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Lecture Outline

= Gain Margin & Phase Margin Examples
= Frequency Domain Specifications
= Control Design in Bode Plot

= Gain compensator

= Lag Compensator

= Lead Compensator
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Course roadmap

Modeling Analysis Design
[ |
v Laplace transform 'fTime response :
¥ Transient Design specs
¥ Transfer function r Steady state o Rootiocus
¥ Models for systems V;Frequency response |:> .
f electrical ¥ Bode plot Ereqtiency damai
¥ mechanical | ¥ PID & Lead-lag

v electromechanical ‘{'Stability
¥ Routh-Hurwitz

bﬁLinearizatiDn, delay Nyquist Design examples
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Gain margin (GM) (review)
JImL &
= Phase crossover L(ja)-plae

frequency p:
ZL(j{.dp) = —180 Phase crossover
= Gain margin (in dB)

(%

. 1 0 Re L.
GM_QOIoglg‘L(_w ) " B P
J@p | L( jew,) |

* |ndicates how much
OL gain can be
multiplied without
violating CL stability.
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Phase margin (PM) (review)

= (Gain crossover jimL A
frequency og: L (jaiyplane

|L(ng)| =1
= Phase margin

—1
T

= Indicates how much PM
OL phase lag can be
added without
violating CL stability.

Nyquist plot of L(s)

(o

0

Gain crossover
w = {.u‘g

1 T
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Relative stability on Bode plot (review)

2010910 |L(jw)| |

0dB

[L(jw) |

~180° f = === L&
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Example of GM & PM
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1
+1)°

Example of GM & PM

= Second order system L(s) = (s

Nyquist plot

Bode plot
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Nyquist plot

1
(s+1)3

Example of GM & PM

= Third order system L(s)
Bode plot
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How to compute GM?

= Frequency response function

1
L(jw) = Ga 1193 [(a-l-b)3 =ﬂf3+3a2b-|—3ab2-|—b3J
1
(W) +3@¢w)2+3jw+1
1
T 1-3w2 + jw(3 - w?) PM computation
1 —3w?2 — jw(3 —w?) often requires

(1= 3w2)2 + w2(3 —w2)2 computational tools.

Im{L(jw)} =0 ™ wp = V3 W L(;V3) = _%
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Course roadmap

Modeling Analysis Design
I |
v Laplace transform V?Time response :
s v Transient 2 Design specs
¥ Transfer function r’ Steady state ¥ Rooct lociis

¥ Models for systems U?Frequency response |:>
¥ electrical ¥ Bode plot
¥ mechanical
v electromechanical V' Stability

¥ Routh-Hurwitz

ﬁLinearizatiun, delay Iﬁ'Nyquist

Frequency domain
¥ PID & Lead-lag

Design examples
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Controller design comparison

Design specifications in time domain
(Rise time, settling time, overshoot, steady state error, etc.)

Approximate translation

Desired closed-loop Desired open-loop
pole location frequency response
In s-domain In s-domain
Root locus shaping Frequency response shaping
(Loop shaping)
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Feedback control system design

TT oL L(s) = G(s)C(s)

= Controller  Plant cL: T(s) = L(s)

= Given G(s), design C(s) that satisfies CL stability
and time domain specs, i.e., transient and
steady-state responses.

= We learn typical qualitative relationships
between open-loop Bode plot and time-domain
responses.
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Typical desired OL Bode plot

Steady-state accuracy

Wlogyg|L{ju)t

0dB

e rejection Transient
Response speed w

Naise Relative stability

refluction
Noise

reduction

/L(js) | W

Transient
Oversh obt

Relative stability "
—180°F----=======- - - -
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Steady-state accuracy

r Y L(s):=G(s)C
- T
o= i

For steady-state accuracy,
L should have high gain at low frequencies.

2010g10 IL(jw)| large |L(jw)
| L(jw)

m Made T

== Y(t) tracks r(t) composed of
low frequencies very well.
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Steady-state accuracy (cont'd)

= Step r(t) = Ramp r(t) = Parabolic r(t)
Increase Increase Increase
K, :=L(0) Ky = i?!l_r% sL(s)  Ko:=lim s2L(s)
2010910 |L(jw)| 2010910 |L(jw)| 2010910 |L(jw)|

_I'qfu Fw hww

For Kv to be nonzero, For Ka to be nonzero,
L must contain L must contain
at least one integrator. at least two integrators.
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Typical desired OL Bode plot
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- W

/L(jw) |

Transient

|
Relative stability Overshopt

—1800 _________________________ ke e e e

t Umm Al-Qura University
k College of Engineering & Islamic Architecture
‘wng&“ Mechanical Engineering Department

17


http://uqu.edu.sa/

A second order example

= For illustration, we use the feedback system:

i Yy

C G(s)
— Controller Plant

w?
L(s) =G(s)C(s) = e gcwn)
L(s) __ w

Ts) = 1+ L(s) 524 2Cwns + w%
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Percent overshoot

»

For small percent overshoot

argin.

m

L should have larger phase

1 College of Engineering & Islamic Architecture
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Typical desired OL Bode plot

2 |Og 10 ‘ L( juJ)‘ v7Sl!eau::_'],»:-s1‘.?.1«5.- accuracy

e rejection Transient

Response speed
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Response speed

For fast response,
L should have larger gain crossover frequency.

I TTT1 | | | | | | I I 1.4
OL dee plat 12 CL step response
|y -
B N NN I A |
10 ' ;
oY= |0 S S _
04 ]
- wn =
024 f------- ¢ = 0.3-===}-wn = 2
0 I I
0 5 10 15
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Typical desired OL Bode plot

20|0g10‘L(]uJ)‘ v?S‘!*E'é"'fi'lv"'S_l‘ﬂ!te accuracy

€ rejection y Transient

Response speed
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Noise Relative stability
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Relative stability

= \We require adequate GM and PM for:
= safety against inaccuracies in modeling
= reasonable transient response (overshoot)

= |t s difficult to give reasonable numbers of GM
and PM for general cases, but usually,
= GM should be at least 6dB
= PM should be at least 45deg
(These values are not absolute but approximate!)

= |n controller design, we are especially interested
In PM (which typically leads to good GM).
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Typical desired OL Bode plot
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Noise reduction

> y(t)
— Controller Plant
— — n(t): noise

For noise reduction,
L should have small gain at high frequencies.

2010910 |L(jw)| small |L(jw)]

== Yy(t) 1s not affected by n(t)
composed of high frequencies.
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Typical desired OL Bode plot
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Sensitivity reduction

= Sensitivity indicates the influence of plant
variations (due to temperature, humidity, age.)
on closed-loop performance.

= Sensitivity function §(s) = JT(s)/T(s) 1 1
T 0G(s)/G(s)  14G(s)0(s) 14L(s)
For sensitivity reduction, 2010910 |L(jw)|

L should have large gain

at low frequencies. m
w

i 1 r
arge: [LGiw)| e Afje)=1— LGa) \
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Disturbance

= Unwanted signal

= Examples
= Wind turbulence in airplane altitude control
= Wave in ship direction control

= Sudden temperature change outside the temperature-
controlled room

= Air pressure brake to DC motor
= Bumpy road in cruise control

= Often, disturbance Is neither measurable nor
predictable. (Use feedback to compensate it!)

IN
| 9%
By
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Disturbance rejection

d(t): disturbance
5

> y(t)
Conrroﬂer Plant

For d:sturbance rejection,
L should have large gain at low frequencies.

20109g1q |L(jw)| large |L(jw)|

¥ 1
sy () = I~
m W DY = Tr Gy

== y(t) is not affected by d(t)
composed of low frequencies.
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Typical shaping goal (Summary)

20 |Og1 ) ‘L( juJ) Steasc:g;;sifite accuracy

Distur ejection Transient
OdB
[ L(jw) |
—180°% --=-=--mmmmmm -
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Course roadmap

Modeling

|
v Laplace transform

¥ Transfer function
¥’ Models for systems
Vv’ electrical
¥ mechanical

i? electromechanical

¥ Linearization, delay

Analysis

|

fTime response
v Transient

f Steady state

¥ Frequency response
¥ Bode plot

v/ Stability
¥ Routh-Hurwitz

IV Nyquist

Design

¥ Design specs
¥ Root locus

E}‘Frequency domain

v PID & Lead-lag

Design examples
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Frequency response shaping

(Loop shaping)
d.disturbance
T
O—n:.N0ise
= Reshape Bode plot of G(jo)
Into a “desired” shape of 0T o

L(jw) == G(jw)C(jw)
by a series connection of
appropriate C(s).
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If G(s) has open RHP poles...

= What is problematic?

= Nyquist stability criterion says that, for closed-loop
stability, Nyquist plot of open-loop system must
encircle -1 point.

= |tis hard to translate this condition into Bode plot.
= To use FR technique...

Stabilize first! —

t Umm Al-Qura University
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How to stabilize? An example

= An unstable plant G(s) = S(Sl_ 1)

= Characteristic eq. 1 4+ g(s)H(s) =0
= Case 1: Constant H

s°—s+H=0 Neverbe stable!

» Case 2: 1storder H bis + bo
H(s) =
s+a

s(s—1)(s+a)+bys+b=0

— Unstable
™ s34+ (a—1)s°+ (by —a)s+ by =0

Select controller parameters!

Umm Al-Qura University
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An advantage of Bode plot (review)

= Bode plot of a series connection G1(s)G2(s) Is
the addition of each Bode plot of G1 and Ga.

= Gain
2010919 |G1(jw)Ga(jw)| = 2010910 |Gy (jw) | +2010g19 |Go(jw))

= Phase
[61(ju)Galjis) = LGy (ju) + LGyl jw)

= \We use this property to design C(s) so that
G(s)C(s) has a “desired” shape of Bode plot.

"3¢7 Umm Al-Qura University
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Simple controllers

= \We use simple controllers for shaping.

= Gain
C(s) =K
= Lead and lag compensators
(1st-order poly.) 241
C(s) = =2
(1st-order poly.) 5—|— 1

t Umm Al-Qura University
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Bode plot of a gain (review)

® C(s) =K
2010910 K

deg ,

37
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Effect of gain C(s) on L(jo)
C(s)=K(>0)

In case of K>1, 100

L(s) = IOG(S)

—————————————————————————

* Gain increases ol R
uniformly, but phase G(s) = i
does not change. '5""'} U8 A 25)H

-100— 5

= Typically, 10° 10" 10 10’

TTTTTTT

o

o=
P

g

1 1 1

1 1 1
TR R S [ — -

1

* (Steady state) L(0) { ool 7T TSR Lo T
* (Speed) og | TN

» (Stability & g0l
overshoot) PM ], gol L
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Bode plots of lead and lag C(s)

Lead compens
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Straight-line approximations

dBf (()=-+1 20, ) dgf
> Lead (z<p)
dei“f deg“
. 10 : 5
0.1z z > G(s) = 2 +1
d /o D +1 q
Lag (p<z)

"3¢7 Umm Al-Qura University
1 College of Engineering & Islamic Architecture

"w/pp?? Mechanical Engineering Department

+20
2 D
+4 -45
0.1z 10p
2, < i
-20



http://uqu.edu.sa/

Guideline of lead/lag design

2logy |L(ju)|

0dB

/L(jw) |

—180°
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Effect of a lag C(s) on L(jw)
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Lag+gain C(s) design

2500
Gs) = s(s + 25)
PM: 28 deg at
mg=47 rad/s
S_41
1/3
Cioa(s
ag(*) 1 F530 +1
PM: 27 deg at

mg=47 rad/s

t Umm Al-Qura University
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Guideline of lead/lag design

logy \L(ju)

0dB

/(jw) |

—180°
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Example of a lead C(s) design

20 ——
5500 Ol
G(s) = EE *‘--.
(5) s(s4+25)  20f---mopoeb b L
B E i | .
PM: 28 deg at D S A R O :
mg=47 rad/s 60 NN L
10 o 10° 10°
i |
R BN
lead\S) = 120 i -1 .
- 941 T1 ~L )
A40}---------+--- : 1 R L e o
7111 S AN SN T lead N
PM|
PM: 47 deg at 180 A =
©g=60 rad/s 10 10°
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47

-lag compensator
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Example of a lead-lag C(s) design

7G(8)0(8)
s(s + 25) 0 et b Tl

PM: 28 deg at SO

1

1

k
R R T 1
0g=47 radfs oo il i
10 10 10 10 I
1

1

1

I

1

k

100

G(s) =

——————————————

D et =AM
C(S) — CEEH.(]I(S)CE@g(S) _120____5 J_LL Lo g

’ 140 VA .

PM: 47 degat () ;(;?;aaaa: PM NS
®g=60 rad/s 10° 10" 10° 10' 10° 10°

||||||
_________________
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Step responses

1.9

f
:
I
I
I
I

 Lead-lag compensated

Uncom;if’ensated E(C(s)=1)

Less oversho:ot IS dUe to Iarger PM.
Faster response is due to larger wg.

i | |
0 0.1 0.2 0.3 04 05
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Ramp responses

0.49

0'43.43 0.485 0.49 0.495 0.5

_____________________________________________________

___________________________________________________

Ramp reference

Uncompensated (C(s)=1)
Kv=100

Lead-lag compensated
Kv=1000

Smaller steady-state error is due to larger Kv.

"3¢7 Umm Al-Qura University

4§ College of Engineering & Islamic Architecture
/) Mechanical Engineering Department

50


http://uqu.edu.sa/

Summary

= Examples of gain margin and phase margin
= Gain margin, phase crossover frequency
= Phase margin, gain crossover frequency
= Frequency domain specifications
= Controller design in Bode plot
= Gain controller changes gain uniformly over frequencies,
but phase does not change
= Lag compensator can be used for improving
= PM by maintaining low freq. gain or
= Low freq. gain by maintaining PM
= Lead compensator can be used for improving
= Gain crossover frequency w, and PM, by maintaining
low frequency gain.

= Next
= Frequency domain lead-lag compensator design
= Frequency response shaping in Matlah

t Umm Al-Qura University
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End of Lecture 10
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