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Lecture 8-2

| ecture 8 — Part I

Frequency domain charts
Topics to be covered include:

+ Bode plot.
+ Nichols chart.

« Polar plot.
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Lecture 8-2

Frequency domain charts

+ Bode plot.
+ Nichols chart.

« Polar plot.
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Lecture 8-2

Introduction

The frequency response Is the steady-state response of a system to
a sinusoidal input where the frequency is varied from zero to
Infinity.

v; (t) C) /m 29 |:| vo (t)
v; (1) = A sin(wt)

vo(t) = B sin(wf + @)

bl
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Lecture 8-2

Steady-State Response to a Sinusoidal Input

| y(t) = A, sin(Of + Q)+ Vyansient
] : -

G(s) |

u(t) = A, sin{mf—kmr;%

v(f) — ,vsteady(f) + }Jtransjem(f).
Steady-State Output of the System:

Vsteady (1) = Aysin(of + (p},).

3)
Dr. Ali Karimpour Aug 2024






S
%
S
=)
A

kas
log(xy)

e
=
0
=
+
~
=
S
£n
=]
—

log(x/y) = log(x) — log(y)

log(1)

/ ).

%

e
‘_'rpn f



Bode diagram

The main factors present in a transfer function
G i) = 1 1
N w2 a1

1 1
Frt
0.1jw + 1 2jw + 1

<G(jw) =<

201log|G(jw)| = 201og

Lecture 8-2
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Lecture 8-2

Bode diagram

Plotting the Bode diagram for the transfer function G(s)=10

G(jw) = 10 <GGw)=0  20loglG(jw)| = 20
) 20
GG |
|dB]
0 R . . . . . —
-10 ¢
20 F
<G(joq) (1]0 '
L] 10|
O-.l 1 10
rad
w|—
S 9
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Bode diagram

Lecture 8-2

Plotting the Bode diagram for the transfer function G(s)=1/s

10

1 1
G(s)== > G(jw)=—
S Jjw
. 20
GG %]
|[dB]
20 dB/dec
10+
-20 ¢t
0
<G(w)
- -90
L] 0]
-180* -
0.1 1 10
rad
wf—]
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Lecture 8-2

Bode diagram

: : : 1
Plotting the Bode diagram for the transfer function G(s) = et
( a
: 20log|G| =0
G(jw) =—p 2 s | <6=0
1+j= (
a A D 20log|G| = —20 db/dec
: w>»a G(w)=-jC) ] = 90
s = 1 0 | _
J |G(}w)| | Corner frequency = a 90 dB/dec
[dB] -20 ¢

20log|G| = —3 db
<G =-45

0.0l1¢ O0O.1a a 10a 100a
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Lecture 8-2

Bode diagram

Plotting the Bode diagram for the transfer function G(s)=1+s/a

s
20log|G| =0
. w<a G(w)=1 * <%I=|0
. — 1 '_ k
S w>a Gl =j> [2010g|G| = 20 db/dec
a | <.G7=/90
40 ! :
w a (]a) ] |G(](U)| Corner fl‘eql.lEIIC}’:H + 20 dB/dec |
|dB]
201log|G| = 3 db 0 —
< G =45

0.0la O.la a 10a  100a



Lecture 8-2

Bode diagram

=2
X i . w
Plotting the Bode diagram for the transfer function G(s) = w————
s4+2Ewns+wy
1
oA55 ST
Tt T
Wn Wn
|G(}{U)|m "
[dB] ¢ for m—:ﬁ—::m.rr::-w:;l] = M=-20logl=0 db
A0 n
20 by 1 for @=on= i'r"“fT:I = M=-20log2{ db
30 @y
<40 @’
for @>-on=>—>-0= M=-40loge/en) db
w,*
Jor w=<<won = mi‘:"l] = ¢=0
@,*
0.1w W 10w, (for @=on = wiﬂ = ¢=-tg-(24/0)=-90
. 1 i1l n .-
w rad] for @==on = j:: =0 = ¢=-180
S 1]

14
Dr. Ali Karimpour Aug 2024



Lecture 8-2

Bode diagram

2 2
Plotting the Bode diagram for the transfer function G (s) = = +2€\:}";‘S+W”
n
2
2
G(s) = (i> G2t s
Wn W‘n
GG .
[dB] il 2 + 40dB/dec |
<GOw)m
I
Oc')l n Wn 1 OWn
rad
w[—] 15
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Lecture 8-2

Bode diagram

Example 1: Draw the Bode diagram for the He) 210051
given system. s +110s +1000
Rewrite the transfer function in an appropriate form.
Hs) =100 _q00_ 8*1
s* +110s + 1000 (s+10)(s+100)
Extract the components of the transfer function.
> 1 241
g=_10 1 -010—1
10100(s Vs .0 (s s )
+1 —

2 —+1 | ——+1
10 fltoo ) Lo Jl1o0 )

Gain equal to 0.1

A simple pole at the corner frequency of 10

A simple pole at the corner frequency of 100
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Lecture 8-2

Bode diagram

. 5 5
Example 1: Draw the Bode diagram ) =100 [PV

A _— In'- I\-‘|Ill'-l .\1|I In'- .\1|III'-' .\1|I
for the given system. 109007 s s 41 (5 54
10 Jloo ) Lo o0 )

Draw the Bode diagram for the main components of the transfer function.

« Gain equal to 0.1: a line with a magnitude of -20dB for amplitude and a line
with a magnitude of zero for phase.

» Asimple pole at the corner frequency 10: Magnitude up to the corner
frequency (i.e., 10), 0dB, and after that, with a slope of -20dB/dec and phase up
to less than 0.1 of the corner frequency (i.e., 1), O degrees; at the corner
frequency (i.e., 10), -45 degrees; and from 10 times the corner frequency (i.e.,

17
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Lecture 8-2

Bode diagram

Example 1: Draw the Bode diagram ) =100 ?*1 ?H

for the given system. 10100(s s ) (s ) s L)

—+1|| — —+
10 Jlwo ) 10 Jl1o0 )
Draw the Bode diagram for the main components of the transfer function.

« Asimple pole at the corner frequency 100: Magnitude up to the corner
frequency (i.e., 100), 0dB, and after that, with a slope of -20dB/dec and phase up
to less than 0.1 of the corner frequency (i.e., 10), 0 degrees; at the corner
frequency (i.e., 100), -45 degrees; and from 10 times the corner frequency (i.e.,
1000) onwards, -90 degrees.

« Asimple zero at the corner frequency 1: Magnitude up to the corner frequency
(i.e., 1), 0dB, and after that, with a slope of +20dB/dec and phase up to less than
0.1 of the corner frequency (i.e., 0.1), O degrees; at the corner frequency (i.e., 1),
+45 degrees; and from 10 times the corner frequency (i.e., 10) onwards, +90
degrees.
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Phase - degrees



Fhase - degrees

Bode diagram

Lecture 8-2

Phase Plaot
135 L LI L | LA | LI | LR | LA |

g0 | e .
: Constart = 0.1 (-20 dE)

------ Feal Fole st -1e+002
Real Pole &t -10

------ Feal Zero &t -1

135 2 ........_1 ' ”m”'n ' ””"”1 ' ........2 ' ”“"”3 WA

10 10 10 10 10 10 10

Frequency - @, rad-sec”

Gainis 0.1
A simple pole at the corner frequency of 10
A simple pole at the corner frequency of 100

A simple zero at the corner frequency of 1
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Lecture 8-2

Bode diagram

Example 2: Draw the Bode diagram for the given system. n(s) =10 5;"'“
s +3s

Rewrite the transfer function in an appropriate form.

Extract the components of the transfer function.

 Gain is 33.3 along with an integrator function.

« Asimple zero at the corner frequency of 10.

22
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Lecture 8-2

Bode diagram

Bode Diagram

* Asimple pole at the corner 201 \%
frequency of 3. v *
c 20 \

1 40 | :

Magnitude (dB)

-60 '
120 )

el

Wl v

60

0
-60 .

-120
10”1 10° 10°* 102 10°
25
Frequency (rad/s)

rFnase (geg)




Bode diagram

S 4
H(s) = 101210 < =33.3
3 /s
5 —+’1l
\3
4D|
E 20 r
=2
o 0
g =
=
E-zn
(41 ]
= 40
60
120 r
5 60
A
p 0
T
L -60Ff
120
10°"

10° 10’
Frequency (rad/s)

10°

Lecture 8-2
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Magnitude (dB)

Magnitude (dB)

Magnitude (dB)

-50

-100.

100

-100

-200

Lecture 8-2

Bode diagram

Determining the type of system from the Bode diagram

Bode Diagram

0dB/dec

Bode Diagram

' —20dB/dec

Bode Diagram

—40dB /dec

The slope of the magnitude plot at low
frequencies determines the type of the system.

e

The system is SL

of type 0. L +1
The systemis - .y _

of type 1. ) s(s+1)

The systemis o) —
of type 2. ) s+ 1)
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Lecture 8-2

Bode diagram

Minimum phase and non-minimum phase systems

« A minimum phase system is a linear time-invariant system whose transfer function
has all poles and zeros in the left half of the complex plane.

« A non-minimum phase system is a linear time-invariant system whose transfer
function has one or more zeros in the right half of the complex plane.

1+s . 10V1 + w? w
Z) G,(jw) = Z(tan 'w —tan™1—
e s L) 10’
s : 10V1 + w? 7 W
2 G,(jw) = Z(—tan 'w —tan ! —
T Sl 10’
IG1(jw)| = |Ga(jw)] LG1(jw) # LGa(jw)
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Lecture 8-2

Bode diagram

Minimum phase and non-minimum phase systems

Bode Diagram Bode Diagram

N
o
N
o

=%
(@)}
T
.
(&)
T

Magnitude (dB)
S

Magnitude (dB)
—
o

o
(&)
T

Phase (deg)
N
~
o

225
1 O P OV E e
1072 107! 10° 10" 102 10°
Frequency (rad/s) Frequency (rad/s)
Fhs 1
G.(s) = 10 G,(s) =10
i 10+ s 7 10 + s
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Lecture 8-2

Bode diagram

Minimum phase and non-minimum phase systems

A few remarks:

1.For minimum-phase systems, the phase plot can be determined from the
magnitude plot and vice versa. However, this is not possible for non-minimum-
phase systems.

2.In both minimum-phase and non-minimum-phase systems, the slope of the
magnitude plot at high frequencies is given by the relation —20(P—2Z) dB, where P
IS the number of poles (degree of the denominator) and Z is the number of zeros
(degree of the numerator) of the transfer function.

3.0nly in minimum-phase systems, the phase at high frequencies is given by the
relation —90(P—2Z). This condition does not hold for non-minimum-phase systems.

4.By examining the slope of the magnitude and phase at high frequencies, it is
possible to determine whether the system is minimum-phase or non-minimum-30
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Lecture 8-2

Bode diagram

Example 3: Determine if the following systems are minimum phase
or non-minimum phase.

Bode Diagram Bode Diagram
T

e e T B
?:;,207 | % . agnitude (dB): -27.
2 3 -50
el 5
= 60| 2 100
8 18,
3 -45 5
§ -9 %45
& 135 £
-180 SRR ok
1072 107! 1(F)° 10° 102
—20(P — Z) = —20 —20(P -2) = —40
Tl 2 _ _ (P Z)r="2 he relationship
( ) The relatlonShlp —90([) & Z) 0 does not hOId, S0
—90(P —Z) =—-90 holds, so the * e
system is minimum minimum phase.
phase. 5
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Lecture 8-2

Frequency domain charts

+ Bode plot.
+ Nichols chart.

« Polar plot.
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|G| (dB)

<G (deg)

-20 |

-40 |

-60

-80 |

-100
-90

-135 -

-180

10°

Lecture 8-2

How to plOt a Nichols diagram (magnitude-phase diagram)

R(s) +

40

Bode and Nichols diagrams for: —T“

s(s+25) ‘

C(s)

Bode Diagram

Nichols Chart

40

200

IGI(dB)

40F

wof

20 [ L dB

025dB

-0.5dB"

0dB . |
S s1dB ]
o248
420 dB

-40 d8)
60 dB

. -100 dB

-100

1

10" 102 103 360 -315 -270 225  -180
Frequency (rad/s) <G(deg)

rad
w=1— |G| =? < G =?
sec

-135

-90 -45 0
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|G| (dB)

<G (deg)

Lecture 8-2

How to plOt a Nichols diagram (magnitude-phase diagram)

R(s)+ 40 C(s)

Bode and Nichols diagrams for: —*T~ S+ 29) T

Bode Diagram

Nichols Chart
oF ————— ————— T T 40 ; ‘ '

. . v 0-dB- ‘
L : L -0.25 dB

20 1 R ~0.5dB

20 et S B e

o dB
o248
420 dB

-40 |

60 | O sl

-80 | 20 _ = '

-100
-90

IGI(dB)

-135 -

I

I

I

1

1
R : : ]
B _ : P - |
60 f : | - -60dB

I

I

I

I

1

1

1

-180 : - -100 | P T i L E\'1DQ dB
10° 10" 102 10° -360 -315 270 -225 -180 -135 90 -45 0
I Frequency (rad/s) <G(deg)

rad
w=10— |G| =? < G =?
sec
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|G| (dB)

<G (deg)

Lecture 8-2

How to plOt a Nichols diagram (magnitude-phase diagram)

R(S) + 40 C(S)

Bode and Nichols diagrams for: —T“ S(+25) T’

Bode Diagram

Nichols Chart
oF ————— ————— T T 40 ; ‘ '

| -
. : e 0.25 dB _
20 1 e 0BdB
201 e e B e 4. dB
ol | S e ggg @=L e
(S S T 6.0B
A S 12dB
. _:2 dB

-60

-80 | 20F

-100
-90

IGI(dB)

pryise  @=100 — 4048

60| 60 dB

-135 -

-180 : - _100 | P T i L \'1DOdB
10° 10" 102 10° -360 -315 270 -225 -180 -135 90 -45 0

Frequency (rad/s) 1 <G(deg)

rad
w=100— |G| =? < G =?
sec
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|G| (dB)

<G (deg)

Lecture 8-2

How to plOt a Nichols diagram (magnitude-phase diagram)

Bode and Nichols diagrams for:

Bode Diagram

-20 |

-40 |

-60

-80 |

-100

-90

-135 -

-180
10° 10"

Frequency (rad/s)

rad
w=1000— |G| =? <G =?
sec

IGI(dB)

R(s)+ 40 C(s)

-T s(s+25) ‘

Nichols Chart

40

40

200

e 0-dB
+0.25 dB )
e 0.6dBT
S et B 1 e «1dB
) 3 e dB

EETI S : . _:2 dB

| w =100 5' ; 4048
60 dB

-270 =225 -180 -135 -90 -45 0

<G(deg)
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|G| (dB)

<G (deg)

Lecture 8-2

How to plOt a Nichols diagram (magnitude-phase diagram)

Bode and Nichols diagrams for:

Bode Diagram

4 .
or 0
20 F il
40 |
O =
60 |
-80 F % 220
-100 o
-90 )
60 |
135 -
-80
-180 100 L——
10° 10" 10? 10° -360

Frequency (rad/s)

R(s)+ 40 C(s)

-T s(s+25) ‘

Nichols Chart

0dB

0.25 dB
0.5dB

-1dB

-3dB
-6 dB
-12.dB
-20dB

-40 dB
w =100
-60 dB;

w = 1000 BodB

,-100 dB

-225 -180 -135 -90 -45 0
<G(deg)
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|G| (dB)

<G (deg)

-20 |

-40

-60 |

-80 |

-100
-90

-135 -

-180
1

Lecture 8-2

How to plOt a Nichols diagram (magnitude-phase diagram)

Bode and Nichols diagrams for:

R(s)+ 10

-T s(s+25) ‘

C(s)

Bode Diagram Nichols Chart
————— 40 | i -
|
| or A1dB
| -3dB
I O o e o o -6 dB
I _ -12.dB
m
I T -20 | -20 dB
: )
-40 | -40 dB
w =100
60 + -60 dB;
-80 | o = 1000 -80 dB;
- 100 H—— | " -100 dB
0 1 2 3 B
0 10 10 10 -360 -315 -270 -225 -180 -135 -90 -45 0

Frequency (rad/s)

<G(deg)

1- Gain crossover frequency w, : The frequency at which the magnitude plot
Intersects the 0 dB line (the magnitude of the transfer function equals 1).

w:. =15  Which is more precise, Bode or Nichols? Why?

39
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Lecture 8-2

How to plOt a Nichols diagram (magnitude-phase diagram)

R(s) + 40 C(s)
Bode and Nichols diagrams for: —T“ 5(:+25) T’
Bode Diagram Nichols Chart
0 [ T T T T T T ’ T ! T T T T T T T '7 40 [ T T T T
0dB
5 | | B
% -20 20 1 dB -1.dB
g 40 S
ol 0f e -6 dB-
. -12.dB
-80 - % 20} -20 dB:
-100 )
90 -40 | 40 dB
:3'3 |
) ! 60 | 60 dB
© 1351 1
: -80 -80 dB
180 ‘ ‘ 100 , -100 dB
10° 10" 102 103 360 -315 270 225 -180 -135 90  -45 0
Frequency (rad/s) <G(deg)

Phase crossover frequency wqgo : The frequency at which the phase plot
Intersects the -180 degree line.

wigo > 1000 \which is more precise, Bode or Nichols? Why? 40
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Lecture 8-2

How to plOt a Nichols diagram (magnitude-phase diagram)

R(s)+ 40 C(s)
Bode and Nichols diagrams for: —T“ 5(:+25) T’
Bode Diagram Nichols Chart
o ‘ 40 | : ; i -
|
= 2ol |
3 I i -1dB
5 4o | -3dB
ok 1 O imm o " -6 dB-
| . -12.dB
-80 - | % 20 | -20 dB!
-100 = Q
-90 40t -40 dB
~ » = 100
) -60 | -60 dB;
® -135
Vv
-80 | w = 1000 -80 dB!
-180 ‘ ‘ - . -100 dB
10° 10" 10° 0%, 360 -315 -270 -225 180 135 90  -45 0
Frequency (rad/s) <G(deg)

Phase Margin (GM): The phase margin is the difference between the system phase
at the gain crossover frequency and -180 degree.

PM = 80° Which is more precise, Bode or Nichols? Why? 41
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Lecture 8-2

How to plOt a Nichols diagram (magnitude-phase diagram)

R(s) + 40 C(s)
Bode and Nichols diagrams for: —T“ 5(:+25) T’
Bode Diagram Nichols Chart
oF ‘ 40 | - - i -
t
a -20 } 20 AdB
5 0| | -3dB
0f -6 dB
60 - y
| _ -12.dB
80 | ¥ 35 5! 20 dB
-100 o
-90 4o} .40 dB
F;
) -60 | -60 dB!
© 1351 1
-80 | -80 dB!
-180 = 100l . -100 dB
10° 10" 102 10° 360 -315 270 225 -180 135 90 45 0
Frequency (rad/s) <G(deg)

Gain Margin (GM): The gain margin is the difference between the system gain at
the phase crossover frequency and 0 dB line.

GM > 80dB Which is more precise, Bode or Nichols? Why? 42
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Lecture 8-2

Stability Analysis from the Nichols Diagram (Magnitude-Phase Diagram)

| |
30 | 30 |
i 1
20 Positive Phase 20 | Negative Gain |
: Margin |
Margin =
A 10 P AR 10
= : =
E oFr------------ S E DF--—-——-—-f—p--———————— -
) Positive Qain ) !
— -10 Margin — -10 ' Negative Phase
I Margin
-20 -20 |
I |
i 1
-30 | -30 l
I |
—270° —180° —90° —270° —180° —90°
< G indegree < G indegree
Stable System Unstable System
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IG|(dB)

Nichols Chart
40 T .
0 dB

20 - -1.dB
-3 dB
ok -6 dB:
-12 dB
_20 ¢ -20 dB
-40 ¢ -40 dB
-60 -60 dB
-80 F -80 dB
e | | , -100 dB

-360 -315 -270 -225 -180 -135 -90 -45

Lecture 8-2

Benefits of the Nichols Diagram (magnitude-phase Diagram)

R(s)+ 40 C(s)

_f s(s+25) ‘

Which is more precise,
Bode or Nichols? Why?

Nichols is a single
diagram, but Bode
consists of two.

The improved system
IS easier to see.

Nichols provides the
magnitude of the closed-
loop transfer function.

Nichols provides the
bandwidth of the closed-
loop system. 44
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Lecture 8-2

Information from the Nichols Diagram (magnitude-Phase Diagram)

The Nichols diagram of a
minimum-phase system. 40

Nichols Chart

+ ts:?v_j_:':iijf

N
o
|

1- Stability?
2- Phase Margin?

o T e

3- Gain Margin?

-40 ‘_ _____ ........... ....................... ................ .............. ................ ................ ....................... ......... _40dB

4- Maximum
magnitude of the
closed-loop transfer | -
function? 100 _ ___________ _______________________ _______________ ___________________________________ _________________ _________________ _______________________ _____ 100dB

ORI — f S S S— . .60dB

Open-Loop Gain (dB)

5- Open-loop -120 _ ..... ........... ....................... ............... ................................... ................. ................. ....................... ..... -120dB

Bandwidth? ol  440dB

-360 -315 -270 -225 -180 -135 -90 -45 0
Open-Loop Phase (deq)

6- Close-loop
Bandwidth?

7- Type of syste? e
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Lecture 8-2

Information from the Nichols Diagram (magnitude-Phase Diagram)

The Nichols diagram of a

minimum-phase system. . Nichols Chart

1- Stability?
2- Phase Margin?
3- Gain Margin?

4- Type of syste?

Open-Loop Gain (dB)

-360 -315 -270 -225 -180 -135 -90 -45 0
Open-Loop Phase (deg)
46
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Lecture 8-2

Information from the Nichols Diagram (magnitude-Phase Diagram)

F o ar=a R(s)+ ” C(s)
Blue chart is original system G (s) = v T X0 e I ‘
Red chart is compensated system G(s)G.(s)
Nichols Chart
80 ¢ T
Compare the stabilit e
i y i G, (jo)G(jo) f
of the original and the 50 D
compensated systems. I [6Ge) ]
. 3 0dB
§ 20 - 1dB |
5] -3.dB
3 of + 6.dB]
% -/ -12.dB
-20 -20 dB|
40 =40 dB;
60" r r r r r r -60 dB+ 47
-36! -315 -270 -225 -180 -135 -90 -45 0

Open-Loop Phase (deg)

Dr. Ali Karimpour Aug 2024



Lecture 8-2

Information from the Nichols Diagram (magnitude-Phase Diagram)

Blue chart is original system G(s) = ‘ R(8)+ K C(S?

SO LOSGY S0 —.T_G°(S) 5(s+10)(s +20) ‘

Red chart is compensated system G(s)G.(s)

Nichols Chart
L

150 ¢

Compare the stability

of the original and the 15k /
compensated systems. G, (jw)G(jw)

50 ]

Open-Loop Gain (dB)
o
1

-50 7

-100 7

-150 ' : ; -
-270 -225 -180 -135 -90 48

Open-Loop Phase (deg) Dr. Ali Karimpour Aug 2024




Lecture 8-2

Exercise

The Nichols diagram of a 7 - : = =
ini - 18 = (24
minimum-phase system. - N— NN
1- Stability? ! ’ i I T
2- Phase Margin? , [ : kil
i w=0.2/
3- Gain Margin? | 196
w=0.4
4- Maximum 5245 |
5 ]
magnitude of the 346
w = 1 av |
closeq-loop transfer e
function? 6ot | \
5- Open-loop \
Bandwidth? j |
6- Close-loop = G W N o~ H ¥ NE &
=] | . W — ) i H
7- Type of syste? =280 —n0" 60 ~1307 =120 =90 =60 =30 O



Lecture 8-2

Frequency domain charts

+ Bode plot.
+ Nichols chart.

« Polar plot.

50
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Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability

Plotting the Nyquist diagram for the transfer function G(s)=1/s

1 ) 1 A
GUS) =i GBS oe (o
3 74P 5 Nyquist
diagram
w=0" - G(]0+) =00 < =90 Im G(jw) ,’/
w=1-= G(Gl1y=-1j
Polar plot
w=10 - G(10) = —-0.1j S _
AN ] e G(im) g

The reflection of the AN
w <0 Polarplot curve with

respect to the

horizontal axis

Obtaining the closed Nyquist curve (connecting the curve from ®=0"to ®=0* in a
clockwise direction) 52

Dr. Ali Karimpour Aug 2024



Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability

Algorithm for Using the Nyquist Criterion in Stability Detection

Step 1: Convert the denominator of the closed-loop transfer function to the form
1+kf(s)=0
Step 2: Plot the polar curve for f(s).

Starting point: w — 0% £(j0*) Final point: @ — oo f(joo)
Determining the intersection points Determining the intersection points
of the p0|ar p|ot with the real axis. of the pOIar pIOt with the Imaginary axis.

Im{f (jw)} = 0 Re{f(jw)} =0

Step 3: The reflection of the polar plot curve with respect to the horizontal axis.
Step 4 (Just if type of f(s) is more than zero): Connecting the curve from =0 to
@=0* in a clockwise direction according to type of f(s).

Step 5: Determine the number of RHP poles of the closed-loop transfer function
(Z) by the encirclements of —1 (N_,) and the number of RHP poles of f(s) (P) as:

Z=N_;+P 53
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Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability

Example 4: Analyze the stability of the system using the Nyquist method for k>0.

R(s) + 40 C(s)
f A
by | s(s+25) |/
N~

Step 1: Convert the denominator of the closed-loop transfer function to the form
1+kf(s)=0

40k
T(s)=52+255+40k z A T(s) =s%+ 255 +40k =0

1+ k il =0
s2 4+ 25s

Dr. Ali Karimpour Aug 2024
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Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability

Example 4: Analyze the stability of the system using the Nyquist method for k>0.

R(s) + 40 C(s)

T . S(s+25) ‘

1
s(s+25)

Step 2: Plot the polar curve for f(s) =

40
jo(jw + 25)

flw) =

w— 0  f(j0) =0 < =90 Starting point

w— 0o f(joo)=0 Final point
G Y I 28) | 0w 1900
~ jw(jo + 25) —jo(—jw + 25)  w(w? + 625)
e R v o 72 Intersection with
il @2 +625)  _“ 7" theimaginary axis.
—1000 ' '
TG} = Intersection with

=0 :
w (w? + 625) real axis

Im{f (jw)} ,

0= Re(f(jw)

55
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Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability

Example 4: Analyze the stability of the system using the Nyquist method for k>0.

R(s) +

40
s(s+25)

C(s)

-

Step 3: The reflection of the polar plot curve with respect to the horizontal axis.

w <0

reflection of the polar plot

Im{f )}, @ = 0"

©=2  Reff(jw))

cu:[}+ 56
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Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability

Example 4: Analyze the stability of the system using the Nyquist method for k>0.

R(s) +

40
s(s+25)

C(s)

-

Step 4 (just if type of f(s) is more than zero): Connecting the curve from ®=0" to
o=0* In a clockwise direction according to type of f(s).

Im{f (jw)}

w=0"

Dr. Ali Karimpour Aug 2024



Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability

Example 4: Analyze the stability of the system using the Nyquist method for k>0.

R(s) + 40 C(s)
T s(s+25) ‘

Step 5: Determine the number of RHP poles of the closed-loop transfer function
(Z) by the encirclements of —1 (N_,) and the number of RHP poles of f(s) (P) as:

Im{f (ja)},» =0

The system is stable for all k>0.

w=0" 58
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Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability

Example 5: Analyze the stability of the system using the Nyquist method for k>0.

R(s) + 375 cE)
T [} S(s+5)(s+10) |'

Step 1: Convert the denominator of the closed-loop transfer function to the form
1+kf(s)=0

Denominator of the closed-loop transfer function is:

375

14k 5
WS sy

375
s(s+5)(s+10)

f(s) =

59
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Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability

Example 5: Analyze the stability of the system using the Nyquist method for k>0.

R(S)+ 3 C(s)
s(s+5)7(§+10) T
Step 2: Plot the polar curve for f(s) = 73
P2 P fs) = S(s+5)(s+10)
P 375
U = o+ 5w+ 10)
w— 0" f(j0) = 0 < —90 Starting point
B o o (et = 0 Final point
375 —Jjo(—jw +5)(-jw+10)  —375[15w + (50 — w?)]

FU) = 5o+ 50 +10) Sja(—jo + 5)(—jo +10) ~ o (@? § 25)(@? + 100)

. Intersection with
5 — > o 2 —ae = 7.07 e _0-5
Im{f(jw)} =0 (50 — w?) =0 w=+7.07 f( ) Sl

No intersection with imaginary %0
Re{f(]a))} =0 aXiS Dr. Ali Karimpour Aug 2024



Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability

Example 5: Analyze the stability of the system using the Nyquist method for k>0.

R(s) + 375 C(s)

S(s+5)(s+10) T
Step 2: Plot the polar curve for f(s) = ——b

P s(s+5)(s+10) m{fGw)},
w— 0t  f(j0) =00 <—-90 Starting point
w— oo f(jo) = Final point o0 )
_ _ w =7.07 w = 0 Re{f (jw)}
e s £(j7.07) = =05 Intersectlon_ with
real axis
w = 0%

61
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Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability

Example 5: Analyze the stability of the system using the Nyquist method for k>0.

R(s) + 375 cE)

T [} S(s+5)(s+10) |'

Step 3: The reflection of the polar plot curve with respect to the horizontal axis.
Im{f )}, © =0
/

/
/
/
/

w<0 reflection of the polar plot . !

w=707\V_7 | w=o Re{f(f;)}

-_—

w=0"

62
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Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability

Example 5: Analyze the stability of the system using the Nyquist method for k>0.

R(s) + 375 cE)

T [} S(s+5)(s+10) |'

Step 4 (just if type of f(s) is more than zero): Connecting the curve from ®=0" to
o=0* In a clockwise direction according to type of f(s).

Im{f ()} = 0"
/

w = 7.07 s Re{fljw)}

63
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Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability

Example 5: Analyze the stability of the system using the Nyquist method for k>0.

R(s) + 375 cE)
T [} S(s+5)(s+10) |'

Step 5: Determine the number of RHP poles of the closed-loop transfer function
(Z) by the encirclements of —1 (N_,) and the number of RHP poles of f(s) (P) as:

Im{f (@)}, &~ 0
/

Z=N_1+R =N,
0

The closed loop system is
stable for O<k<2
The closed loop system is
unstable k>2 and there is 2
RHP poles.

Re (1';)} Ty 2

64
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Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability

Example 6: Analyze the stability of the system using the Nyquist method for k>0.
R(s)+ 20s=1)] ©
k
A l s(s+ D) T

Step 1: Convert the denominator of the closed-loop transfer function to the form
1+kf(s)=0

Denominator of the closed-loop transfer function is:

2(s 73y

1 —
+ks(s+1)

A8 =)
- s(s+1)

f(s)

65
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Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability

Example 6: Analyze the stability of the system using the Nyquist method for k>0.

R(s)+ 2G-D]  ©
_o_.l k
: s(s+ 1) T

: _ 2(s—1)
Step 2: Plot the polar curve for f(s) = el Pt
flw) - jw(ow + 1)
w— 0"  f(j0) =0 <90 Starting point
w—w  f(jo)=0 Final point
Hore 20w = 1) —jo(—jw+1) _40° = 2jo(@?-1) 4w —2j(w*—-1)
fGe T jo(jw+1) jo(—jo+1) = 0*(wi+1) w(w? +1)
B2 N _ %  _ Intersection with
I Uy 05wz 1)~ 0 W=t 1(1+1) > real axis
Re{f(jw)} =0 No intersection with imaginary axis *
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Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability

Example 6: Analyze the stability of the system using the Nyquist method for k>0.

C(s)

R(s)+ 2(s —1)1
_o-.l k
: s(s+ 1)

Step 2: Plot the polar curve for f(s) = ig:;

w— 0t  f(j0) =0 <90 Starting point

w-—w f(jo)=0 Final point
, 4 Intersection with
L 1(1+1) i real axis

Im{f (jw)}, «

=0t

Dr. Ali Karimpour Aug 2024



Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability

Example 6: Analyze the stability of the system using the Nyquist method for k>0.
R(s)+ 2(s =1} C(s)
k
& l s(s+ 1) T

Step 3: The reflection of the polar plot curve with respect to the horizontal axis.
Im{f jw)} @ = 0"

w<0 reflection of the polar plot -8 =1

(0]}

Dr. Ali Karimpour Aug 2024



Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability
Example 6: Analyze the stability of the system using the Nyquist method for k>0.
S -] ©

& l s(s+ 1) T

Step 4 (just if type of f(s) is more than zero): Connecting the curve from ®=0" to
o=0* In a clockwise direction according to type of f(s).

im{f )}, =0

69
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Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability

Example 6: Analyze the stability of the system using the Nyquist method for k>0.
R(s)+ 2(s =1} C(s)
k
& l s(s+ 1) T

Step 5: Determine the number of RHP poles of the closed-loop transfer function
(Z) by the encirclements of —1 (N_,) and the number of RHP poles of f(s) (P) as:

Im{f (jw)} ;@ =0
Z=N_1+R =N,
0
Z — N_1 — 1

The closed-loop system is
unstable for all k>0 and has one
right-half plane pole.

70
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Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability

Example 7: Discuss the system stability using the Nyquist method.

T + 10

(o 25+ 4 : -
TN ‘)ﬁ’_ si(s +3)

Step 1: Convert the denominator of the closed-loop transfer function to the form

1+kf(s)=0
_+“"*._ 2s+4 | 10
7- [52(5 +3) + 10 W

Denominator of the closed-loop transfer function is:

20 2
: (Si_ ) =0 k=1
s +3s°+10

1+%

20(s + 2)
53+352+10 71

Dr. Ali Karimpour Aug 2024
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Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability

Example 7: Discuss the system stability using 0| 2s+a | By |10
the Nyquist method. ‘ ) 1
¢ _20(s+2)
Step 2: Plot the polar curve for f(s) = i A
020wy 2)

) 507 — jo

w—0 (o) =4 Starting point

w— 0o f(joo) =0 Final point

20w +2) 10 -3w?+jw? 400 —20w* — 120w + j(20w(10 — w?))
—3w? — jw3 10 — 3w? + jw3 (10 — 3w?2)24wb

fo) = =

Intersection with

Im{f(jo)} =0 20w(10-w?)=0 w=0+V10 f (J\/E) = ~2  real axis

Intersection with
Re{f(jw)} =0 400 — 20w* - 120w® = 0 @ =*1.54 f(j1.54) = 10.84j imaginary axis
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Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability

Example 7: Discuss the system stability using
the Nyquist method.

2 20(s+2)
Step 2: Plot the polar curve for f(s) = z—=—-.
w— 0 f(0) =4 Starting point
o 2o f(joo) =0 Final point

w=0,+V10
Intersection with

f(f\/l_o) = —2 real axis
w = +1.54

Intersection with
f(j1.54) = 10.84j imaginary axis

T + 10

Eh—':_ 25+4 Eﬁ:_ s (s + 3)

Im{f jw)},

10.84 | w = 1.54

0 =0" Reff(ju))

73
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Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability

Example 7: Discuss the system stability using " [ 2sea | % |10
¢ e - s°(5 + 3)
the Nyquist method. ‘)ﬁ

Step 3: The reflection of the polar plot curve with respect to the horizontal axis.

Im{f )},

10.84| @ = 1.54

w <0 reflection of the polar plot

74

Step 4 (just if type of f(s) is more than zero): Connecting the curve from ®=0" to
®=0" in a clockwise direction according to type of f(s). =
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Lecture 8-2

How to Plot the Nyquist Diagram and Analyze Stability

Exam
the Nyquist method. : "ﬁ TG D)
20(s + 2)

f(s) == >
s° 43544+ 10

Step 5: Determine the number of RHP poles of the closed-loop transfer function
(Z) by the encirclements of —1 (N_,) and the number of RHP poles of f(s) (P) as:

Im{f(jw)} , e
10.84| @ = 1.54 Ly e }i
?7?
Sy 0
S 10
10 £y
g P=2

sl
S g
7 SN A%

7=_242=0 Closed-loop system is stable. 2
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Exercises

Exercise 1. Derive the gain crossover frequency,| res),

phase crossover frequency, GM and PM of
following system by use of Bode plot.

Lecture 8-2

1

C(s)

i 200 s(s+10) ‘

Answer : @, =12.5 , @5, =0,GM =oand ¢ =38

Exercise 2: The polar plot
of an openloop system with
negativeunit feedback is shown.

a) Find the open loop
b) transfer function.
c) Find the closed loop
d) transfer function.

1607 ), 50

answera: =
s(s+25) s°+25s5+150

2

1.5F

1k

oar

Imaginary fuxis

05

-1F

B

-2

|:|_

Myquit Diagram
T T T

_______________________________________________________________

@=11.18 rad /sec

1 1 1
-1 -0 -0 -0.7F

1 1 1 1 ] 1
06 -0 -0.4 0.3 -0.2 -0.1

R eal fxis

~!
)

=+ —0.447




Lecture 8-2

Exercises

Exercise 3. Bode plot of an open loop system with negative unit
feedback Is shown.

a) Find the open loop transfer function.
b) Find the closed loop transfer function.

40

Bode Diagram

20

o

200 . 200
s(s+20) s*+20s+200

Magnitude (dB)
N
o

A
S

answer a .

o
S

[
o

/C.’

-135~

Phase (deg)

-180 &= - S S - [ S~ — = =
10° 10" 10° 10°
Frequency (rad/sec)

7
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Lecture 8-2

Exercises

Exercise 4: The Nichols chart of an open loop system with negative
unit feedback is shown.

a) Find the GM and PM.
b) Find M.

Nichols Chart
40 ¢ T T
0dB
0.25 dB
0.5dB
204~ 1dB -1dB |
&4 -3dB

0f- -t -6-dB1

e -12'dB

@ 201 -20 dB|
£
3

o -40r =40 dB1
o
3
c

& -60[ -60 dB|
o

-80 |+ -80 dB|

o 4o0as  @NSwera:GM =14db,PM =45 b:M =1.8db
_120°¢ r r r r r r -120dB 78
-36 -315 -270 -225 -180 -135 -90 -45 0

Open-Loop Phase (deg) Dr. Ali Karimpour Aug 2024



Lecture 8-2

Exercises

Exercise 5: The Nichols chart of a open loop system with negative unit
feedback is shown.

a) Find the error constants

b) Find the GM and PM and gain crossover frequency and phase
crossover frequency.

¢) Find MP, open Ioop bandwidth and closed loop bandwidth.

NIChOlS Chart

40

20~ -1dB |

-3dB
-6 dB|
-12.dB
-20dB;

0

-20 [~

-40 |~ =40 dB;

Open-Loop Gain (dB)

-60 [~ =60 dB;

50 soas  answera:k, =oo,k, =5k, =0
b:GM =10db, PM =32", @, =3.75rad /sec, m,, = 7rad /sec

c:M, =5, 3db, BW =4.7rad /sec, BW —%’;rad/sec

-100 [~ =100 dB;|

openloop closedloop

-120 r r r r r ¢ -120 dB}
-360 -315 -270 -225 -180 -135 -90 -45 0

Open-Loop Phase (deg)
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Lecture 8-2

Exercises
Exercise 6: Draw Nichols chart of following system ]
(Final exam). d 5°

Exercise 7: Draw gain-phase plot of a minimum phase type one
system with no zero and three poles and GM=2 db and PM=45°

(Final exam).
Exercise 8: Bode plot of a minimum phase system is: (Final exam).

a- Derive phase and gain crossover
Frequency, Gm and PM.

b- Determine the nonzero error constant.
c- If 0.01 sec delay added inside the
feedback loop, derive new Bode plot

In the same figure.

d- Derive phase and gain crossover L o
Frequency, Gm and PM of new system.

Fraquency (radféec)

b2

hagnituds (dB)
= = =

Phase (deq)

a
(DL N SR RN
H

C pggrrmimoamgfiigiiiioaa prriniificoizianini



Lecture 8-2

Exercises

Exercise 9: Nichols chart of a system is given, determine
a- Gain and phase cross over frequency

b- GM and PM.

c- Open loop and closed loop BW.

d- Type of system.
e- All error constant.

81
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