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Frequency domain analysis
Topics to be covered include:

Introduction.
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Frequency domain charts.
+ Bode plot.
+ Nichols chart.
+  Polar plot.

Stability analysis.

+  Gain margin.

+  Phase margin.

+  Crossover frequencies.
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« Effect of adding poles and zeros on loop transfer function.
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Lecture 8-1

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) /@ 292 |:] vo (t)
v; () = A sin(wt)

vo(f) = B sin(wt 4 ¢)

bl
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Lecture 8-1

Introduction

Why frequency domain?

It is just for LT1 systems.

It is very easy and near to reality.

It is suitable for high order systems.

Time response is important for us but there is a good relation .....

A pevey BB

asin(wt + 0) SS response??

a|G(jw)|sin(wt + § +< G(jw)) ,
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Lecture 8-1

Advantages of the Frequency Response Method

«Simplicity: It simplifies the analysis of complex systems by
focusing on their behavior in the frequency domain, which can
be easier to interpret than time-domain responses.

sInsight into System Behavior: It provides clear insights into
how a system responds to different frequencies, helping to
understand resonances, bandwidth, and stabillity.

Design and Tuning: It aids in the design and tuning of
controllers by allowing engineers to shape the system'’s
frequency response to meet specific performance criteria.

«Stability and Robustness: It helps assess stability margins

and robustness by analyzing gain and phase margins in the
frequency domain. 5
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Lecture 8-1

Advantages of the Frequency Response Method

*Tool Availability: There are many powerful tools and methods
available for analyzing and designing systems in the frequency
domain, such as Bode plots, Nyquist plots, and root locus.

*Noise and Disturbance Analysis: It can help analyze the
effects of noise and disturbances on system performance, as it
separates the system's response from the input signal.

*Frequency Response Testing: It allows for straightforward
testing of system response to sinusoidal inputs, which can be
practical for both theoretical and experimental analysis.
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Lecture 8-1

Steady-State Response to a Sinusoidal Input

| vir)y=A,sin(®f + Q)+ Yyansient
: . d,

G(s) |

u(t) = A, sin{mr+|p“%

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

Vsteady (1) = Aysin(of + (py).
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Lecture 8-1

Steady-State Response to a Sinusoidal Input

Example 1: Consider the following system. Determine the steady-state output for a
sinusoidal input as follows:"

G(s) = :n x(t) = X.sin (wt)
Solution: 5 | 5
G(S) - s+1 = G(]UJ) - jw+1
Steady-State Output of the System
t) = @in wt + Reminder:
y(t) (wt +) e
I s =+ a?+ b?
Y| = K LN e Reminder:
G(jw)| = — £G(jw) = —tan"'w 2@+ jb)
_,b
= tan ~—
a
y(t) = ysin(wt + 0) = —=— - sin(wt — tan"1(w)) ;
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Example 2: Laboratory Method for Plotting
the Frequency Response.

Lecture 8-1

Steady-State Response to a Sinusoidal Input

fHz] |@=2nf[x10rad/s] |A[V] |B[V] ¢][°]
50 0.0031 4 4 0 B
60 | 00038 4 |4 —23 2P 1
70 0.0044 4 4 —2.5 060 N\ V2
80 0.0050 4 4 —2.8 04+ \
90 0.0057 4 |4 338 02 B
100 0.0063 - 4 —4.3 % 10:2 04 06 08 1 12 14 18 18 250
200 | 0.0126 4 4 —8.5 RC
300 | 0.0188 4 4 ~12.9 o o T
[°] -20\
40 F -~ 45
8000 | 0.5027 38 107 =747 6ol N
9000 | 0.5655 38 06 |8l 0| \/-\/\N
10000 10,6285 3.8 Rul | =728 1100, 10:2 04 06 08 1 12 14 16 18 2X105
20000 | 1.2566 38 03 | —835 e w [rad/s]
30000 | 1.8850 38 102 | -82
40000 | 2.5133 39 0.1 —86
50000 | 3.1416 39 0.1 —87 9
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Lecture 8-1

Introduction

u(s) s 1Ges) }ffS)

G(s) =

s(s+1)

u(t) = 5sin(2t + %) y(t) =27
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Lecture 8-1

One degree-of-freedom configuration

if
Different transfer functions: {l
S(s), T(s) and L(s) . s A l __u
Control targets: r
Commane:tracking, i'7 7 o & 7 ol
Disturbance rejectionand  ............
Noise attenuation. = .. ...
Frequency domain charts:
Beae o asr- /S
Nichols chartand ..........
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Lecture 8-1

One degree-of-freedom configuration

Frequency domain specifications:
Peak of resonance(Mm,)

Resonance frequency(w;)
Closed-loop bandwidth
Open-loop bandwidth

Gain crossover frequencies.
Phase crossover frequencies.
Gain margin (GM)

Phase margin (PM)

Sensitivity Peak (M s) 12

Dr. Ali Karimpour Aug 2024



Lecture 8-1

Stability Analysis Using the Bode Diagram

R(s)—% K [—»{G(s) »Y(s)

Characteristic equation 1+KG(s)=0

f@Uw) -1 = [ GAhciosbverfiequency T
20log|K(G(jw)| =0 T o GM
<|K(GGw)| =-180 R LTl

Gain crossover frequency=2.5 50 LN I R SN
adises T ek oo |
Phase Margin=50" O 1] frequency
Phase crossover frequency=7 g i
rad/sec e -
Gain Margin=15 d3 e e e

Frequency (rad/sec)



Lecture 8-1

Stability Analysis Using the Bode Diagram

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

Phase crossover frequency wqgq : The frequency at which the phase plot
intersects the -180 degree line.

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

GM = —20log|G(jwy)]

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

PM =< G(jw,) + 180

In stable systems, both Phase Margin (PM) and Gain Margin (GM) are positive.

14
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Lecture 8-1

Stability Analysis Using the Bode Diagram

R(s)—" K s ! o Y(s)

s(s+1)(s+10)

The concept of Gain Margin is: The
maximum amount of k in dB by which
the system can remain stable in a

closed-loop configuration is called the

Gain Margin.
Bode Diagram
! ! Wl ! T
20 - —_—k=10 |
— k=20

@ 10+ GM = —2.849F k=30 | |
2 — k=60
S ——k=100
= R A N NN\, A —— k=150 |
c
()]
@®
o1

<)
] l” [
N B
_ _§:> Ul
Uo%%
W
1L Q
o X
I

Ul
e

juh

wyl

-90

=135

Phase (deg)

15
Dr. Ali Karimpour Aug 2024

1072 107" 100 101 102 10°
Frequency (rad/s)



Lecture 8-1

Introducing a prototype second order system.

PR e C
l' s(s+2¢w,) ‘
I PG C

Frequency (rad/sec)

s2+2(w, S+’

Resonance frequency ( o, )

{wn -2 £<0.707
Q) =

0 & >0.707
r# or 20Iog[1] £<0.707
M, = g s g2 ;
Peak of resonance ( M, ) i PR 2641-¢
Bt or 0db &>0.707

Closed-loop bandwidth ( @, ) Wy = o, ((1— 262) +/4&" —45% + 2)1/2
16
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Lecture 8-1

Introducing a prototype second order system.

) ; C
— n r a)nz C
s(s+2w,) B 2 >
S°+ 20w, S+ o,
001 |
0.10 |-+
= 0.20
% 0.50 | -
E 0.70
= 0.90 |-
©
= 1.00
40 - T
_60 --l o N R I 3 ;
10 10 10

Frequency (rad/sec)

Magnitude plot for different & and o, =1
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Lecture 8-1

Frequency domain analysis

Introduction.

Frequency domain charts.
+ Bode plot.
+  Nichols chart.
+  Polar plot.

Stability analysis.

+  Gain margin.

+  Phase margin.

+  Crossover frequencies.

Effect of adding poles and zeros on loop transfer function.
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Lecture 8-1

One degree-of-freedom configuration

= ‘L‘ Hﬁhh“-“‘""\.\“
I TN
____..--"'""" NN
Remarks: s
Frequency (rad/s)
1- This Is absolute value versus frequency, what about phase?

20 . — T T T T

2- What is Bode plot? :

[
=

£
[=]

Magnitude (dB)

3- How to derive Bode plot?

&
=

do
=

o
=

-134

180

Phase (deg)

-224

o] SR SN SN S N O SNt SN ISR DO ot s
1 2 3 4567 10 20 30 100

Frequency (radfsec)



Lecture 8-1

Frequency domain analysis

Example 3: Design Bode plot for given system.
2500 100

c()= s(s+25) B s(s/25+1)

Remarks:  Frequency range? 1-1000

Bode Diagram

60 ¢

40

20

0 T~

Magnitude (dB)

<) MATLAE

-20 \\
bode(2500,[1 25 0]) | |

bode(2500,[1 25 0],{10,100}) *———""
grid on N

-135 N

Phase (deg)

—

"y
\\
-180°F :

10° 10" 107 10°
20
Frequency (rad/sec)
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Lecture 8-1

University entrance exam 2014

Example 4: Which transfer function has least phase variation?

s+1 g A
0= 2 9(s) =
9(s) = (4 g(s)=—+ (3

(s+1)° s°+1

21
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Magnitude (dB)

-135

Phase (deg)

225

270

Open-Loop Gain (dB)

-180

-1 2 3 4 567 IO 20 30 100
Frequency (radisec)

20

_ Nichols chart

=40
=270 =225 -180 -135 -80
Oper-Loop Phase (deg)

Lecture 8-1

Frequency domain charts

MyList Diagrarm

Imaginary Axis

®=1 (polaréplot)_

- | |
-15 -1 -0s8 ] 0s
Real Axis

Open - loop bandwidth (@ )

Gain crossover frequency ( a)cz)2
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Bode plot

Let G.(5)G(s)= —

s(s+5)(s+10)

o | G,(jo)G(jw) [20l0g|G,(jw)G(jo)|

1 | 2932-107°| 9.33db

2 | 1.37£-123 | 271db

3 | 082,-138° | —1.71db

4 | 054,-151" | -5.29db

5 | 038s-162° | -8.42db

6 | 027£-171° | —-11.23db

7 | 020£-179° | —13.80db

8 | 0.16,-187° | —16.18 db

9 | 012£-193 | —18.39db

20 | 0.02£-229° | —35.77 db

Magnitude (dB)

-135

-180

Phase (deg)

-225

SO

Lecture 8-1

R(s)+

—T_ G.(5)

C(s)

> G(S)T

Bode Diagram

I

1

2

3 4567 10

Frequency (rad/sec)

Open - loop bandwidth (@_ )

Gain crossover frequency ( @ )

20 30 100
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Nichols chart (gain phase plot)

Lecture 8-1

R(s)+

C(s)

B G(S)

—T— G, (s)

Let G.(5)G(s)= — N
s(s+5)(s+10) " :

© | G.(j@)G(jo) | 20loglG,(je)G(je)| f
1 | 2932-107° | 9.33db
2 [1372-128 | 271db g ° I
3 |og22-138° | -171db & f
4 | 054£-151" | -529db 3
5 | 0.38£-162° | —8.42 db S 20 |
6 | 0272£-171° | —11.23 db
7 | 020£-179° | —1380db f
8 | 0.16£-187° | -16.18 db el : r r .

%70 2% 5 Tl 75
9 |012£-193 | -18.39 db Open-Loop Phase (deg)
20 | 0.022-229 | _s5 77 Open - loop bandwidth (@ _) o

Gain crossover frequency ( @, )
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Nyquist chart (polar plot) R()+ ce

Lecture 8-1

—T— G.(S) =] G (s) T

Let G (s)G(s)=— 20

s(s+5)(s+10) kA
o |G (jo)G(jw) | 20log|G,(jw)G(jw)| 2 ‘ ; |
1 | 2932-107° | 9.33db
2 | 13722123 | 271db &i) I
3 |082,£-138" | -1.71db  , 1 ]
4 | 054/-151" | —529 db i
5 | 038/-162° | _842db £ 1
6 | 0272£-171 | —11.23 db 2- 1
7 | 0202-179° | ~13.80 db
8 | 016,-187" | —16.18 db =l f
9 |012£-193 | —-18.39 db it = g 3 et ~ 3 y

; el

]| o e 7 e e Open - loop bandwidth ()

23
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Lecture 8-1

Frequency domain specification

Bode Diagram

60

R(s) C(s) HEE |
_T—+ L(s) T o
- § 22 —_
.‘% -20 \\\\\
b= \\\
1- Peak of resonance (M, ) _90\"""'\\\
2- Resonance frequency ( @,) 3= AN
3 \\\\
3- Open - loop bandwidth (@, ) i

Frequency (rad/sec)

4- Closed-loop bandwidth (@, )
5- Gain Crossover frequency ( @. ) 6- Phase Margin ( PM )

7- Phase crossover frequency (@,) 8- Gain Margin (GM )

26
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M circles (constant magnitude of T)

Lecture 8-1

M>1 <_|

—> M<1
YA

Jar Aug 2024



Lecture 8-1

N circles (constant phase of T)

(¢ Increase

a=-30°} -2

28
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Lectyre 8-1

Constant gain and phase loci in Nichols chéf

|
—0.25db [
| 1
, | 0.ldb
|
_5° i
/| ~10° |
L] YL/ 2\ || | Mecircles and N circles
T on Nichols chart
-602
! — H
=12db
- \ ok
§——18—8—3T 8 % 2 2|8 2V
I\' 1 ~18db :
—:[5‘6"_"-|2o°— -90° -60° -=30° 0°
LGH. -

AL(deO) Dr. Ali Karimpour Aug 2024
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Lecture 8-1
\ L, ] How to derive gain
o254 | 5= crossover frequencies?
| ! w = 0.1 T f
wcal A/ | How to derive open loop
< M A b bandwidth?
- 1db ' 7 w =0.2 /.
L s e o Deriving T ?
S VAT LA |
3 209 2l How to derive M,?
/s db —\__11; , N\
X FIAA Sl . How to derive o ?
;" L —QOD ‘ Y
/7% — ¥+  How to derive closed loop
w = od <
: . \ \ ' bandwidth?
w=23
- { 4 ’ f)
8 = 4\ e Type of system”
~e——p. o vl % 2 2| B Row How to derive error
| =6 \ 1 | PP constants?
jj[ 1 30
-240° —210° —180° -150° —i20° -90° -60° 30°
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Lecture 8-1

Frequency domain analysis

Introduction.

Frequency domain charts.
+ Bode plot.
+  Nichols chart.
+  Polar plot.

Stability analysis.

+  Gain margin.

+  Phase margin.

+  Crossover frequencies.

Effect of adding poles and zeros on loop transfer function.

31
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Lecture 8-1

Frequency domain specification

1- Peak of resonance (M, ) 2- Resonance frequency ( o; )

3- Open - loop bandwidth (@, ) 4- Closed-loop bandwidth (@, )

5- Gain Crossover frequency ( @, ) 6- Phase Margin ( PM )

/- Phase crossover frequency (@, ) 8- Gain Margin (GM)

9- Sensitivity Peak (M) R(s)+ C(s)

—T— G.(S) =] G (s) T

Gain Crossover frequency phase Margin (PM)??

PM = = 180+ /G(jo)G (jo)

32
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Lecture 8-1

Nyquist chart (polar plot) RO+ c(s)

—T_Gc@) »[ G (s)
150 ‘

s(s+5)(s+10)

Let G,.(s)G(s) =

Nyquist Diagram

-0.5 |-

-1.5

Imaginary Axis

-2.5 |-

N
a1
N
-
&)
=
1
=
o1
o
o
o1
=

@ =7 PM =? 33
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Bode plot

Let G.(S)G(s) =

Magnitude (dB)

Phase (deg)

20

0

-20

-40

-60

-80° ’
-90g\=o\
135
-180

-225

-270

—T— G, ()
150

s(s+5)(s+10)

Bode Diagram

Lecture 8-1

R(s)+

C(s)

v

G (s) T

]

|

=

AT

2

Azl

v

3 4567 10

Frequency (rad/sec)

w,=7?7 PM

C

20 30

?
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Lecture 8-1

Nichols chart (gain phase plot) |ro- (s

—T— G.(S) =] G (s)
Let G.(S)G(s) = ‘

150
s(s+5)(s+10)
Nichols Chart

20 ¢ L

10 [~ -]
Lon) 0 B
(oa)
Z
£
@
O]
o -10~ -]
o
S
=
g
O o0 - -

-30 - -]
_40 C N r r L
-270 -225 -180 -135 -90
Open-Loop Phase (deg)
W = ? PM =7 35
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Lecture 8-1

Stability margins

Phase and Gain Margin

UL
3
‘e
‘e
g
>

-

)

)

-

.

Same Phase Margin ??!!

Another criteria ??

36
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Lecture 8-1

Frequency domain specification

1- Peak of resonance (M, ) 2- Resonance frequency ( o; )
3- Open - loop bandwidth (@, ) 4- Closed-loop bandwidth (@, )

5- Gain Crossover frequency ( @, ) 6- Phase Margin ( PM )

/- Phase crossover frequency (@, ) 8- Gain Margin (GM)

9- Sensitivity Peak (M ) R(S) C(s)
Phase crossover frequency and GM ?? T 2O PO
GM :1/‘G(jw18O)Gc(ja)18O)‘

GM =-20log(G(j®,,)G.(j,.))

37
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Lecture 8-1

Nyquist chart (polar plot) RO+ c(s)

—T_ GC(S) > G (S) T
150

s(s+5)(s+10)

Let G,.(s)G(s) =

Nyquist Diagram

-0.5 |-

-1.5

Imaginary Axis

-2.5 |-

N
a1
N
-
&)
=
1
=
o1
o
o
o1
=

Real Axis

o,=? PM =? W=7 GM =72 38
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Lecture 8-1

Bode plot F&T_ CINEIT TC‘S’
=Let G.(s)G(s) = 150

v

s(s+5)(s+10)
Bode Diagram

05; 1
% M
S 20 - .
%, -40 |- -
s,
=

-60 — -
% 4
T \\n

4567 10 20 30 100
Frequency (rad/sec)
a)C = ? PM = r) 0)180 — ? GM = ’) 39
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Lecture 8-1

Nichols chart (gain phase plot) |ro- (s

—T— G.(S) =] G (s)
Let G.(S)G(s) = ‘

150
s(s+5)(s+10)
Nichols Chart
20 ¢ L
10 - ]

Lon) 0 B
m
Z
=
O
o -10— |
o
S
g
© .20 - ’

-30~ }

40" : ; -

-270 -225 -180 -135 -90
Open-Loop Phase (deq)
_ _ — 7 —

a)c—? PM =7 Wigg = ¢ GM =7 40

Dr. Ali Karimpour Aug 2024



Lecture 8-1

Stability margins

Phase Margin and Gain Margin

Same Phase Margin ??!!

Same Gain Margin ??!!

Thus we need another measure
of relative stability.

41
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Lecture 8-1

Frequency domain specification

1- Peak of resonance (M, ) 2- Resonance frequency ( o; )

3- Open - loop bandwidth (@, ) 4- Closed-loop bandwidth (@, )

5- Gain Crossover frequency ( @, ) 6- Phase Margin ( PM )

/- Phase crossover frequency (@, ) 8- Gain Margin (GM)

9- Sensitivity Peak (M ) R(S) C(s)

: G.(S) | G (s) }—e—
Sensitivity Peak ?? ‘

1
1+G(jo,)G.(jo,)

M, =max|S(jw)| =

42
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Lecture 8-1

Stability margins

Example 5: Derive PM and GM and crossover frequencies of
following system.

R(5)+ 500 c)
G(S)_ 500 f s(s+5)(s+10) ‘ >
~ s(s+5)(s+10)
@ = 6.5 rad/sec PM =10

w_ = 7.07 rad/sec GM =15 GM =35db

180

PM and gain crossover frequency from Nyquist (polar plot)

PM and gain crossover frequency from Bode plot

PM and gain crossover frequency from Nichols (gain phase plgt)

Dr. Ali Karimpour Aug 2024



University entrance exam 2014

Lecture 8-1

Example 6: Polar plot of the given system is shown in two

different situation. Which expression is correct? g

S*+25w S+ W

1- System 1 has more overshot than 2.
2- System 2 is faster than 1.

3- Intersection frequency with imaginary axis shows the frequency

of damped response.
4- All three expression.

44




Lecture 8-1
\ ! How to derive gain
. \ R+ C g
025 ST -’E ]" crossover frequencies?
e | ' w=0.1) How to derive open loop
T bandwidth?
-0.5db
F1db { \ [w=0.2/ ' Deriving T ?
— { N ' 1 |
e 9° ) P 3 _1db How to derive M,,?
2 db P
- w = 0.4 t
s e -2db :
7~ A1 , A How to derive o,?
-30% ~3db ‘
3 P =1 > “
j 7 dl How to derive closed loop
L / -5d ‘ ‘
s Ke—6ab T \om bandwidth?
Z Type of system?
w 4
; e | | —'?‘""j How to derive error
21 B o}“—_‘_’_c’,\ 5 c&?f ! 2 ! f <% COnStantS’7
oA w=6—1 T\ T — - How to derive ¢,, and GM?
| | 45
240" ‘:-'I?f—’—‘lsao" TI50°  —150° -90°  —60 30°
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Lecture 8-1

Stability Analysis Using the Bode Diagram

Exercise 1: The following requirements need to be determined for
the given Bode plot:

Gain crossover frequency.
Phase crossover frequency.
Gain margin(GM).

Phase margin(PM).

Type of system.

Stability of system.

IS It minimum-phase?

Magnitude (dB)

Bode Diagram

[
0 2 9
o1 10° 10° 102 10°

Frequency (rad/s)

46
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Lecture 8-1

Stability Analysis Using the Bode Diagram

Exercise 2: The following requirements need to be determined for
the given Bode plot:

Gain crossover frequency.
Phase crossover frequency.
Gain margin(GM).

Phase margin(PM).

Type of system.

Stability of system.

IS It minimum-phase?

Magnitude (dB)

Fhase (deq)

Bode Diagram

wr
— 5 a
o1 10° 10’ 102 10°

Frequency (rad/s)

47
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Lecture 8-1

Stability Analysis Using the Bode Diagram

Exercise 3: The following requirements need to be determined for
the given Bode plot:

Gain crossover frequency.
Phase crossover frequency.
Gain margin(GM).

Phase margin(PM).

Type of system.

Stability of system.

IS It minimum-phase?

Magnitude (dB)

Phase (deq)

Bode Diagram

o 100 10’ 102 103

Frequency (rad/s)

48
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Lecture 8-1

Frequency domain analysis

Introduction.

Frequency domain charts.
+ Bode plot.
+  Nichols chart.
+  Polar plot.

Stability analysis.

+  Gain margin.

+  Phase margin.

+  Crossover frequencies.

Effect of adding poles and zeros on loop transfer function.
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Lecture 8-1

Effect of adding poles on Bode plot.

Bode Diagram
L

e o

Adding poles

‘T_f 2 :1+zs [ :

BW 1 System speed l £ 1 2
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Lecture 8-1

Adding poles to open loop transfer functions

2

Wy,

I € 1 C, Cz (s)
ikt N ey 4

Amplitude

18-

1.6

14

1.2~

0.8 -

0.6~

0.4

0.2

o =1 ¢=05

5° + L+ 26w, 1)s° + 2¢w S + @

) FE275

el
tr

System speed

More problem as
polesgoto ?? s
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Lecture 8-1

Effect of adding zeros on Bode plot.

G(s)

Adding zeros

G(s)

» 1+ 7S

Wagnitude [dB)

Bode Diagram
HEEHE

Freguency (rad/sec)

System speed 1 t l 52
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Lecture 8-1

Adding zeros to open loop transfer functions

478 e

L G(S) 1475 M (S)ZCZ(S) 2 6(1+TS)
‘T 7 l i R(s) s°+3s°+(2+67)s+6

7=0,0.2,05,2,5,10

po. | |
i

System speed 1

Amplitude

Note: For 1<0 system
IS unstable. Why?
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Lecture 8-1

Exercises

Exercise 4: In the following system

a) Derive Bode plot for L (Don’t use MATLAB).

b) Derive Bode plot for T and S (Don’t use MATLAB).

c) Derive peak of resonance and resonance frequency from part “b”.
d) Derive step response of system and find P.O. from step response.

ryle 20 C

Tlel

o4
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Lecture 8-1

Exercises

Exercise 5: In the following system let k=200.

a) Derive Bode plot for L (Don’t use MATLAB).

b) Derive Bode plot for T and S (Don’t use MATLAB).

c) Derive peak of resonance and resonance frequency from part “b”.
d) Derive step response of system and find P.O. from step response.
e) Try part“a” till “f> with k=2000 (Don’t use MATLAB).

f) Sketch peak of resonance versus k, and P.O. versus k. 1<k<10000
g) Discuss about the effect of k on P.O. and peak of resonance.

r+e k C

‘T_f S(s+25) ‘
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Lecture 8-1

Exercises

Exercise 6: In the following system let k=10.

a) Derive Bode plot for L (Don’t use MATLAB).

b) Derive Bode plot for T and S (Don’t use MATLAB).

c) Derive peak of resonance and resonance frequency from part “b”.
d) Derive step response of system and find P.O. from step response.
e) Try part“a” till “f> with k=200 (Don’t use MATLAB).

f) Sketch peak of resonance versus k, and P.O. versus k. 1<k<1000

g) Discuss about the effect of k on P.O. and peak of resonance.

r 4 g k C
1 s(s+5)(s+10)‘] '

v
AT T
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Lecture 8-1

Exercises

Exercise 7: In the figure you will find bode plot of g(s)

Bode Diagram

a) Derive type of g. 60
b) Derive k,, k, and k,. |
¢) Derive number of ) —_
zeros of g(s). % T~
3 \\
d) Derive number of 40 SARY
poles of g(s). TR e R e e A UMV St i I
e) Derive g(s). T
% -135 \\\\
~_
r T e C \\\\\¥
s g (S) f _18360 1(-)1 1(->2 10°
Frequency (rad/sec)

o/
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Exercises

Exercise 8: In the figure you will find bode plot of g(s)

a) Derive type of g.
b) Derive kp, K,
and k..

Bode Diagram

Lecture 8-1

- —_'Q(S)T

c) Derive number o P —
of zeros of g(s). R
d) Derive number
of poles of g(s).

a0

1 1 1 1 LI I B ]
_5|:| I N [N U T N I Y D
1 1 1 1 LI I B ]

00 R

[ 1 1 [ N | 1 1 (|
[ i N I e B B B iy i Bl
1 1 [ R ] 1 1

Magnitude (dB)
=
!
i

1 1 [ R ] 1 1 [ ]
R SR S T N R [ R [ [ L R
1 1 [ R ] 1 1 I T O B I}

1 [ N N |
STrTATraanT
1 [ B ]

=Ty S SR
1 1111
1 1 1 1 1

Fhaze (deq)

Lol B B B b | =

i R R

1 1 [ T O B R | 1 [ R A R |

1 1 1 i 1 1 1 L I I
_'135—----I---l--|--|-|-|-|-|-|-----|-- - =

1 1 [ T O B R | 1 1 [ |

1 1 [ T O B R | 1 1 [ |

B o e o e el L -1
1 [ A RN 1 1 1 N 1 [ A RN 1 1 [ |
1 [ A RN 1 1 [ [N 1 [ A RN 1 1 [ |
_'1E|:|— ------------ “FFFFI====cpk==F=d=Fd ddd === =A== ===k A=kt === = == f = =4 o =1=1=1
1 [ A RN 1 1 [ 1 [ A RN 1 1 [ |
1 [ RN 1 1 [ | 1 [ RN 1 1 [ N |

1 1 [ T O B R | 1 1 [ R A R | 1 1 [ T O B R | 1 1 L I B I |
1 1 [ T O B R | 1 1 [ R A R | 1 1 [ T O B R | 1 1 L I B I |
-225— —————————— —A-rrro-----r--r bl Bl il e B B B Mt Finliliend Rl sl Bl ol i ol ittt Sl & i Bl e Bl b ol o
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1 1 T 1 1 e 1 1 1 111 1 1 LI R N B I |
1 1 IIIIIII 1 1 IIIIII-I 1 1 LI R ) | I O B A )
B 1 | SRR PR PR O Ry U AN A 0 -1 X SRR TR Ry S 10y 0 3 ey v =
]
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Lecture 8-1

Exercises

+

Exercise 9: In the figure you will find bode —g(s)
plot of g(s) ‘

a) Derive type of g.
b) Derive k,, k,
and ka' 100 P :1rrr:‘.rami.EDri?rrarr?m T
¢) Derive number R R B R Rt
of zeros of g(s).
d) Derive number
of poles of g(s).

Magnitude (d8)

i
i
i
i
i
i
— "
o -30 e
III i
=
ey [
i
L i
E 1 1 L rrrnn 1 1 e 1 1 L rrrnn 1 1 i
1 T rrnn 1 1 e 1 T rrnn 1 1 Lrrrnn 1 1 LI A A )
'E —135 =TT ="1T1T1Trriar T ~=\srrrimr " rAa=rrr|AT "1 r=ITrrreT - eIt T T
o 1 T rrnn 1 1 e 1 T rrnn 1 Lrrrnn 1 1 LI A A )
1 T rrnn 1 1 e 1 T rrnn 1 1 Lrrrnn 1 1 LI A A )
1 1 | I I | i
L rrrnn 1 1 1
1 T rrnn 1 1 e 1 T rrnn 1 1 [ ]
1 LI B R B B I 1 1 LI I B A § 1 LI B R B B I 1 1 LI O I I §
-'18|:| ————+——|—-|-|—|-|-|-|I-—-—+——|—-|—|—|-|-|-|I---—-|-—|--|—|—|-|-Hl———-|--|—-|-|-|-|-H

10" 107" 10" 10! 10° 10°
Freguency (rad/zec)



Magnitude (dB

Phasze (deq)

Exercises

Lecture 8-1

Exercise 10: In the figure you will find bode

plot of g(s)

a) Derive plot on the right figure.

Bade Diagram

Frequency (radfzec)

100 R e T
50
i ) T U U U O U SR SO O I O I8 I e UGS DU JU NS SO O N RO SRS TR DU
P NN VR T R
100
-5 = T T T .
-135 .é SR ”:.____; _______ E
B
stk b S L L
pobecd d i L T e
107 10° 10' 10° 10

O pen-Loop Gain (dB)

20k

-850
=270

—g(s)

Michols Chart

=]

40

20

-22a

-0
Open-Loap Phaze (deg)

-133

-8
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Lecture 8-1

Exercises

QP e R S e e
Exercise 11: In the figure you will find — ()
Nichols chart of g(s) | ‘

a) Derive type of g.

b) Derive number

of zeros of g(s). 0
c) Derive number ;
of poles of g(s).

Micholz Chart

220 -

T

-60 |

D pen-Loop Gain (dB)

A0 F

-100

2120 1 1 1
=270 -223 -1a@0 -135 -30

Dpen-Loop Phase (ded)



Lecture 8-1

Exercises

Exercise 12: In the figure you will find Nichols £ 738 C

chart of g(s) —g(s)
a) Derive type of g.

b) Is there any zero in g(s).
c) What is the difference
of number of poles and |
zeros of g(s)

Open-Loop Gain (0B

=400 L 1
-1a80 -135 -80 -45
Open-Loop Phaze (deg)
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Lecture 8-1

Exercises

Exercise 13: Derive the gain crossover frequency r(s), - C(s)

phase crossover frequency, GM and PM of _’T‘ 20 5(s +10) ‘ '
following system by use of Bode plot.

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

Exercise 14: The polar plot
of an openloop system with I
negativeunit feedback is shown.

1.5F

1

a) Find the open loop _osf
b) transfer function. S . =S
c) Find the closed loop ®=1118 rad /sec f 1 -0.447

d) transfer function.

B

- 150 . 150 2 1 1 1 1 1 1 1 II 1 ~
answera: b " o8 08 07 08 05 04 03 -0z o1 O®

s(s+25) s%+255+150 N




Lecture 8-1

Exercises

Exercise 15: 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

o

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

Magnitude (dB)
; N
o
]

answer a .

N
o
|

o
S
|

© ®
o O
/I

-135~

Phase (deg)

-180 &= - [ S - bk h b ] o =
10° 10" 107 10°
Frequency (rad/sec)
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Lecture 8-1

Exercises

Exercise 16: 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

g 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 65
-36 -315 -270 -225 -180 -135 -90 -45 0

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



Lecture 8-1

Exercises

Exercise 17: 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 —%.grad/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 8-1

Exercises

Exercise 18: Draw Nichols chart of following system ]
(Final exam). ,‘,
Exercise 19: 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 20: 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 TR T
Frequency, Gm and PM of new system.

Fraquency (radféec)

b2

hagnituds (dB)
= = =

Phase (deq)




Lecture 8-1

Exercises

Exercise 21: 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.
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