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Lecture Outline

= Frequency domain lead-lag compensator
design
= Frequency response shaping in Matlab
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Course roadmap

Modeling Analysis Design
| L
v Laplace transform ‘ﬁ?Time response & DEsisr Siins
v Transient 4l =R

¥ Transfer function r Steady state ¥’ Root locus

¥’ Models for systems lf'Frequency response E}. _
v electrical ¥’ Bode plot Frequency domain

¥ mechanical __q
¥ electromechanical lf'Stability ¥ PID & Lead-lag
¥ Routh-Hurwitz

vﬁLinearizatiDn, delay v Nyquist Design examples
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Frequency shaping (loop shaping)

= Controller Plant without
open RHP pole

= Design C(s) so that L(jo):=G(jo)C(jo) has a
desired shape.
= \We study the design of simple compensators:

= Gain compensator
= Lag compensator
= Lead compensator

¥ 4
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Typical shaping goal (review)
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review

Bode plots of lead/lag C(s) (
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Straight-line approximations
’ \
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Guideline of lead/lag design (review)
20|0g10|L(jw)\“

0dB

/L(jw) |

_1800 ________________________________
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An example
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Gain compensation

= PM is specified to be 50 deg.

= |n this example, to increase PM by gain
compensation, we need to lower the gain curve.

PM Overshoot Wy Rise time
K | deg % rad/sec sec
0.455 | 35 35 0.7 1.7
0.286 | 50 18 0.5 2.4
0.158 0.3 4.5
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1.4

1.2¢

0.8

0.6+

0.4+

0.2+

Step responses

—— K=0.455 (PM=35deg)
—— K=0.286 (PM=50deg)
—— K=0.158 (PM=65deg)
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)

review

lag compensator (

Phase
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Phase-lag C(s) design

We try to design phase-lag C(s) which gives

* PM 50deg

» Low frequency gain same as the original plant.

1. To satisfy low frequency requirement, adjust
DC gain of OL system by a constant gain K.

= Analysis for C(s)=1
= Stable
= PM at least 12 deg
* GM at least 3.5 dB

f 1ce—{cE)-
— Controller

FPlant
4

s(s+ 1)(s+2)

G(s) =

¥ 4
Hag! College of Engineering & Islamic Architecture
‘J\Q" Mechanical Engineering Department

Umm Al-Qura University

14



http://uqu.edu.sa/

15

o | ]
o
....... g1 & T N -
EEEEE FEEEEE i -] rt-oooooboo
||||||||||| F--———-1 M |
D ; ———F——- Fe---——— ——
It Suatatatatet N A I Lo-
I B | L ___ __
|||||||||||||| _llll N |.“.| “I
F——----F------ "lll ————o i —
' 1 1
..................... | |
| | 1...n...
-
........ 1 ° [TooIIIIoIs -
iabetts Bufeletute r ] 2 pooiss —
[C____RKE_--C _| - ._I |||||| —III
IS __H 4 PR —— -
1 |||||||| _ : -
I - ] -
........ L |
_ L__
@ T — -] |
| I
| 1
I i R
O [ _ﬂ “
' 1
" = " 1%
I ro- I—L 1 < umﬁuuuu-_'H -
IIIIIIIIIIII r-- ] = —_—g——
|||||||||| I ] -_—t————— = -
= =t
............ P ] R
|||||||||| . 1 I L
[ -  J - W ] o
_ _d L u
e ....... I “ “ =
1 1
. e L R [ —— e m
f IIIIIIIII I .
| 8 | A m i)
“ ( 4.|_ “ i . O n
- ] © oo s tupnintatelabons B = b8
.......... ros 12 W-ZCCCCECCWTOTCCIIIE] -
- HHHHHHHH u_ q TooooThoooiooooooEo o m
............. - i e =R+
|||||||||| P . N T, |LIIII||"|| = =
............. L N OV T < o,
............. L ] | 3 8
; ||||_ ||||| =TT
........... L “ “ .39
I I L ||_.|||||I“|I| .Lu g n
........... T | | | | 5 95
I I I | | | r I= e
i i o~ i I I I Y W Muu_ 2
AN I S | B L% 258
> 2 2 - 2 8 8 g - |Ei%
[ S 5 =
Uy
Q% m
o
o s B2
g3 0
O =
DO 2



http://uqu.edu.sa/

Phase-lag C(s) design

2. Find the frequency wg (wWhich will become gain
crossover frequency after compensation)
where

/G(jwg) = —180°+ ¢ +5°, dm : required PM

In this example,

[G(jwg) = ~180° +505+5° = -125° == wy = 0.4
ﬁi’m
Note: The reason of +5 deg is explained later. ,

= s
m
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After Step 2
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Phase-lag C(s) design

3. Setzandp as

deg 1
W
For small phase lag at ag 0. . J
4 . Actual phase
0.1w, ( 0.04) . A~ —5°
p= = .
KG(jwg)| \  4.55 . D Z:
For setting new gain crossover at ag E
20 IDglgg = 201091 KGQay)| [77"77"" I
2 | g

H Umm Al-Qura University
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Step responses

2 . .
— C($)=1 (PM=12deg, og=1.1)
== C($)=0.286 (PM=50deg, ©g=0.5)

1.5} == C(s)=CLag(s) (PM=52.3deg, ©g=0.4)

1 L

0.5¢ :
Small overshoot is due to larger PM.
Slower response is due to smaller wg.
U | |
0 5 10 15

/) Mechanical Engineering Department

College of Engineering & Islamic Architecture
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Ramp responses

- Ramp reference

— C(s)=1 (Kv=2)
== C(s)=0.286 (Kv=0.572)
= C(s)=ClLag(s) (Kv=2)

i%f Umm Al-Qura University
b gv.. College of Engineering & Islamic Architecture
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Phase-lead compensator (review)

&2 o
|
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p 1
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An example: Revisited

= Consider a system

G(s) = 4 = Controller  Plant
s(s+1)(s+2)
= Specs
= Stable

= PM at least 50 deg
= Settling time < 4s

= Note large settling time by previous (gain and
lag compensator) designs

TR
Hag! College of Engineering & Islamic Architecture
%/ Mechanical Engineering Department

Umm Al-Qura University
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Phase-lead design procedure

1. Select z near uncompensated wg.

In the example, ®g=1.14. So, select, for
example, z=1.
2. Select p>z by trial-and-error.

3. Check PM and settling time. If not satisfactory,

move the pole p. If moving pole does not give
the desired results, try to move the zero z.

3 gt College of Engineering & Islamic Architecture
i"-é,* Mechanical Engineering Department

Umm Al-Qura University
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Step responses

— C(s)=1 (PM=12deg, og=1.1)

2 . .
—— C(s)=0.286 (PM=50deg, ©g=0.5)
= C(s)=CLag(s) (PM=52.3deg, ©g=0.4)

1.5 === C(s)=CLead(s) {PM=50deg, mg=1.6)

(Compare crossover frequencies.)

5 10 15

v College of Engineering & Islamic Architecture
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Ramp responses

69 692 694 696 6938 70

- Ramp reference

m— C(s)=1 (Kv=2)
- C(s)=0.286 (Kv=0.572)
m— C(s)=ClLag(s) (Kv=2)
= C(s)=CLead(s) (Kv=2)

m

. d i
i = -4
[

Umm Al-Qura University
College of Engineering & Islamic Architecture

/%) Mechanical Engineering Department
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After lead-lag C(s) design

u ! ||||||| | | ||||||| | | ||||||| I I IIIIII
oF—
We recover the gain loss 1 &
at gain crossover freq. G i .
by adding,a gain, , [T
10° 10" 10° = 7 G(5)o

i g e G(S)CLead(S)

-100 1
-150 . : E LHJ::JIG( )CLB(E-d( )CL!Ig(S)
250

107 10" 10’ 10’ 10°
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After lead-lag-gain C(s) design

e i ‘“"LL( )_4OLead(3)Cng(S)
IncreaSEd ‘ AR e —

50 -t b A b e R R b
oLl LB LT
10” 10" 10’ 10’ 10°
e (s)
100F= AT

-200

-250
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Step responses (Lead-lag)

2 . . = C(s)=1

— C(SL=D.286

— C(SL=CLag(S)
=4CLead(s)CLag(s)

8! College of Engineering & Islamic Architecture

o . : . 30
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Ramp responses

69 69.2 69.4 69.6 69.8 70

(Lead-lag)

- Ramp reference

m— C(s)=1 (Kv=2)
= C(s)=0.286 (Kv=0.572)
m— C(s)=ClLag(s) (Kv=2)

=== C(s)=4CLead(s)CLag(s)
(Kv=8)

m

. d i
i = -4
[

Umm Al-Qura University
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/%) Mechanical Engineering Department
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Course roadmap

Modeling Analysis Design
L L
v Laplace transform Vf'Time response :
|  TranEisiil v Design specs
9’| Transfer function r Steady state ¥ Root locus
¥ Models for systems !f'Frequency response E> :
f electrical v Bode plot V' Frequency domain
Y viccliaiiies] v PID & Lead-lag

¥ electromechanical | ¥ Stability
¥ Routh-Hurwitz

¥’ Linearization, delay v Nyquist Design examples

| Umm Al-Qura University
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An example: Revisited

= Consider a system

G(s) = 4 = Controller  Plant
s(s+1)(s+2)
= Specs
= Stable

= PM at least 50 deg
= Settling time < 4s
= Steady-state error
* For unit step input =0
* For unit ramp input < 0.3

7327 Umm Al-Qura University
Hag! College of Engineering & Islamic Architecture
‘J\Q" Mechanical Engineering Department
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SISO Design Tool in Matlab

) SIS0 Design for SISC Design Task

g Graphical_user fle£ckt Quiew Joesars fndlysis Tocs Window Heb
A - w & 4
interface (GUI) that |2/ X° = SIR5O N
allows you to design | . . Open-oopBedeplot
comperTsators. | : | Gain plot
= Type “sisotool” in '
Matlab prompit. 2 oslom:n
Freo: Manl
>> sisotool ] e N OO -
P I S8 R SN B S S, =
= Select “Open—‘Loop _ o5 Phase plot
Bode™ from View=> | & .
Design Plots T
= - Freg; 0 radizec
Conﬂguratfon. | = q.. N ...|.|.|-|.I T T ST I |.|.|;I. T R W e T ..|..|...-.: i
10 10 (1] 10 g
Fraquency (reclfsec)
Fight-click on the plots for more desion ogtions,

37 Umm Al-Qura University
i College of Engineering & Islamic Architecture

o . . . 34
%/ Mechanical Engineering Department
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SISO Design Tool (cont'd)

5150 Design for SIS0 Design Task
n |nput the p|ant Fle ot View Designs Analysis Tools Window Help
kix o5 5N &G N

P I T ) -

>> dE}Il=[1 3 2 0]; import Mode
l System ] ]

>> sysG=tf (num,den) ; E@Eg \

Magniude (dB)
=
I

I ERIEA T

* |mport the plant ;
sysG from File 2> r
Import

L Browse... [

[ oK ” Cancel J|_Ha|p I

Phase {deg)

r&i: U radsec =

jo* 10 10 10" 10°
Freguercy (radisec)

Applied nesw configurstion. Right-cick on the plots for desian options.

»#  Umm Al-Qura University
gt College of Engineering & Islamic Architecture
/j Mechanical Engineering Department
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SISO Design Tool (cont’'d)

* You will see the
Bode plots for
4
G(s) =
) = T D6 +2)
* The default setting
C(s)=1.
= |n the red circles:
= GM
* PM

= Gain & phase
crossover freq.

) 5150 Design for SISO Design Task
File Edit %iew Designs Analysis Tocs “Windaw  Help

NEXE R

Open-Loop Bode Editor for Qpen Loogp 1 (0L1)
LI | T LUBNRL I i B i | L L il |

a0
=
I
L2
[i]
2 S0k
o
E‘l
= 0-GM: 35248
Frag 141 rad/zec
i S AN i
) p— e A y « xrp ey B =
i
=
n =180
L]
&
PM:11.4 deg
| Freg 114 radizec
. i R AL et I - PR — decheded

10" 10 10
Freuarcy [fad/zac]

10

10

Applied nevy configuration, Right-click on the pots for design options,

Umm Al-Qura University

Mechanical Engineering Department

College of Engineering & Islamic Architecture



http://uqu.edu.sa/

SISO Design Tool (cont'd

= See the step response
= Designs -2 Edit Compensator...-2 Analysis Plots

b,_'] Control and Estimation. Tocls Manager
Fil= Edt Help

[~ = R R

‘ﬁ WC'?FGDEICE' Architsctare | Compensator Editor || Graphical Tuniniil Futarmated Tuming |
st 'L‘_‘I SIS0 Doemmipn Teak, n .I z |.:h| : | Pd < LS|
i=- ([T Desian History il
# [141] Desian Bl Plat 2 Flat 2 Plat + Plat 5 Plat &
- E ] Cresign (2] Plat Ty Mores e || | Mo st | | Man= L Yy — o -
=1 #17] SIS0 Design Task (2] e : S e e ot e
= ﬁ Crasign Hlistory Contenks of Ploks
+1-[141] Dezigr P
#--[111] Deslgn (=) — = Responses
nafl i pitw R EERIE A
[ Deesian (4 ! B Jelozed: Loop cibo.y,
e -[217] Dremign £S5 [] [Closed Loop r bau
+1-[}41] Design (5] | [] |Input Sensithit,:
- [14] pesian (7 | [ |utpat Senctiviey
| [ IMcise Sensitivity
: |: |_] 'jpen L-m:un.L
=] ] |compensator o
=] [ ] |Prefiker F
ol ] [Flank 5
wd [1 jSensor H
| [C1 |Slosed Loop - Fram rka
| add Responses o J l show analyss Plot ]
I_ Show archibecture ] [ =ore Desion ] L Hels ]

S50 Design Task Mode.

Umm Al-Qura University
College of Engineering & Islamic Architecture
Mechanical Engineering Department
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SISO Design Tool (cont’'d)

= Add a pole & a zero
of a compensator:
S
S o
Cread(s) = z“;ad +1
Plead

* |f necessary, move
the pole and zero
= by click-and-drag, or

= Design 2 Edit
Compensator...

PM>50 degree OK!

» 5180 Design for 5150 Desipn Task
Fle Edit View Designs  Analysis Tools  Window  Help

NEEEEENEETI:

50—l ea

S0 F

100

hiaeniucs [dE)

| aMi344 B
150 1 Freg: 167 radizec

Stanle loap
200

l‘:é‘lp:nan-Lua:q::u Bladle Editor for Open Loogpd (0L

Plead

-d0

-180

Fhase (deg)

P 5206 deg
Freg: 1.87 radizec

. | S,

]

1 10 10" Tis

Frisquency (e

Moved the selected real poleto s = -124
Right-click on plots for more design options.

n3¢f Umm Al-Qura University
Mt College of Engineering & Islamic Architecture
¥/ Mechanical Engineering Department
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SISO Design Tool (cont'd)

QLTI Viewer for 5150 Design Task
File Edit  Wwindow Help

0D&| &S| E

Step fesponse

v ] - IS S ]
WSSO O USROS .
B "Séffﬁﬁg"ﬁkﬁé"ﬁ"ﬂé """"""" |

it pees e s o o ]
ol ot = 1.8T 1A S i]

- i i |
0 s 10 15 2 o 3 e an

Time (zec)

LTI iwver [+ Redl-Time Update

Umm Al-Qura University
& College of Engineering & Islamic Architecture
%/\) Mechanical Engineering Department
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SISO Design Tool (cont'd)

= Ramp response is not supported by sisotool.m.
= \We use an integrator to show ramp response.

L= Control and Estimation Toole Managar
Fi= Edit Help
™ R A

@ wiotkspacs : ":'-rChit'B’:t'-rE'} Compensako ity || éruphicd Turinog Analysis Plaks sutomated Turing |
= 4] 5150 Design Task i - e - '

"”'E Bresign HiStory Currant Architecture: h

| i_ortral Archbeckure (. ] Madify architecbure, labels and teedback cigns.,

[ Loop ConFigurakion: .. J Cenfigure addtional loop apenirgs For multi-locp decign.
l Syskem Daka ... ] Import daka For compensators and Fixed systems.

| Sample Time Conversion ... ] Change the sample time of the dasign,

[ Shiow architedurs H Store DEsion ][ Help ]

515 Degign Tacgk Mods,

Umm Al-Qura University
College of Engineering & Islamic Architecture

L . . . 40
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SISO Design Tool (cont'd)

, ! 5150 Design for 5150 Design Task
B Input an |ntegrat0r ( File Bdt iew Desans Andyss Toos Wirdow Help

klxo x5 |(KEH Y

P Sy Mo spmtan [
50 :

>> den= [1 U]; : Import Model

= | Syst=m Data E
>> sysF=tf (num,den) ; I |- <z

E SI-0H 1 =

= C

f

= |mport the plant |

150

sysF from File > 20
Import

.ﬂ"‘-u

g4 e . _ .

Phase (degd)

[ K ][ Cancel ][ Help ]

270k

Freguency (radisec)

Appliacd newy configuration, Rigat-click onthe plols for dezign aptions:

»#  Umm Al-Qura University
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SISO Design Tool (cont'd)

= |ncrease gain until good SS error is obtained.

J SIS0 Design for SISO Design Task
Fie Edit Yiew Designs fnalysis Tools Window Hel

Rlx o %% KN{G N

Cipen-Loop Bode BdrGr Tor Open Loop 1 (0L

M =1E3] |

M 252dB
- Frec 16.7 radizec
Stakle I-:-:up

Magnitude (B

T I T

=i SRS S g

Fhazes (deg)

P 20T ey

| Freo JEV radisec

SambL il e

107 19" 10’ 1p°
Fraguency (radisec]

1

10

LT Viewer for 150 Design Task.
Fle Edt Wnder Hep
D&% % |
Sten Response
40 T | | | I l

| wg mcreased

PM decreased /

A plitude

: fStéady-state
7= accuracy OK!

39.5 33.8 _/E 3mg A5 Al
Time (zec]

I ; i i
33 3| 3|/ 383 396

C gain changedto 282
Figrt-cick onplots for more design opfions.

CGain (5) =K

Cherge toe line shdes shown inthis LTI Viswesr. E| Resl-Tine Ll

Umm Al-Qura University
College of Engineering & Islamic Architecture

77 Mechanical Engineering Department
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SISO Design Tool (cont'd)

* Add a pole & a zero
of a compensator:

+ 1
-+ 1

zr‘
CL(LQ‘(S) = ﬂq
ng

= |f necessary, move
the pole and zero
= by click-and-drag, or

= Design 2 Edit
Compensator...

2 SIS0 Design for SISO Design Task
Flg Edt Yiew

NERE = I

Designs  Analysis Tools  Window

Help

n=Loop Bode Editer for Open Loop T (0L1)

100 '—-—v—v—-——wrp'!f}‘g

-"-'_Z.Eagll
o
_: Bt - —- - — - — - — T 0T - — - = s — s — - — - — = — - — ]
=
=
5 1O GM: 34308 i
= Freg 163 rad/fsec
Stabile loop
<000 wl s sl il i
-5 vy
%I \
|
‘IE it =y | M— - - - - o -
o PM. 501 deg :
Fregq: 1 84 radizec
Errii i RTT - sl Ll T I S T
1 <2 - ] i ) 3 i
10 10 10 10 10 10 10 10

Freqguency (fadisec)

Moved the salacted real poleto 5 = 00503
Fight-click on plots for more desion options,

Umm Al-Qura University

g 1 College of Engineering & Islamic Architecture
/j Mechanical Engineering Department
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SISO Design Tool (cont’'d)

, . +1 z-+1
» Final controlleris k¢, (5)Cr..(s) = K - Zeed . Zlag
JECLCE ¥l .ﬂ & s
Pleud i ) d
&It iy

! 5150 Design for SISO Design Task.

= One can export the

controller to workspace
from File 2 Export

=% 5150 Tool Export

Select desicry | (eurrent] ¥
% Eelect modelz 10 axport:
: Cormponent Expart &z s
Prefiter F zysF [W
Plant & e
Sensor H H
| [Chozed Loogp oy T_r2y
 |Closed Loop o u Tru
Input Sensitivity S_in
Dutput. Sensitivity S_out
Molze Sersvily 5_noke [ —— ] ‘
Cpen Loop L L [
MIMG Cosed Lage T @ | HELP | G
My | € ?
-

Umm Al-Qura University
College of Engineering & Islamic Architecture
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Course roadmap

Modeling Analysis Design
I |
v Laplace transform \'?Time response o Desion snecs
v’ Transient L
¥ Transfer function r Steady state o Root locis

v’ Models for systems ¥ Frequency response E> |
v electrical ¥ Bode plot ¥’ Frequency domain

¥ mechanical | |
¥ electromechanical ¥/ Stability v PID & Lead-lag
¥ Routh-Hurwitz

i‘] Linearization, delay Iv" Nyquist 2 Design examples

| Umm Al-Qura University

et =

gt College of Engineering & Islamic Architecture
/) Mechanical Engineering Department
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Qutline

= System description and control objective
= Modeling
= Analysis

= Stability analysis via Routh-Hurwitz criterion

= Steady-state error analysis

= Design of lead-lag compensators
= Root locus
= Frequency response

37 Umm Al-Qura University
gt College of Engineering & Islamic Architecture
¥ Mechanical Engineering Department
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Radio telescope antenna

= Large & parabolic

= Recelive radio wave
Radio astronomy

= Tracking

Collecting data
= Satellite
= Space probe

Objective: Control the antenna azimuth to follow
a position input command.

" Umm Al-Qura University

,g,ﬂﬁrm College of Engineering & Islamic Architecture

%/j Mechanical Engineering Department
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Antenna azimuth position control

Potentiometer
Antenna
(1)
, Biéurted Azimuth
azimuth anegle 4
_ " angle
nput output

o

..'.-/'

1 . i e 3
b L L PSRGRSET gi  Treee

Differential amplifier
and power amplifier

Motor

Potentiometer

(Taken from Nise's book)

»#  Umm Al-Qura University
gt College of Engineering & Islamic Architecture
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Qutline

= System description and control objective
= Modeling
= Analysis
= Stability analysis via Routh-Hurwitz criterion
= Steady-state error analysis

= Design of lead-lag compensators
= Root locus
= Frequency response
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Antenna azimuth position control
Block diagram

Desired
azimuth
angle  Potentiometer Preamplifier

Power
amplifier

Motor
and load

Hm['? )

Potentiometer

Gears

Azimuth
angle

HIJ{ § :I

1
-

37 Umm Al-Qura University

i1 College of Engineering & Islamic Architecture

¥%/¥j Mechanical Engineering Department
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Closed-loop transfer function
= From 6i(s) to 6o(s)
K 10 2.083

0o(s) s+100 " s(s+1.71) 1
, _ 10 2.083 1
0i(s) 1+ I{s——loo Cs(s+1.71) w d

0o(s) 6.63K

"™ (s) " P+ 1017152+ 1715 6.63K

37 Umm Al-Qura University
Hag! College of Engineering & Islamic Architecture
i"-é,* Mechanical Engineering Department
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Qutline

= System description and control objective
= Modeling
= Analysis
= Stability analysis via Routh-Hurwitz criterion
= Steady-state error analysis

= Design of lead-lag compensators
= Root locus
= Frequency response

i%¢7 Umm Al-Qura University
@t College of Engineering & Islamic Architecture
i"-<<,“; Mechanical Engineering Department
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Stability of feedback system

= Routh array

§ 1 171

§° 101.71 0.03K

CL system is stable

5! 17392.41 - 6.63K ( 1 |

5 6.63K 0< K <2623

7327 Umm Al-Qura University
Hag! College of Engineering & Islamic Architecture
f Mechanical Engineering Department
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Qutline

System description and control objective
Modeling

Analysis

= Stability analysis via Routh-Hurwitz criterion
» Steady-state error analysis

Design of lead-lag compensators

» Root locus
= Frequency response
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Steady-state error

= Transform block diagram into a unity feedback:

m

‘. Mechanical Engineering Department

Desired 1 1

azimuth VP(S) = (f_{-gi(s) N ;90(5)) Motor Azimuth

angle  Potentiomete Preamplifier amplifier and load Gears  angle

d4s) Viis) ls) 100 |Es) 0,(s5) O 1 0,(5)
|
s+ 100 '
Potentiomete
\
6.63K
filal— 2.083
s(s+1.71)(s+ 100) s(s+1.71)

37 Umm Al-Qura University
He¥' College of Engineering & Islamic Architecture 55
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Steady-state error (cont’'d)

= For unit step:

Kp = L(0) = oo - 1—:Kp _
= For unit ramp:
Ky = lim sL(s) = 251“‘1'79 o — K%} _ 25}1{79
= For unit parabolic:
1
Kazgl_%szl,(s):o o5 = o =0

H i1 College of Engineering & Islamic Architecture
i‘_%\‘; Mechanical Engineering Department
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Qutline

= System description and control objective
Modeling
= Analysis

= Stability analysis via Routh-Hurwitz criterion

= Steady-state error analysis

Design of lead-lag compensators
= Root locus

= Frequency response

37 Umm Al-Qura University
@t College of Engineering & Islamic Architecture
“'_(Q\;‘ Mechanical Engineering Department
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Gain design via root locus

6.63
s(s+1.71)(s + 100) &%
G(s)

L(s) =K

= Find K required for

Additi |
25% overshoot. i

open-loop pole
at -100

I— J10

Jaw
A

8 s-plane

17* 7y=-0333+ 1885

For 2nd order systems

¢m
PO = 100¢ \/1—':2(: 25)

=
/"

— 109 155 100
it ('09 100)

= 0.404

A

‘f\: 13.8
1 Ix I = (T
4

1
0 2 4

1-2 By magnitude
1 & condition

-1 —/6 1
=64.21

Glzg)]

37 Umm Al-Qura University
3¢ College of Engineering & Islamic Architecture
\‘, Mechanical Engineering Department
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Step response

25% overshoot!

0 | | l | l | |

0 1 2 3 4 5 6 7
Time (seconds)

Umm Al-Qura University
t College of Engineering & Islamic Architecture

Mechanical Engineering Department
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Lead-lag design via root locus

= Design specifications
= 25% overshoot
» 2% settling time 2 seconds
= Kv=20
= |n the previous gain design,
= 25% overshoot
» 2% settling time 4.8 seconds
= Kv=2.49 (Verify this by yourself!)
Not satisfactory!

37 Umm Al-Qura University
3¢ College of Engineering & Islamic Architecture
\‘, Mechanical Engineering Department
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Lead compensator design

= | ocate desired poles

= Due to “2% settling time 2 seconds”
4 = 0.404

Cwn

= Angle condition

[ [ L(zg) = /G(24)C(z4) = 180°
/G(z,) = 149.86°

m /C(z;) =30.14°

732f Umm Al-Qura University
H8¥ College of Engineering & Islamic Architecture
‘J\Q" Mechanical Engineering Department
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Lead compensator design
s+ z

S+ p Im

CLemd(S) =K

» Fix z=-2 (rather arbitrarily),
and obtain p s.t.

/OLB(ld(Ed) - 30‘1&1-D —

m) p= —4.63
» Find K
K= = 38446 ﬁ -
Gl -

A3¢7 Umm Al-Qura University
Mt College of Engineering & Islamic Architecture
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Lag compensator design

2549(s + 2)
s(s+1.71)(s+ 100)(s + 4.63)

G(8)ClLeqd(s) =

OLag(S) — s+p

= Error constant Kv

Ky = 1im sG(8)CLeqa(8)Cray(s) = 6.44° = 20
s—0 p

z_ 20 _ 3, — 0.01. 2= 0.031
p 644 o ™ p= 00L 2="0

-

g% College of Engineering & Islamic Architecture
\ Mechanical Engineering Department
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Step and ramp responses

14 . . . . . 1
Ramp reference
1.2' \
1_
08
e Gain compensated
06

— | ead cnmpensatéd

- Lead-lag compensated
9_2_

i%¢7 Umm Al-Qura University
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Qutline

= System description and control objective
Modeling
= Analysis

= Stability analysis via Routh-Hurwitz criterion

= Steady-state error analysis

= Design of lead-lag compensators
= Root locus
= Frequency response

i%¢7 Umm Al-Qura University
@t College of Engineering & Islamic Architecture
i"-<<,“; Mechanical Engineering Department
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Open-loop frequency response

6.63
| S(S—i— 1. Tl)(s—i— 100)

G(s) =

s
R 41 dB
-50 ! f = e e R it Sttt b
RN
IS BEHH
00— b L
- Lo E T P ,
10 . 10
Wwg = O 04 wp =13
-100 NI SN R Lo HH:”E--J-__L_LHLE%
-150 B b
200 b
A e e L 0 ity ko S s M Bt S R R Y
10~ 10”7 10 10" 10°

i < :| Umm Al-Qura University
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Gain, PM, and step response
= Change preamplifier gain K to 20, 40, 60.

4 Step responses

1.2¢

1F

0.8
e K=20 (PM=67)

0.6}
— K=40 (PM=53)
0.4}
— K=60 (PM=45)
0.2+
Ul] 2 4 6 8

67
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Lead-lag design via freq. response

= Design specifications (same as before)

= 25% overshoot
= 2% settling time 2 seconds

= Kv=20
= One possible procedure

1. Use the gain to satisfy Kv.

2. Use lead compensator to increase PM (and gain
crossover frequency).

3. Use lag compensator to decrease gain crossover
frequency (to increase PM).

7327 Umm Al-Qura University
Hag! College of Engineering & Islamic Architecture
‘J\Q" Mechanical Engineering Department

68



http://uqu.edu.sa/

Gain+lead compensation

Open-loop Bode plot

Step responses

—y 3
o
'l o
—
= — +
o +
& — R
- 2 <+ — |9
W o 0 Pl wm
a £ L0 Il Je
- 4 = ~—
7] @ s
S - =
O O __ g ]
Y X \ —
_ _ = -
- -
NNy
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Gain+lead/lag compensation

Open-loop Bode plot

IIIIIIIII
——————

Step responses

15

05

— KG(s) (PM=13)

== KCLead(s)CLag(s)G(s)
(PM=69) 1
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Summary

= 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.
= Lead-lag compensator can improve
= Transient (w, for speed, PM for overshoot)
= Steady state (low frequency gain for error constant)
= Frequency response shaping in Matlab
= SISO Design Tool
= Case Study
= Antenna azimuth position control

= Next
= Course summary

= Problem solving

7327 Umm Al-Qura University
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End of Lecture 11
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