoT system jg ,E.Esg etc.

to various network attacks. X

Smart retail provides a smart way of shopping, it is
built using solutions to convert a conventional
physical store into an interactive store. By intelligent
systems detailed knowledge of the customers and
business, increased sales, etc are obtained to enhance
the. operation. Example : Paytm hes launched its
smart retail facility.-

o Even If there is no direct personal intervention, 1oy
. provides substantial personal data in very much detaj)

w.%mﬁoa

o There is a need for constant updation of the devices

D

o Everything will be controlled by networking anq Ariifi

Intelligence resulting in loss of human control at timeg a

.

Q.24 Explain the various applications of internet of things,

END..&
Ans, ¢

¢ Some of the popular IoT applications include :

Application type _ Description
Smart home

ma.mm home makes use of sensor-based devices to
.| facilitate automation. Some of the devices include

Msnm appliances, smoke detectors, windows and door
ocks,

w - Wearables

M_sg: devices are wom by humans on their body
€y ae smartwatches, smart glasses

, etc.

o e Cadents



§-2

%Q?n& Qx?g
sity QES.
N Papery

plot @ root locus for the system
K

& 7 Q <
66 HO s(s+4)(s” +45+13) WS

TND SEM) 5889247 5 ,

JUNE-2022

[May Qﬂn?_. Q.25 of Chapter - 3)

Time : M Hours] [10]

12 uct ui. ol an
QQ§M Q ﬁ .\,B ﬁbam QQM&Q«Q \m NQENSO

the candidates

01102 030r 04 Q5 orgg

Instructions 10 38
1) Solve guestion
Q.7 or Q.

2) Figares to the right indicate

3) Assume the suitable data, if necessary.

) 0 and gain - ‘margin if : G(s) Hs) = -_/
S(s+1)(542) Also

t on stability. (Refer Q.
full marks. commen ty. (Refer Q.24 of Chapter - 4) o]
p) State the limitations of frequency domain approach
(Refer Q.28 of Chapter - 4)

8
OR (9]

Q1 &) The characteristics equation of closed o, 5 N
given as i iy 4
1 + G(s) H(s) = 56 +25° +mma +12¢3 42052 Iy
Check the stability of system and dete S+g

on a) Draw Bode plot of the system with open loop transfer
function : G(s) = 2. tki)

and determine gain margin,

rMmine Rumy, s(s+10)
er
closed loap pole lies in RHP of s plane. v phase margin. Also comment on stability.
(Refer Q.12 of Chapter - 3) _ Brefic 01610 QSEQ. % )
: . 8 5
b) A unity feedback system with open loop ransfey Junctiy, b) State and explain the various frequency domain
Gfs) = .h“ Plot root locus. specifications. (Refer Q.12 of Chapter - 4) [8]
b Q5 a) Obtain the controllable and observable canonical state
(ReEr0adiof Quapter 3 . [10] models for the system with transfer function
S5 . G = =313 Refer Q31 of Chapter - 5) o
Q2 a) s2+3s+2 . 9]

The characteristics equation of closed loop System s
given as | + G(s) His) =
Determine the numper of roots
half side of g =

b) Define the terms : i) State, ii) State variables, iii) State
.m +Nw +Mmm+uo =4 State space. (Refer Q.3 of Chapter - 5)  [9]
which are lying on lgf

= 1. (Refer Q.14 of Q:::E. -3) B

vector, iv)
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S-4 Solved University Question p
apers

ND SEM) (5925] - 217
Solved vmvmuj‘

Course 2019

X fer O-Hu of Cha
y =1 Q%J\. (Re Piers S) M
i ax. g»ﬂuﬁu : ‘Nc

Routh’s and Hurwitz's criteria, comment on the

the SIa1€ fransition Matrix of stqy, : Is
Qtab.o: 18 Using

b) gm.\sasw
0o ! efer Q.18 of 1 2 i
Xe= \.‘. g -9 \ =) B Q.15 of Chapter . 5) @ stability if characteristic equation is :
6 5 4 3 2
g $6 +2s” +8s +12s” +20s° +165+16.
ora) S 1he characteristics o m.\ and D %58\»3 9 | (Refer Q.12 of Chapter - 3)
(Refer @3 Q.4 and Q.5 of Chapter - 6) : : ; (8]
p What do you understand By infegral .. by b) Sketch root locus of the unity feedback system with open
e, . T
controller 7 Explain with suitable example, LA/ 2 ﬂ loop transfer function G(s) = %|+MI+NC .
11 of Chapter - 6) o [10]
(Refer e & OR g ADS. ¢ Refer Q.18 of Chapter - 3 for procedure and nature of root locus
[ k and verify breakaway point = — 1.67, Breakaway point = — 0.46

Describe the N\.m%\m\.\sw\nb\h method. of proc Intersection with jw axis = t j2.
ess

Joop tuning. (Refer Q.12 of Chapter - 6)

as s
OR-

lh.QR\\Q\

9

The open loop transfer function of the unity feedback

; 200
system is G(s) = 5 ; . Using Routh
5(s” +6s° +11s+6)

Dpn a)

b) In an application of the Zielger-Nichols S
process begins oscillation with a 30 % propor ethoq

: . o
in 115 min period Find the nominal 1, nal bay,
€e mody

comrrolfer settings. (Refer Q.17 of Chapter - g)

aq

criterion determine stability of the system.
(Refer similar Q.11 of Chapter - 3)

18] (8]

b) A unity feedback system has the loop transfer function,
3 . Determine : Breakaway

s(s+1)(s +3)(s+4)
ts, intersection with imaginary axis. Plot root locus.
[10]

Gi) =

_poin
(Refer Q.23 of Chapter - 3)
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S-5 Solved Q:...iw,:o

Q3 a) For an unity .\,q&gn» system with opep
. 4

function G(s) =

undamped natural frequency, Teason . peqy,

frequency.
Ans.: Refer Q7 of Chapter - 4 for the procedure ang .
answers as : £ = 0.5, ©,
[y Isec.
b) Explain Nyquist stability criterion.

(Refer Q.20 of Chapter - 4)

OR (8]
Q4 a) If G(s) H(s) = 1 Find resonanc
. e
Ss+D) Peak g,
= resonance frequency.
S. @ 3
il anon Q.7 of Chapter - 4 for the procedure ang verj 19)
3 : M, = 1154, o_ = 0.707 rad/sec. Y the
b)  Explai 4 &
,Qﬂ.u..as advantages of frequency domain analysis.
. ¢ler Q.27 of Chapter - 4)
-5 a)  Oprai ; [8
o in the expression for state transition »:D«E.k !
ace pr UST,
s ansform method and state any four >
= ate transition matrix Propertie
efer )
iy Q.16 ang Q.17 of Chapter - 5)
ind c e
et ontrollability ang o ervabili B 9]
are mode]. Y of the system given
L |
4=1 _, : 5
m 2 1.B=| 7| ate
N. -8 ¥ & =015 11],

»” -
m«.o#oa i
T

Al
= 2 rad/sec, M = 1.154, o = 1,414 .,mn@ the

for the system with transfer

.(Refer Q.10 of Chapter - 5)
(9]

p) %vo \w.% x(t) -
X=\1 -
apter - 3 for procedure and verify answer as :

-

a1

-3t _15e7 " +1.5e”

1.5e" ' —0.5¢
=3t

£ 0.5e~t —0.5¢73 —0.5e7" +1.5¢

oportional mode, integral mode and derivative

lain pr
o 4 and Q.5 of Chapter - 6) [9]

e node. (Refer Q.3 Q-

What do you mean by industrial automation ? What are

b) .
its types ? Explain the architecture of an automation.
(Refer Q.18 and Q.19 of Chapter - 6) [8]

OR
.D.w a) Explain the Ziegler - Nichols tuning method of tuning a
PID controller. (Refer Q.12 of Chapter - 6) [9]
b) C(s) = L compute the T, T, T and % M, for
R(s) s2 +s+1
the same. Compare the time domain for proportion gain
coin K = 20 , (81
p . AT S 2
Ans. : Comparing denominator with s + 28w, s + @
Lol - 05,0y = z:lmu = 0.866 rad/sec
®_ = 1 rad/sec, & 0 d n
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§-7 Solved ci....s:@ 0
G - el e, Notes
1=
-INITS = 1,047 rad 3
= {an 3 /
=0 242 e, T =T o R 3 \\\\\
T TPy M, W T A
T. = 4 = gsec \
S ﬂS:

_g2
WM, =™ -8 =163 %

With K = 20, the &ma.a ,oan_oaom as shown in the Fig, 1.

K, | G(s)H(s)

A
20 s(5+1)

Fig. 1

-~ 1+ G(s)H(s) = 0 gives 2 4+5420=0 ie. g2 +Nm8= +8w =9
) =20 = 447, € = 0.112, 0, = 444, 8 = 1.458 rad

w+ T, = 0379 sec, T, = 0.707 sec, T, = 7.98 sec,
%M, =70.18%




