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Nyquist Stability Analysis
The stability criterion for application in the frequency domain was developed by H. Nyquist in

1932 and is based upon theory of complex variables due to Cauchy's. This theorem is concerned with the

mapping of contours in the complex s-plane.
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Two methods of designing a control system are design using root locus and design using bode

plot.

In design using root locus, the system is designed to satisfy the specified time domain

specifications.

In design using bode plot, the system is designed to satisfy the specified frequency domain

specifications.
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Stability of a system can be accessed by determining the gain margin and phase margin. These gain

and phase margins can be found by drawing the frequency response plots.

Polar plots, Bode plots, Nyquist plots are the examples of frequency response plots
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Bode plots show the frequency response of a system. There are two Bode plots one for gain (or

magnitude) and one for phase.

The Nyquist plot combines gain and phase into one plot in the complex plane. It is drawn by plotting the

complex gain G(jo) for all frequencies w. That is, the plot is a curve in the plane parameterized by o.
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Application of Mapping Theorem in Nyquist Stability Analysis

For analyzing the stability of control system, we consider a closed contour (Nyquist Path or
Nyquist Contour) in the s-plane enclosing the entire right half s-plane. The contour consists of entire jo
axis form o = -00 to ® = +oo and semi circular path of infinite radius as shown in Fig. (a). The radius of the

semicircle is treated as Nyquist Encirclement

g = Jea
Entire right half
-
|:| . CED -1
¥ t(5) path called
— Nyquist path

iy
I
|

8
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The Nyquist method is concerned with mapping of F(s)=1+G(s)H(s), and finding the number
of encirclement about the critical point i.e. , the origin of F(s) Plane. It is rather difficult to plot the
function F(s)=1+G(s)H(s), whereas the open loop transfer function G(s)H(s) is readily available and can
be directly mapped from s-plane to G(s)H(s)-plane. The plot of F(s)=1+G(s)H(s) and G(s)H(s) is shown

in Fig. (a) it can be seen that the vector 1+G(s)H(s) is the sum of unit vector and the vector G(s)H(s).

1+G(s)H(s) is identical to the vector drawn from (-1+j0) point to the terminal point of vector G(s) H(s)
as shown in Fig. Therefore the critical point origin on 1+G(s)H(s) Plane is same as critical point (-1+j0)
on G(s)H(s) plane. Therefore the stability of a closed loop system is investigated by examining

encirclement of the (-1,+j0) point by the G(S)H(S) contour
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This Nyquist path obviously encloses all the poles and zeros lying on right of s-plane. This closed
contour in the s-plane is then mapped onto G(s)H(s)-Plane as a closed curve and the total number of

encirclement about the critical point (-1,+ jO) is determined.

If there is a pole at the origin or on the imaginary axis(the jw-axis), = +ioo
mapping about this point becomes indeterminate and in such cases, a  +jw,+
detour is taken around these point and the mapping is done as shown in  +jw,—

Fig. (b) (In such a case Nyquist path is modified in such a way to bypass 100N

these poles by selecting semicircles of radius tending to zero around =0
—jtn4+

them). | 1

Once the number of encirclement is determined, the number of closed —joo

loop zeros can be obtained from Nyquist stability criterion Generalised Nyquist Contour
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Nyquist Encirclement

A point is said to be encircled by a contour if it is found inside the contour.

Nyquist Mapping
The process by which a point in s-plane is transformed into a point in F(s) plane is called mapping and F(s) is

called mapping function.
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Nvquist stability Criterion

Nyquist criterion expressed Mathematicallya Z =P +N
Z = Number of Zeros of 1+G(s)H(s) on the Right half of S-plane
N= Number of Encirclement of the critical point (-1,+ jO) point of F-plane by Nyquist plot
Clockwise encirclement are taken positive and anticlockwise encirclement are as negative

P = Number of Poles of G(s)H(s) on the right half of the S-Plane

For closed loop stability, No Zeros of 1+G(s)H(s) must be in the Right half of S-plane, i.e. Z=0 for
stability, so Nyquist criteria obtained by substituting Z=0 in N=Z-P ieN=-P

i.e. N =-PF
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Nyquist stability criterion states that for absolute stability of the system, the number of encirclements of new
origin of F-plane by Nyquist plot must be equal to number for poles of 1+G(s)H(s) i.e. poles of G(s)H(s)
which are in the right half of s-plane and in clockwise direction.

10 The Nyquist plot obtained by mapping Nyquist path

eg. If G(s)H(s) = sG+T)

from S-plane to F-plane should not encircle origin of

Then P = No. of poles of G(s)H(s) which are

located in right half of s-plane.

F-plane.

~ Note : Now for ease of mapping Nyquist path from s-
0 as there is no pole of G(s)H(s) in

plane to F -plane, instead of considering mapping

function as 1+ G(s)H(s), it is considered as G(S)H(s)

right half of s-plane

. For stability, N = - P =10
only

So in all the problems solved hereafter, N is the number of encirclements of a critical point -1+ jO and not the

encirclements of origin as mapping function used is G(s)H(s) and not the function 1 + G(s)H(s).
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Depending upon the situation of poles of G(s)H(s) Nyquist path should be selected.

MNyquist path
— ¥q p

s - plane

Generalised Nyquist Contour

F(s) has two poles on imaginary axis at +jo while one pole at origin. Then

Nyquist path should be selected as shown in figure

The points by which path is modified are :

tjop -

tjor =

—joi —

—jop =

+j0 —

-j0 —

A point just above + juy, very very close to
+ ]'(J_l],‘

A point which is very very close to + jwy,
but just below it.

A point which is very very close to —jwy,
but just above it.

A point which is very very close to — juy
but just below it.

A point which is very very close to origin but
just above it on positive imaginary axis hence
denoted as + j0

A point which is very very close to origin but
just below it on negative imaginary axis hence
denoted as —j0.

The various sections of Nyquist path are,

Section Start End Comment
| s=+jee  s=+jof Along the imaginary axis.
i s=+jof s=+jo;] Along a semicircle of
radius tending to zero.
I s=+jm 5 = H0 Along the imaginary axis.
I\ s = +0 s =0 Along semicircle of radius
tending to zero.
v s=-j0 s=-jwof Along the imaginary axis.
VI =—jaf =—jw; Along semicircle of radius
tending to zero.
Vi s§=-jw; s8=-je=  Along the imaginary axis.
Vi §=—jo 8=+je  Along the semicircle of

R — oo encircling entire right
half.
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Generalised Nyquist Contour

Key Point : The section V, VI and VII are mirror
images of section IIl, II and I respectively. Hence
their mapping in F-plane will be also mirror images
about real axis.

Generalized Nyquist Path and its Mapping
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The various sections of Nyquist path are,

Section Start End Comment
I s=+jeo s=+jof  Along the imaginary axis.
II s=+jw{ s=+jw;] Along a semicrcle of
radius tending to zero,
I s =+jay s = +0 Along the imaginary axis.
v s = +0 s = —j0 Along semicircle of radius
tending to zero.
V s=—-j0 s=-jof Along the imaginary axis.
VI =-jwy =—jw;  Along semicircle of radius
tending to zero.
v s=-jw; s=-je  Along the imaginary axis.
VIIT s=—je s=+je=  Along the semicircle of
R —» e encircling entire right
half.
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Now Mapping of these sections in S-Plane can be achieved by drawing the polar plots for various sections

and joing one after the other, the mapped locus called Nyquist Plot,

From the encirclement of the critical point (-1,+ jO) by Nyquist Plot, stability of the system can be predicted

count the number of encirclements of the critical point (-1,+ jO) and check whether it satisfies N = -P

—270°
Positive
: angle
+180 _ 0’
-180° Reference
Negative
‘ X angle
1 +270°

{—90°
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Polar Graph

Start of type-3
system

Start of type-2—»
system

Start of type-1T
system

Start of Polar Plot

«— Start of type-0

system

End of 3"
order system

D OF 4 2\
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End of 4"
order system

End of 2™
order system

e
/7/

End of 1°
order system

End of Polar Plot
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Notes on general polar plots
Polar plot is a plot of magnitude of G(jw) versus the phase of G(jo) in polar coordinates

For physical realizable systems, the order of the denominator is larger than or equal to that of the numerator

of the transfer function

Type 0 systems: finite starting point on the positive real axis, the terminal point is the origin tangent to

one of the axis ~

Type 1 Systems : starting at infinity asymptotically parallel to -ve imaginary axis, Also the curve

converges to zero tangent to one of the axis

Type 2 systems : the starting magnitude is infinity and asymptotic to -180, Also the curve converges to

zero tangent to one of the axis
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—270°
G(s) = all . -180° e 1—@ 0°
- 1+sT o £ g
-g0° 4% increasing
i @, [-270° .
G(s)=————— —180°_ = o°
s(1+sT) o
2l
=
w=01%[|-90°
G(s) ! 180°
5} = =
(1+sT)(l+sT)
1 —270° /.p ,f:’
G(s) = : 180° S S .
(F+sTI(1+sh)(+sTy) . o B A
7 A’/e'a%.\(\g

5
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s(1+sT(1+sT,)

 Type : 1, Order :.3- B G(S}z
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]
=
=
-ag°
—270°
G(S}: ]+ST _1800 g rp" O{)
: sT e 2
oy
. 1+ joT 3
G(jo) = —2 1§
jio T =
w=0 =
—a0°
—270°
9 = <D g:'
G(s} =s E
(s} N g
G(ju}} = jﬂ} 4' 2
_ 2
~fgpe el o°
—80°
—270°
o = co =
=
w
G{s) =1+sT 4 e
(&3
; = =
G(jw)=1+joT - agl = A
1 5!
_90°
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Step1:

Step 2 :

Step3:

Step 4:

Step5:

Stepb:

Step 7:

GM. =

o
I

ie. GM. =

Count how many number of poles of
G(s)H(s) are in the right half of s-plane ie.
with positive real part. This is the value of
P

Decide the stability criterion as N = - P ie.
how many times Nyquist plot should
encircle =1 H0" point for absolute stability.
Select MNyquist path as per the function
Gis1H(s).

Analyse the seclions as slarling poinl and
terminating point of plot.

Lasl section analysis not required.
Mathematically find out @, and intersection
of Nyquist plot with negative real axis by
rationalizing G{ju)IT(jo).

With the knowledge of step 4 and 5, sketch
the Nyquist plot.

Count the mumber of encirclements N of

-1 + j0 by Nyquist plot. If this matches with
the criterion decided in step 2 system is
stable, otherwise unstable.

I%[ where

Intersection point of Nyquist plot
with negative real axis obtained in step 5.
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Draw Nyquist Plot, Investigate the stability of a negative feedback control system whose open loop transfer
function is given by G(s) H(s) = 100/ (S+1) (S+2) (S+3)

Step1l  Count number of poles of G(s)H(s) are in right half of S-Plane
i.e. with positive Real Part, This is the value of ‘P’
P =0, As No Open Loop poles in the right half of S-Plane

Step 2  Decide the stability criterion as N =-P
I.e. How many times Nyquist plot should encircle « -1+j0 * point for absolute stability

Here P = 0, No Encirclement of critical Point ““ -1+j0  i.e. (-1, 0) by Nyquist plot for stability
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Step 3 Select Nyquist Path as per the function G(s)H(s). Identify the various segments on the contour with
reference to Nyquist path

Select Nyquist contour which encloses the entire right half s-plane except singular points. The Nyquist
contour encloses all the right half s-plane poles and zeros of G(s)H(s). The poles on imaginary axis are
singular points and so they are avoided by taking a detour around it.

Here Select the proper Nyquist contour — Include the entire right half of s-plane by drawing a semicircle

of radius R, with R tends to infinity
Joo )

SN

@_-" R

— joo
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Step 4 Analyze the Section [, Il and 11l as a starting point and terminating point. Last section Ill analysis is

not required for closed loop stability

Express the magnitude and phase equations in terms of © and Estimate the magnitude and phase

100
(1 +jo)(2 + jow)(3 + jo)

for different values of ® G(jo)H (jw) =

Let S=jo in G(s)H(s) & calculate magnitude and phase ML @ = | G(jo)H(jo) | *_ G(jo)H(jo)

:_'{/Z—Z// é?/f/ s = S2d Gy AT = 122 A L0
ot s T r ) Ot 2 a0 A Y Tioris)f Ttz

L A i
Vo2 2 PN T
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Vel

A—
R
zzy”// . 7‘ a7 - Z
‘ffﬂ.-;ﬂ/: d'
e ) =G0

-/ = -/4/7%/ . 7}/'/ _/;ﬁ//;d/,,_/&,,zsf/?
J =t tinf o 8] -7
' . 7 E——
ML 0 =| Gio)H(jo) | L GGo)H|w) Y G e
// I 74 ’fd/?/f//: J - 27 {/_:?// /
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Analyze the Section I, Il and 111 as a starting point and terminating point

Section | STjo ® Magnitude |G(jo)H(jo)| | Phase angle L G(jo)H(jo)
At Starting point (a) S= joo ® =0 0 -270°
At Terminating point (b) S=0 =0 16.6 0°
+90°
Section [ : s =+jeetos=0 =270°
Positive
Starting point @ —»ee 0z- 270 0°— (- 270°) =+ 27(F / \\angle
Anticlockwise s = O;e
Terminating @ —0 16,6672 (° | 8 iionoe
point Negative
; angle
5270°
|—90°

Terminating point phase angle - Starting point phase angle = Positive value, then sketcn polar plot of
Section I in Anticlockwise rotation

Terminating point phase angle - Starting point phase angle = Negative value, then sketch polar plot of
Section | in clockwise rotation
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» Mapping of these sections in F-Plane can be achieved by drawing the polar plots for various
sections and joing one after the other, the mapped locus called Nyquist Plot,

+90°
—270°
'\Positive
- angle
+180° . 0°
-180° Reference
o -
= o P o - 1
Strtng porind | w > | L = 0L NI -2 S
— ] v/l = g 8L2 QntocsocAus
ﬁ/mm/? /A//f'/ = 2 Seoakomy
/. . ."£7p’ 5‘/ //hf&zlﬂwg
:ﬁg”é/ﬂ/a/-/ g Q:___,?—-//}oo’ 0? Jointb=ZKLE
JFer >

~o
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Section Il : Mirror Image of Section | on real axis

: i Magnitude . i
Section Il STjm (0 ) ) Phase angle L G(jo)H(Jo
: G(o)HGo) gle L GGo)Ge)
At Starting point (b) S=0 ®w =0 16.6 0°
At Terminating point (¢) | S=-jo | ®=-®© 0 +270°

ST S ) ptirrer smge o e (D) bt
Klal oxil = 9 4y = —

+ Fo°

L #70°
o K—I”\{\é .
-/-/‘55% i 7.5 a "
J&/A?ﬁ /p./_/f ; f/_-—aa j/ ﬁ/—;/[% = /5 ra/ L_ﬂ_" ( 7 )
Z’ZM@/ y > ;ﬁ:" MAZ::‘ ﬂw /ﬂ//f(




JA T M E
atme College of Engineering

ST,

i QA §
{N33) £
% 2 /

3 & £ EaT

» - AJd A

o

...........

5 Department of EEE
IS0 9001:2013 Emitting Elite Energy

Section 111 : Last section I11 analysis is not required for closed loop stability

Section 11 STjo ® Magnitude |G(jo)H(jo)| | Phase angle L G(jo)H(jo)
At Starting point (b) S=-joo | ®=-w 0 +270°
At Terminating point (a) | S= +jw ® =00 0 -270°

RAATE) Pty e ki

/'é/'{ﬁ Sz E &l P =R /vg o béafwify///g
Tarnainahng Srirt 0> AT | = o/ Ry

. 77 4 37 OV 7 , w0k SO
St 7 L7 4—;,. ki)
— Q50

> a
~ /D0 7 2
S ' [
.—?oo -
Py
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Step 5 Find “wpc” Phase cross over frequency mathematically & “Q” intersection of Nyquist plot
with negative real axis

G/ s =  Jo0 . S P SAE ./x//‘)/
. -/
S/ psler ) (7 S (P AR CF

Intersection with negative real axis.

100(1 - ja)(2 — jo)(3 — jw) 5 i =
1+i01 - 02 +j02 - 0@+ 0B —ju) = L22Ll—rw—Lla s l@ Y 7 L2 = 5
(1 +jo)(1 = jo)(2 + jo)(2 — jw)(3 + ja) (3 — j) %y enlin) S o 3D J_;;:J{

...Rationalize _ 00 s s — s ~ 2 ://_;,_/,;/ Gl il

G(je)H(jo) =

£/ x z/ ¥
100 [{6— 6 %) +jo (* — 11)] R /ffw/
- (1+ @®)(4 + )9+ w?) = ool B~ s - &S —F % 2> A S Y2 p w3
P, Al (rar®

Equating imaginary part to zero, w= 0 or +11 : _
= ol & — v - /uz+fufj

But at w = 0, the plot intersects positive real axis. Y 82 (G 7Y
o = 11 ie. mpc = \."H rad/sec = oo — soonr? £ Jo0S% Z— s1007%7
//fﬁz///vfﬂ‘y/?fzﬂz/
100x|6-6x11] . ' .
Q= rina+inE+1n - - 8¢ > dor-doow® £ jerlrood = 0]

A Y o (00
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Intersection with negative real axis.

100(1 - jo)(2 - j0) G - jo)

GIOHIO = {500 - 0@+ 0@ - 06 + 06 - jo)

...Rationalize

100 [(6- 6 0?) +jo (@* ~11) |
1+ P+ PO+ o)

Equating imaginary part to zero, w= 0 or +11
But at w= 0, the plot intersects positive real axis.

o = 11 ie. Wpe = V11 rad/sec

100 % [6- 6% 11]

Q= ArinUsInE+1) 1667

......
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» Step 6: Sketch the Nyquist plot, Drawn polar plots for various sections( i.e. Section I, Il and

[11) are joined one after the other, The mapped locus is called Nyquist Plot

£ P07
— 270° ‘
A —=ZF0
- ol —=1\Jo 16667 #4 6 e
~1.667 00 T4 / = zs 7
& 7
N =2 7 ~70°
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Step 7: find the value of N, Number of Encirclement of the critical point (-1,+ jO) point of F-
plane by Nyquist plot

Clockwise encirclement are taken positive and anticlockwise encirclement are as negative

— 270°
‘ If N = -P then system is stable, If N # -P then system is unstable
o —~lo 16.667 Step 7 : N = +2 ie. It does not satisfy N = 0 hence
_ 1667 0° system is unstable.

N =2 r
Fig. 12.13.20 (b)

1

GM. = 20 10gDLQ| =20 log
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Step 8: Determine Gain Margin

—270°

Q —1 0O 16.667 o~

F-plane

G.M.

ie. G.M.

GM. =

ST, /

. /N
g y = j JA

s
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where

1
10Q |
= Intersection point of Nyquist plot
with negative real axis

1
= 20 Lﬂglﬂ W dB

20 1og|01—Q| =20 logﬁ = - 4.437 dB
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Program G(s) H(s) = 100 / (S+1) (S+2) (S+3)
clc
num = [100];

den =[16 11 6];
sys=tf(num, den);
nyquist(sys)
[re,im,w]=nyquist(sys)

clc  #clears all the text from the Command Window, resulting in a clear screen
num = [100]; #Coefficients of the numerator
den =[1 6 11 6]; #Coefficients of the denominator

sys=tf(num,den);#creates a continuous-time transfer function with numerator(s) and denominator(s)
specified by num and den

nyquist(sys) # creates a Nyquist plot of a dynamic system sys

[re,im,w]=nyquist(sys)# return the real and imaginary parts of the frequency response at the frequencies w
(in rad/TimeUnit).
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Draw Nyquist Plot, Investigate the stability of a negative feedback control system whose open loop transfer

function is given by G(s) H(s) = K/ S (S+2) (S+10) & hence calculate the range of value of K for Stability.

Step1l  Count number of poles of G(s)H(s) are in right half of S-Plane
1.e. with positive Real Part, This is the value of ‘P’
P =0, As No Open Loop poles in the right half of S-Plane

Step 2  Decide the stability criterion as N =-P

I.e. How many times Nyquist plot should encircle “ -1+j0 * point for absolute stability
Here N = 0, So Critical Point “ -1+j0 ” i.e. (-1, 0) Should Not get encircled by Nyquist plot for
stability
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Step 3 Select Nyquist Path as per the function G(s)H(s). Identify the various segments on the contour with
reference to Nyquist path

Select Nyquist contour which encloses the entire right half s-plane except singular points. The Nyquist
contour encloses all the right half s-plane poles and zeros of G(s)H(s). The poles on imaginary axis are

singular points and so they are avoided by taking a detour around it.

Here Select the proper Nyquist contour — Include the entire right half of s-plane by drawing a semicircle

of radius R, with R tends to infinity joo ! aal Appuitt yprory
eclon
Section @ l @
_ ) ] 0 R @
Pole is at orgin hence Nyquist . _ .
contour is as shown section (@) 1/ -l
R—0
. . Y
G(s)H(s) has one pole at orgin Section
i N
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Step 4 Analyze the Section I, 11, Il & IV as a starting point and terminating point. Last section IV analysis is

not required for closed loop stability

Express the magnitude and phase equations in terms of © and Estimate the magnitude and phase

for different values of ®

Let S=jo in G(s)H(s) & calculate magnitude and phase ML @ = | G(jo)H(jo) | *_ G(jo)H(jo)

K

G(s) H(s) = K / S (S+2) (S+10) G(jw)H(Gw) = O@ +j )10 +] o)

M = |G({oyH(jo) |
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e K
G{]m)H(]m)_jm(2+jm)(1U +j o) A [ Nyquist path

Jeo

| | Section
M = |G(jo)H(jw) | Section@

K
WX |4+ a? x 100 + o?

Section ® -
an =
¢| B K Secti::m
-1 @ -1 W -1 @
tan [ﬁ)tan [E)tan (1—j

P _pan1 O -1
90° —tan 7 tan 10

_ jw"
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]au
Section
Section@ @
0 _RIZ
Section @-—/_
R0 10
Section

_ joo

ALO —=> A /z/'ﬂ/ wIkets 4 f /&% ,'/é?:_
pygrin Bat TafE. fs
dff;" Sfoerla opore akl F SO

=y > A /a/'/f/ ,d//cﬁ 4 //gty

e oo S
v B _.74/// 2 | Rl
%’ PN at ——2

clode 7o
e A 777 /d!x;f/bz' //ﬂ%/ml/

sty e 2
ar gare. A
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Analyze the Section I, 1, I11 and 1V as a starting point and terminating point

Section | STjo [0} Magnitude |G(jo)H(jo)| | Phase angle L G(jo)H(jo)
At Starting point (a) S=jwo ® =00 0 -270°
At Terminating point (b) | S=+j0 | @ =+0 00 -90°
SectionI: s=+je to s=+j0 S

ie. ) — oo to w— +0 '\Pos‘rtive
o . ] angle
Starting point 0 — oo 02 - 2?{?3 - 90° — (-270)" +180° . 0°

2 Refe
Terminating @ —+0 0./ + 9 = + 180° 180° ‘/e rence
oint Negative
P Anticlockwise anole

rotation +270°
-90°
Terminating point phase angle - Starting point phase angle = Positive value, then sketcn polar plot of

Section | in Anticlockwise rotation

Terminating point phase angle - Starting point phase angle = Negative value, then sketch polar plot of
Section | in clockwise rotation
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/:A@ S = # S

ASD

‘2 =

=

Section [: s=+js= to s=+j0
ie. W — oo to w— +0
Starting point @ —ee 02— 2?!]’3 = 90° — (-270)°
Terminating w@-—>+10 0£+9C° =+ 180°
oint
p Anticlockwise
rotation
+90°
-270°
Positive
angle
+180° 0°
-180° Reference
Negative
angle
+270°
-90°

lie > 2y Lo &= Fo
: : S :
/brfg /w}// & > v 7L > pL=L72. 5 — o[- /274
: ‘ ; = /8"
Tty el | zo—sda | ik > /=P T
”,’m?/ Aé Qe loc kR
: - . n-,}"’” Scofarbs
Point @ = of=F7¢ O ot
Foirt B = ov (=72 —/80° S ND-265°
2720 £90° 4" > . |
3 o peskorZl
Jr" .
97, tu£75°
>
. o A J20 e
—/Zo 7 A /%o < >
= +/0 /5

— 27, £ #70°
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B/ L

Section II : s=+0 to s=-j0 Starting point @ —+0 = Z-9PR  90° - (-90)°
=+ 180°
ie. w— +0 to w— -0 Terminating point w—-0 o / + 9P /
Anticlockwise
rotation
Sy F= £79  fa = =/7 .
L= —=> Fo Lo I-=> =0
5 s . 7 i ] 2
ﬁ,/y/p/ﬂ/ & >+Y /y/,é = .o/[=2 5 0 -/~
> A 780"
. s o . 'f ?J'/
7= % s 70 é}-> ‘_ﬂ il ”L,é ﬂz—- : Ao : _
- R ik 6 = ﬁ'[’*_ﬁ’
It & = M-Q‘i"’
+9()0o ..,,!fd,‘ 7‘?&
—270 SN
[
'\Posmve
r g angle )
+18 ~ 0° . P R p
-180° Reference ~/0, + /&
Negative
angle i 5
270° i
t90° -‘fﬂ’/ AEP0
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: : Magnitude . :
Section 111 STjm 0 i ) Phase angle L G(jo)H(J®
: G()HGo) gle - GheGe)
At Starting point (c) =-j0 =—0 o0 +90°
At Terminating point (d) | S=-jo = -00 0 +270°

+90°
—270°
Positive
angle
+1 800 . 0°
-180° Reference
Negative
angle
+270°
-90°

fd’»@ R Rl s //dh@

cﬁw’»’@ F=-to Ao Se-IH

P

g -0 Lo

w=—

277~ /7
270°—Fo
= # /20"

Seot S
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: : Magnitude . .

Section 1V STjm ® . . Phase angle L G(jo)H(jo

: G(w)Hioo) gle L GGeGe)
At Starting point (d) S=-jo | ®=-© 0 +270°
At Terminating point (a) | S=+jo | ® = 0 -270°

+90°
—270°
Positive
angle
+180° 0°
-180° Reference
Negative
angle
+270°

-90°

S "”@ VA o Zll ]

A= o Zo SF= Asev
&> - £o i
rﬁm’gﬂ et | > - /"AZ = o L227° |
_ _270°
g;//a/'// a2 L. = LT

> 7‘-17/0
Y 7243 = Wkt °
— o I72
Biwe = BT
4907 o
Zowo
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Step 5 Find “wpc” Phase cross over frequency mathematically & “Q” intersection of Nyquist plot

with negative real axis

K

Step 5 : G(jo)H(jw) = o0+ o) 2 +j0)

Rationalizing ,

(Joy(-jo) A0+ jw) (10 - jo) 2 +jw) (2 - ju)
~Kjo[20-12jo- o]

~ GiaHGe) = o? (4+ 0?) (100 + ©?)
 -12K@®  Kjo(20- @)
- D D

where D = o (4+ o) (100 + o?)

Equating imaginary part to zero,
©20-0?) = 0 ie @ =20 ie w,=+20

Substituting in real part,

Point Q = ~12 K 20 K
20% (20+ 4)x (100+20) _ ~ 240
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» Step 6: Sketch the Nyquist plot, Drawn polar plots for various sections( i.e. Section I, Il 1l &

V) are joined one after the other, The mapped locus is called Nyquist Plot

—270°, +90° .
A %/e_/ & THE  Nyg wit /,é% 7
5= -0 — 276 # 90
" :
~1+0 % . ,
- A 0 - —//d‘g/fdl /d > 0 ﬁj(d '
£,
250
=K 6"
N=0 240 -~ R~ ,
for stability 6= +]0 ——]ﬂﬁ — 90" )+ #F0
V=
L for by Lz o7 Ercivetement § ~Z o pmnt
e & et plal g ety
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Step 7: find the value of N, Number of Encirclement of the critical point (-1,+ jO) point of F-

plane by Nyquist plot

Clockwise encirclement are taken positive and anticlockwise encirclement are as negative

If N = -P then system is stable,

Step 7 : Now for absolute stability, N = 0

i.e. it should be located on left side of point Q i.e.

1 0Q | <1
K
-~ 210

So range of values of K for stability is

<1 K <240

0 <K <240

If N # -P then system is unstable

Shr 7
WO Y bl %Azy, ey

al por Sy &
g fzrie) gt o e tocurt 277

o e g ot & Se (& =Z

— K K =
20 /CZ s g0 g
2. SR, A M ,/4&/4;_70‘;;//
%esisk =K = Zg0

~ v
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Draw Nyquist Plot, Investigate the stability of a negative feedback control system whose open loop transfer
function is given by G(s) H(s) =5/ s(1-s)

Step1l  Count number of poles of G(s)H(s) are in right half of S-Plane
1.e. with positive Real Part, This is the value of ‘P’
P =1, As No Open Loop poles in the right half of S-Plane

Step 2  Decide the stability criterion as N =-P
I.e. How many times Nyquist plot should encircle “ -1+j0 * point for absolute stability
Here N = -P, Therefore N = -1 for stability, Nyquist Plot Must Encircle critical Point “ -1+j0 ™ i.e.

(-1, 0) once in Clockwise direction for stability
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Step 3 Select Nyquist Path as per the function G(s)H(s). Identify the various segments on the contour Wlth
reference to Nyquist path

Select Nyquist contour which encloses the entire right half s-plane except singular points. The Nyquist
contour encloses all the right half s-plane poles and zeros of G(s)H(s). The poles on imaginary axis are

singular points and so they are avoided by taking a detour around it.

Here Select the proper Nyquist contour — Include the entire right half of s-plane by drawing a semicircle

: , P T
of radius R, with R tends to infinity . - AWt Goprtry
Section-(T) ! &~ Nyauist path : @ @
i . P
Pole is at orgin hence Nyquist O .._Sectm@ +70 2%
contour is as shown W -7 T
—0 K™
: Section

G(s)H(s) has one pole at orgin Section-(i) I © | @

s - plane .

—joo
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Step 4 Analyze the Section I, 11, Il & IV as a starting point and terminating point. Last section IV analysis is

not required for closed loop stability

Express the magnitude and phase equations in terms of © and Estimate the magnitude and phase

for different values of ®
Let S=jo in G(s)H(s) & calculate magnitude and phase ML @ = | G(jo)H(jo) | *_ G(jo)H(jo)

G(s) H(s) =5/s(1-s) G(jw) =+

O HE) =5/505) i)~ 1
Note that £1-jo =-90°as @w—> + =
Z+1—-jo= 0"asw—+0 Z1-jo=0asw——0
Note that right half open loop pole is represented as 1-s
and not as s-1.
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Analyze the Section I, 1, I11 and 1V as a starting point and terminating point

Section | STjo [0} Magnitude |G(jo)H(jo)| | Phase angle L G(jo)H(jo)
At Starting point (a) S=joo ® =00 0 0°
At Terminating point (b) | S=+j0 | @ =+0 00 -90°
+90°
Section I : s = + jee to 5 = + j0 —270°
Start e e o
e il / \\:::z;ve
+180° . 0°
=0ZLF } —9F -F=-9F -180° Reference
End S+ 0 o 0 Clockwise "
w il 90 0° ::;zh e
=aa /2 — O(F +270°
-90°

Terminating point phase angle - Starting point phase angle = Positive value, then sketcn polar plot of
Section I in Anticlockwise rotation

Terminating point phase angle - Starting point phase angle = Negative value, then sketch polar plot of
Section | in clockwise rotation
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Section I : s = + jeo to 5 = + {0

Start W — oo 0
b 90°, - 90r
=0 -2 \ —9F —(F=-9F
End 0410 o, T/ Clockwise
ap=, 0°
=/ — 9F
+90°
—270°
Positive
angle
+180° 0°
-180° Reference
Negative
angle
+270°
-90°

VAN
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Section Il : S= +j0 to S=-j0
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Section 11 STjo ® Magnitude |G(jo)H(jo)| | Phase angle G(jo)H(jo)
At Starting point (b) S=+0  ® =40 o0 -90°
At Terminating point(¢c) | S=-j0 | ©=- o0 +90°
Section Il : s =+ j0 to s = - j0
Start w—+0 . 0
: ‘55
= o0 £ - 90° - (- 90F)
- gf '> =+ 180°
End w—-0 mgw Anticlockwise ‘)f’;d.ﬁ‘/'%’ . )
= oo / + 90 c Juinl s = mLZ
+90° Gt <= AN
—270°
N e
+180° N o}
-180° Reference
Negative 4
angle N
7270° ol
—90° .
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Section 111 S=jm ® Magnitude |G(jo)H(jo)| | Phase angle G(jo)H(jo)
At Starting point (c) S=-j0  ® =-0 0 +90°
At Terminating point (a) | S= ® = -00 0 0°

+90°
-270°
Positive
angle
+180° , 0°
-180° Reference
Negative
angle
+270°
-90°

jﬁlm@ Vo2l /M% —7/ S Bz Q déé/

et o

Mot = s , LI #-0

sl = A%

/: R L S =il /VZ,Z—= 0/L2

End ,
Joint & = w LEE
il
ke
j,g,’l ‘a ﬁ
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Section IV : Last section 1V analysis is not required for closed loop stability

Section IV S=jm ® Magnitude |G(jo)H(jo)| | Phase anglel G(jo)H(jo®)
At Starting point (a) S=-jo | ® =—© 0 0°
At Terminating point (a) | S=+jo | ® =+ 0 0°

+90°

=270°
Positive
angle
+180° , 0°
-180° Reference
Negative
angle
+270°
-90°

S5 @ VY Jéﬂ/h (/% Sastin, Fend

Z0 J
N % =Ty P
_ T 2D
gral =7 _70°
r o

d = 2f2°
i/l o2
S

__//o‘ <

N -
- 9o
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Step 5 Find “wpc” Phase cross over frequency mathematically & “Q” intersection of Nyquist plot

with negative real axis

Step 5 : Intersection with negative real axis.

— S(-jo)(1+jw)  _ —5jo(l+jm)
G19 = oo o) -10) ~ w1+ o)
5 5jo

P(1+0?) ?(1+0?)
Wpe = O to make imaginary part zero.

But ® = 0 is not on Nyquist path hence there is no
finite intersection with negative real axis.

oy 5 it ST% )79@//‘{ Lead 7S
ot sl

é//ﬂ/ = 5/—./'5—7///‘/"/21/

w0 L1 T

Y //%-/AJ/
B
2 //¢/Jz/
=2 ﬁfr/’"— - —f";/’éz—’ 2/
o2 e et

Lo 7784 /'/mfm,? /4@/ Ao
7

o s
Z
=0
4% L//féjy oy patt
Sy gl o YT
gﬂ/ L2=9 / [y Sact 27
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» Step 6: Sketch the Nyquist plot, Drawn polar plots for various sections( i.e. Section I, Il 1l &

V) are joined one after the other, The mapped locus is called Nyquist Plot

aa
]

ol

s=J0
—1+j0 5 =—jeo -
N=0
oo 5:+i[}

—90°
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Step 7: find the value of N, Number of Encirclement of the critical point (-1,+ jO) point of F-

plane by Nyquist plot

Clockwise encirclement are taken positive and anticlockwise encirclement are as negative

If N = -P then system is stable, If N #-P then system is unstable
. ; g2 77
g & mpret T N

Step 7: N =0
— 1 +jO point is not encircled.

As it does not match with stability criteria of N = — 1.

Hence system is unstable.

a N f=-19
o — /1 IO Lt =P *
pa = = d
i / a P= AL i
V=a
£ 7=+79

,,-?a'



+90°
=270°
Positive
angle
+180° 0°
-180° Reference
Negative
angle
+270°
-90°

77

&_ 470
/r 2%
s e S
S
l/c‘/aa?.a/ﬁ
\Vh
—20°
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Cs) GO s
R(s) 1+G(s)

. . G(jm)
s=jo, M(jo) 1 G(o)

- Let G(jo)= X +3Y, where, X = Real part of G(jo).
Y = Imaginary part of G(j®).
| X+j;1, VXI+Y Atan";
SMjo)= =

VX2 +Y? L[m_, Y

——tan_l——Y J
T+ X+35Y \/(l-l-X} —!—Yzl_{taﬂ"l]Y J(1+X)2+Y2 X I+X
+X

x+jy , | magnitude| = Vx2+y2, L Phase angle = Tan"}(y/x) j2=-1,j=+-1, j3=-j
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Controller

A controller is the most important component of the control system. It is responsible for the performance of
the control system. It is a device or an algorithm that works to maintain the value of the controlled variable at

set point
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A controller with transfer function Ge(s) can be introduced in cascade with open loop transfer

function G(s) as shown in fig. to modify the transient and steady state response of the system

controller

C(s)

i

plant

-

P(s)

G(s)

1
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P-controller and its characteristics

The proportional controller is a device that produces an output signal which is proportional
to the input signal.

Proportional controller (Kp) reduces the rise time, increases the overshoot, and reduces the
steady-state error

The proportional controller improves the steady state tracking accuracy, disturbance signal
rejection and relative stability. It also decreases the sensitivity of the system to parameter
variations.

Uls ) .
Transfer function of P-controller, E% = K, Kp= Proportional gain
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Pl-controller and what are its effect on system performance

The Pl-controller is a device that produces an output signal consisting of two terms-one proportional

to input signal and the other proportional to the integral of input signal.

Integral control (Ki) tends to decrease the rise time, increase both the overshoot and the settling time,

and reduces the steady-state error

The introduction of Pl-controller in the system reduces the steady state error and increases the order
and type number of the system by one

Kl‘ l:ﬂ + H‘E ."r Kp}

5

T.F of PI Controller G, (s)=K, +-i -
5
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PD-controller and what are its effect on system performance

The PD-controller is a device that produces an output signal consisting of two terms-one
proportional to input signal and the other proportional to the derivative of input signal.

The PD-controller increases the damping of the system which results in reducing the peak
overshoot

Derivative control (Kd) tends to reduce both the overshoot and the settling time

T.F of PD Controller Ge(8)=K;+Kgs=Kqy (s+K;/Kq)
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PID controller and what are its effect on system performance

The PID controller is a device which produces an output signal consisting of three terms-

one proportional to input signal, another one proportional to integral of input signal and the

third one proportional to derivative of input signal

The PID controller stabilises the gain, reduces the steady state error and peak overshoot of

the system.

Kgs” + K s+K;
5

K.
T.F of PID Controller G.(s)=K, +—-+Kys=
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When you are designing a PID controller for a given system, follow the steps shown below to obtain a desired

response.

1.0btain an open-loop response and determine what needs to be improved
2.Add a proportional control to improve the rise time

3.Add a derivative control to reduce the overshoot

4.Add an integral control to reduce the steady-state error

5.Adjust each of the gains Kp Kiand Kd until you obtain a desired overall response
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Consider the system with open loop transfer function & unity feedback system. G(S) =1/ (52+105+20)

Closed loop transfer function can be obtained by using the relation CS/R(S)=G(S)1+GSH(S)

E(S)

CS/ R(S)=1/ (5>+105+21)

Gig) =

1

5% 4105 + 20

H(S)=1

C(5)

cle

% prgc(t)

num=[1];
den=[11021];

G = tf{num, den)

step(G)

title("Step response of c(t)")
figure
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Response of second order system

Step response of c(t)

- | | | | Time domain .
00ts i . Simulated
specification
values

y parameter

0038 . Delay Time 0.383s

003 - Rise Time 0.94s
2 oo § Peak Time 2.34s
. i Settling Time 2.37s

| Peak Overshoot

oot 2 Steady State Error 0.9524

25 3 35
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Effect of proportional (P) controller on the response

~ A controller is the most important component of the ; s X . T s
control system. It is responsible for the performance of ’ ) TSt s 20
the control system. It is a device or an algorithm that
works to maintain the value of the controlled variable
at set point. HS)= 1

~In Proportional Controller the actuating signal is
proportional to the error signal. The error signal is the
difference between reference input signal and feedback clc
signal obtained from output. % prg c(t)

s e . (s Kp num = [10];

~ Closed Loop Transfer Function R(S)  521105+201Kp den = [1 10 30]:

» The proportional controller Reduces the rise fime g;;g;l um. den)

» Reduces the steadv state error title("Step response of ¢(t)")

» Increases the peak overshoot figure




Airphtide

] College of Engineering

ATME

arn

IS0 9001:2015

=Y VAN

Department of EEE
Emitting Elite Energy

Q3
L
026 — -
02+ ’
e

0145} .-//

-

- | | 1 1 |
0 02 04 06 08 1
Time (zecands)

12

Time domain Simulated
ipecificﬂtiun Parameter values |
K, 10
Delay Time 0.294s
Rise Time 0.663s
Peak Time 1.29s
Settling Time 1.29s
Peak Overshoot -—
Steady State Error 0.66
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Effect of proportional Integral (PI) controller on the
response

~In PI controller the actuating signal consists of
proportional-error signal along with the integral of the
error signal.

1

Kp+ R}S U(8) HE o105 520

5 US)

»~ Closed Loop Transfer Function

c(s _ SK, + K, S
R(S) S3+1052+ (20+ Kp)S + K, —_
~ The PI controller reduces the steadv stafe error. clc
~ Increases the settling time. %o prg c(t)
~ Improves the transient response. num — |30 50].

den =[1 10 50 50].

G = tf(num. den)

step(G)

title("Step response of ¢(t)")
figure
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Response of PI controller

o u ______i_widﬂ' Time domain Simulated
09 el specification parameter values
ol !/ Kp 30
o / | K; 50

/ Delay Time 0.271s
. | / Rise Time 0.645s
. / Peak Time 3.41s
i 1 Settling Time 3.41s
03] Peak Overshoot -
0zl Steady State Error 0.004
.
Q 5 15 2 25 £l 15

Timi {seconds)
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Effect of proportional Derivative (PD) controller on the response

> In PD controller the actuating signal consists of proportional error signal and

also the derivative of error signal. )
R(S E(S Kot KoS ) 668)= mrye 5 CIS)
» Closed Loop Transfer Function .
c(S) _ Kp + KpS H(S)=1
R(S) S22+ (10 +Kp)S+ 20+ Kp
» The derivative controller reduces the peak overshoot and settling time. cle
%% prg cit)
» To control the steady state error the derivative gain K, must be high. num = [10 100];
- den=[120 120];
> The PD controller reduces the response times of the system and can make it G= (tf()ﬂum den)
step(G
susceptible to noise. title('Step response of c(t)’)

figure
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Response of PD controller

Step response of cft)

. ' | ' ' Time domain _
-------------------------------------------------------------------------------------------------------------------------------------------- P Simulated
- . specification
values
- parameter
i Kp 100
] Kp 10
Delay Time 0.054s
} Rise Time 0.159s
§ Peak Time 0.335s
- Settling Time 0.504s
1 Peak Overshoot
n n e o Steady State Error 0.166
Time (seconds)
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Effect of proportional Integral Derivative (PID) controller on the response

» For PID controller, the actuating signal consists of proportional

error signal and also the derivative and integral of error signal.

» Closed Loop Transfer Function

R(S ES) | Kot KoS+K/S |ug ) 609= 57— )
c(S) S’Kp + SKp + K|
= H(3)=1
R(S) S+ (10+Kp)S%2+ (20+ Kp)S + K,
» The PID controller removes the steady state error and reduces ;cprgcm
the settling time while maintaining reasonable transient num =[50 500 4001,
den =160 520 400];
response. G = ti(num, den)
step(G)

title('Step response of ¢(t)')
figure
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SYSTEM COMPENSATION

After carrying out the stability analysis of feedback control system, if it is found that the system

performance is not satisfactory then certain modification or redesign has to be carried out

In redesigning control system, an additional components have to be incorporated. The additional

component or device compensates for the performance deficiency and is called compensator.

The Process of redesign or addition of device is called compensation.

The only difference between controller and compensator is that controller additional elements like
differentiator that subtracts the measured value of the output from the demanded value and mechanism for

adjusting set point whereas compensator only includes elements that modify the dynamic behaviour of the

control system
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What is compensation?

The compensation is the design procedure in which the system behaviour is altered to meet

the desired specifications, by introducing additional device called compensator.

The two types of compensation schemes employed in control system are series

compensation and feedback or parallel compensation.
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In order to satisfy the performance specifications such as time domain specifications, frequency domain

specifications a compensator is introduced in open loop transfer function

The different types of compensators are used which may be mechanical, electrical hydraulic, pneumatic or

any other type of device.

Types of System Compensation

There are four types of system compensation. They are
1. Cascade or Series compensation

2. Feedback. compensation
3. Input compensation and
4

Output compensation.
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In cascade compensation the compensating element whose transfer function Ge(s) is placed in series with

the forward transfer function G(s). It is also referred as series compensation

The series compensation is a design procedure in which a compensator is introduced in series with plant to

alter the system behaviour and to provide satisfactory performance (i.e.,

specifications). The block diagram of series compensation scheme is shown in fig)

to meet the desired

G(s)

R
(—Sl@—) G ()

Gc(s) = Transfer function of series compensator

H(s)

C(s)

G(s) = Open loop transfer function of the plant.

H(s) = Feedback path transfer function.
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What is feedback compensation?

The feedback compensation is a design procedure in which a compensator is introduced in the feedback

path so as to meet the desired specifications. It is also called parallel compensation. The block diagram of

feedback compensation scheme is shown in fig

RS- 6,6 ]

C(s)

e
G

H(s)

AN

Gce(s) = Transfer function of feedback compensator
Feedback compensation H(s) = Feedback path transfer function.

G1(s),G2 (s) = Open loop transfer function of the components of the plant.
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Feedback compensation may be used to improve system stability, to reduce steady state error and improve

speed of response of the system

Compensator lant or Process Plant or Process

Similarly the compensating device may be to—G.) Gs) . BB 31~ G(s) <
_ R(s) C(s) =
placed at the Input or along the output side ‘ T
H(s) L G.(s) | H(s)
as shown in Fig.(c) and (d) to improve the Compensator
- a) Cascade or serie: 1 Feedback or Parallel
performance of the system. The selection S et e ton
of a particular compensation depends upon
. Compensator Plant or Process Plant or Process c
nature of the signals, power levels at 6o 2 RS) ~ [ ]

: O— G(s) .
. . . .- et cts) Compensator
various points, availability of the

H(s) H(s)

components and the cost considerations.

(c) Input Compensator (d) Output compensator



