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Consider a minimum phase gystem.

Lecture 23

Design fundamental of a lag controller (remember)
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Magnitude (db)

Phase (deg)

A phase-lead controller

Lecture 23
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Lecture 23

Design fundamental of the lead controller

Analysis Design
Consider a minimum phase system.
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Design procedure of the phase-lead controller [/ ———
In the frequency domain o -
[T

. 1
Step 1: Consider G,(s) =k a;5:1 with a>1 as a phase lead controller.
ars+1

Note: If the plant has another gain 4; let G.(s) = ek
Step 2: Try to fix kaccording to the performance request, otherwise Iet\/

=1
Step 3: Sketch the Bode plot of the system (with the fixed ) without controller.

Step 4: Find the system PM and if it is not sufficient choose the

required phase by:
a—1

@, = Desired PM - Existed PM + A 7 sin @ S
T a+

Step 5: Put the center of the controller in the new gain crossover frequency:

1 \/
7T v o, = = it

20l0g/G(jw)|,_, v +10l0g(a) =0 o
Step 6: Check the controller. 6
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Example 1: Design a lead controller for the following system such that
the phase margin be 45° and the ramp error constant be 100. Find the
M, of overall system.

R(S) + k C(s)

_f GC(S)_'S(S+25) ‘:

Step 1: Consider G.(s)=k a;s:ll with a>1as a phase-lead controller.
Note: If the plant has another gain &, let G_(s) = a;S +11
_|_

:> Gc(s):a;:ll a>1

Step 2: Try to fix kaccording to the performance request, otherwise let
k=1

. k
k, =limsG_(s =100 _
,=lm c()s(s+25) :> k = 2500 :
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Lecture 23

Example 1: Design a lead controller for the following system
such that the phase margin be 45° and the ramp error constant

be 100. Find the M, of overall system.

Step 3: Sketch the Bode plot of the system (with the ~ R&)+ = = Sl X C(s)
-i - s(s+25) I ]

fixed k&) without controller.

2500 100 .
G(S) = = e Bode Diagram
S(s+25) s(s/25+1) D T TTII T T TTTT
40
Step 4: Find the system PM and % ZZ —
if it is not sufficient choose the £ T~
- i S \\
required phase by: i ~
¢, = Desired PM - Existed PM+A -’ 2 AR
Bl o5 LB D A \\\
< N
() -135 N\
g AN
. a—1 & N PM=25¢
SIN25=—— = a=246 N
a+1 | ‘*-__Dk
-180'0 -1 '2 f
g 2 3 Dr. Ali KarimpourlBec 2013
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Lecture 23

Example 1: Design a lead controller for the following system
such that the phase margin be 45° and the ramp error constant

be 100. Find the M, of overall system.

Step 5: Put the center of the controller in the new R(s) " C(s)
- 4 >G I >
gain crossover frequency: —T— O 55225 I
20log|G(jw)|,_, . +10log(a) =0
Bode Diagram
20109/G(j@)| .. =-10log(a)=-3.91 "’ T
c 40
o,"" =60 7 —~
—3.91 ~_
% 20 \\
new 1 7, \\
(G = 7=0.0106 40 ~
74/a : s L 2in
-60
-90¢ .\. EF =
ars+1 0.0261s+1 ¥ N
G =" Too0t06s 11 1 RN
- & N PM=25¢
| =
-180*~ : T g
10 10 60 10 Dr. Ali Karimpourlgec 2013
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Lecture 23

Example 1: Design a lead controller for the following system
such that the phase margin be 45° and the ramp error constant
be 100. Find the M, of overall system.

Step 6: Check the controller. Ao e B I I
h : s(s+ 25) I ]
0.0261s+1 ‘
G, (s) =
001068 +1 £ Bode Diagram
1/7=94.33,1/ar =38.3 5
g 20 [G(] T~
20loga="7.8 U ~a__,_[Ga5Ga)]
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% 7 \\\\ r D oft
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Lecture 23

Example 1: Design a lead controller for the following system
such that the phase margin be 45° and the ramp error constant

be 100. Find the M, of overall system.

Step 6: Check the controller.

Magnitude (dB)

Phase (deg)

Bode Diagram
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Lecture 23

Example 1: Design a lead controller for the following system
such that the phase margin be 45° and the ramp error constant
be 100. Find the M, of overall system.

Find M, R()+ S

_T GC(S)_-S(S+25) I

/_\ Nichols Chart
60

> U L r
Aﬁ i
M. =2db
20 - -
= 1dB
2
e -3.dB
‘3 0 -6-dB
o
<
z -12 dB
(O]
o
O .50 20 dB!
G, (jo)G(jw)
-40 - -40 dB;
60" r r r r r r -60dB;
-360 -315 -270 -225 -180 -135 -90 -45 0 12
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Lecture 23

Example 2: Find the step response of example 1 and
compare it with lag design in pervious lectures.

C
Gipead (S) = Ve s Lead controller of example 1 Rs)+ G ()| K (SZ
0.0106s +1 T c 5(s+ 25) I
Gy (8) = g2 Lag controller of example 1 lecture 29
1.4092s +1
M, (s) = . 0 Closed loop transfer function without controll
1 1+G(s) _ s2+25s+ 2500 osed loop transfer function without controller
M., (s) = Gueaa (8)-G(S) 6156s +235800 Closed loop transfer function
j 1+G,.4(8).G(s) s®+119.3s” +8514s+ 235800 with a phase-lead controller
M., (s) = Goiag (). G(S) 887s+1774 Closed loop transfer function

1+ Gypy (5).G(S) %+ 257152 +904.85+1774  witha phase-lag controller

13
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Lecture 23

Example 2: Find the step response of example 1 and
compare it with lag design in pervious lectures.

C
Gipead (S) = Vit ge Lead controller of example 1 RE)+ G (5) K (SZ
0.0106s +1 T c 5(s+ 25) I
Gy (8) = s Lag controller of example 1
141(2928 _|L_1 L L LStep ReLsponse ;
Without controller
Phase-lag controller Check the speed of

different
controllers and
compare it with the

\

Amplitude

Phase-lead controller controller
A properties in slide
#4 and #6
0O O.rl 072 O.r3 0T4 0.r5 0.r6 0.r7 0.8 0.9 a8 14
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Lecture 23

Example 3: Design a lead controller for the following system such that
the phase margin be 45° and the ramp error constant be 100.

R(S) + k C(s)

_T G- (8) s(s+10)(s +20)

Step 1: Consider G.(s)=k a;s:ll with a>1as a phase-lead controller.
Note: If the plant has another gain &, let G_(s) = a;S +11
_|_

:> Gc(s):a;:ll a>1

Step 2: Try to fix kaccording to performance request, otherwise let A=1

: k
k, =limsG_(s =100 _
o =lImsG,( )s(s+10)(s+20) :> k = 20000

15
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Lecture 23

Example 3: Design a lead controller for the following system such that
the phase margin be 45° and the ramp error constant be 100.

Step 3: Sketch the Bode plot of system (with the

fixed k&) without controller.

20000 100

G(s)

nitu%)'(dB)

Step 4: Find the system PM anc
If it is not sufficient choose the g
required phase by:

@, = Desired PM - Existed PM + A

@ =45 -(-20)+5 =70’

Phase (deg)

sin70=a—_1 — . q=32
a+1

T 5(s+10)(s+20)  s(s/10+1)(s/20+1) "

-100 °

-135
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-270¢
10°

R(s) +

k

C(s)

—T_ Gc (S)

s(s+10)(s+20)

Bode Diagram
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Lecture 23

Example 3: Design a lead controller for the following system such that
the phase margin be 45° and the ramp error constant be 100.

Step 5: Put the center of controller in the new gain

crossover frequency:

20log|G(jw)| .. +10log(a)=0

20log|G(j®)| ... =-10log(a)=—-15

@, =45

new 1
a)c = =)=
< \/g — 7=0.0039

ars+1 0.1248s+1
s+1 0.0039s+1

G,(s) =

100 ¢

a1
o

|
[N
U—IJ

Magnitude (dB)

-50

Phase (deg)
N
[}
(@]

Frequency (rad/sec)
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G, (s) g
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Lecture 23

Example 3: Design a lead controller for the following system such that
the phase margin be 45° and the ramp error constant be 100.

R(s) + k C(s)

Step 6: Check the controller. —T_G B .
h - s(s+10)(s+20)

Bode Diagram

100 ¢

50 —
& - g -
% 0 < ~_ G, (jo)G(jw)
o] { I — . = - -
ot N Note: Design Is not
g -100 | (o) ‘\\\ S ' I |

: possible!

-200 ¢ e TR A o i )

-90°? i g

~¢
NG |
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\\\ \\\~
S~— “\_
-270° : : : : i
10" 10° 10" 10° 10° 10"

Frequency (rad/sec) Dr. Ali Karimpour Dec 2013



Lecture 23

Example 4: Design a lead controller for the following system such that
the phase margin be 45° and the open loop bandwidth be 10 rad/sec

R(S) 1 C(s)

—T_GC(S) "= >
. S ‘

azrs+1

Step 1: Consider G.(s) =k = with a>1as a phase-lag controller.
ars+1

Note: If the plant has another gain &; let G_(s) = —
+

:> G.(s)=k2BH 4.1
s+1

Step 2: Try to fix kaccording to performance request, otherwise let A=1

k
—| =-3 j> k=17.7
@ Why?

20log

19
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Lecture 23

Example 4: Design a lead controller for the following system such that
the phase margin be 45° and the open loop bandwidth be 10 rad/sec

Step 3: Sketch the Bode plot of system (with the R(S)+ G. o) C(SZ
fixed k) without controller. - s’ ‘
17.7
G(S) B 82 40 B?de E)iag{ar? :

Step 4: Find the system PM and
If it Is not sufficient choose the
required phase by:

N
o
|

Magnitude (dB)
) N
(O (@
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1 1

N
o
|
— o ——

r r rrF r r F_F F FFF o I P Fr FFrFE
Tt T T Tt F F £ = Tt F

Iox -60
@, = Desired PM - Existed PM + A e — .
|
A o ) ° -179.5 - | T
@ =45 -(0)+0 =45 - !
\é’ -180 .
a 8
5 Y on o
sin4y =—— = a=5.38 PR |
a+1l
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Step 5: Put the center of controller in the new gain

crossover frequency:

20log|G(jw)| .. +10log(a)=0

20log|G(j®)|  ...=-10log(a)=~7.63

o, =6.7
s 0.062
c Z_\/a —> T =VU.
G, (s) = ars +1: 7 0.3596s +1
S+1 0.062s +1

Phase (deg)

R(s) +

G (s)

Lecture 23
Example 4: Design a lead controller for the following system such that
the phase margin be 45° and the open loop bandwidth be 10 rad/sec

C(s)

-

Bode Diagram

40 ¢

20~

0
.63
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Lecture 23

Example 4: Design a lead controller for the following system such that
the phase margin be 45° and the open loop bandwidth be 10 rad/sec

Step 6: Check the controller. R(S)+ 1] S®

—T—GC(S) = >
) S ‘

Bode Diagram

o

Magnitude (dB)
N
(@]

G, (Jo)G(jw)

Controller Is not ok

-1135

Try again

Phase (deg)

\_

-180

r I r_r - rrrE
2 3

=7rad/sec - = 22
FALEcy s taliscol Dr. Ali Karimpour Dec 2013
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Lecture 23

Example 4: Design a lead controller for the following system such that
the phase margin be 45° and the open loop bandwidth be 10 rad/sec

R(S) + 1 C(S)

—T—GC(S) =1
- S

Step 2: Try to fix kaccording to performance request, otherwise let A=1

Open loop bandwidth Is near to gain crossover frequency so:

20log

Il
I
w

2
)

=T

) k =35.7
23
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Lecture 23

Example 4: Design a lead controller for the following system such that
the phase margin be 45° and the open loop bandwidth be 10 rad/sec

1 R(s) C(s)
Step 3: Sketch the Bode plot of system (with the —to—» G, (s) =Si2 —
fixed k) without controller. )
35.7
G(S) = 52 L : G L0 B?del?iagzrar:n :

20 - -

Step 4: Find the systemPMand 8 ,_____= | 1

If it is not sufficient choose the : . 1
required phase by: g :

-40 |- I -1

. = Desired PM - Existed PM + A it Sl A e e o %
|

o ° ® -~ -179.5 - A
@, =45 -(0)+0° =45 7 :
o -180 =

; . _a-— g -180.5 |- I

SIN45” =——~ - = a=58

a+1l i | | _

-1812) - — rrrrrl - — rrrrrz r " rrrrr\r-3

10 10 10 10

Dr. Ali Kari Dec 201
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Lecture 23

Example 4: Design a lead controller for the following system such that
the phase margin be 45° and the open loop bandwidth be 10 rad/sec

Step 5: Put the center of controller in the new gain R(S) 4 ] CE)
crossover frequency: OGO ‘ >
20log|G(jw)| .. +10log(a)=0
C Bode Diagram
40 ¢ z = F F FFFFE F EF F F - F F F F FFFFE
20 Iog\G(ja))\wzwcm =-10log(a)=-7.63 ., . |
—\7:.630 I~ -+
o, =9 € 20 |
=

40 -+
.60 E r P+ - +rr}bE - - rrrrrr\r S S S S N -

a)new 1 00461 179 i B e = FERIES s § ool

T o R
x T\/a 4o -179.5 - -4
% -180
as+1 0.2674s+1 &
Gc (S) — =35.7 “ 1805 - -t
s+1 0.0461s +1

-181 & R Rl X S SN
10’ 10" 2 o

1
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Lecture 23

Example 4: Design a lead controller for the following system such that
the phase margin be 45° and the open loop bandwidth be 10 rad/sec

Step 6: Check the controller. AN ey B Y C(s)
_f : 1s2 i
Bode Diagram ‘
100 ¢ =t ot e e e e
S~
~ 90 \=\~~
[2a) e
z S ~——
[4) —— .
é _%_ e EEEE == -ﬁ:‘ - ~_ Gc(ja))G(ja))
g | \\ ik‘~~
= 1 \\“~ \\
-50 | —_
| i \\\\~“ :
He S CUa)] ] Controller is not ok
1
-135 -
vt / .
g / | \\\ Try again
: __Pm =45 ~—
£ 180 m=—— :
|
10° 10" 1BW, 100, =14 rad /sec| 10 10°

26
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Lecture 23

Example 4: Design a lead controller for the following system such that
the phase margin be 45° and the open loop bandwidth be 10 rad/sec

R(S) + 1 C(S)

—T—GC(S) =1
- S

Step 2: Try to fix kaccording to performance request, otherwise let A=1

Open loop bandwidth Is near to gain crossover frequency so:

20log

Il
I
w

2
)

w=6

j> k=255
27
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Lecture 23

Example 4: Design a lead controller for the following system such that
the phase margin be 45° and the open loop bandwidth be 10 rad/sec

Step 3: Sketch the Bode plot of system (with the

fixed k&) without controller.

25.5

SE)===

Step 4: Find the system PM and
If it Is not sufficient choose the
required phase by:

@, = Desired PM - Existed PM + A
@, =45 -(0)+0" =45

sin 45’ Vi — a=538
a+1l

Phase (deg)

R(s) +

a

—(O—{G.(5) 1

C(s)

Bode Diagram

i
o

N
o

o

Magnitude (dB)
[N
o

A
o

-60°

-179°¢

-179.5

-180

-180.5

-181°¢

10

10

Frequency (rad/sec)

£0
2 103
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Lecture 23

Example 4: Design a lead controller for the following system such that
the phase margin be 45° and the open loop bandwidth be 10 rad/sec

Step 5: Put the center of controller in the new gain R(s) 4

1 C(s)
crossover frequency: —T— GO =1
20log|G(jw)| .. +10log(a)=0

- Bode Diagram
40 ¢ F—F F T FTrTE
20l09|G(j@)| .. =-10log(a)=-7.63  ,,[™~_
D=0 ~ \\
68 .
new =
(OX =8 g, 20 \\\
-40 ~_
60" N
w new 1 O 0519 -179 ¢ g =
7 = i
x T'\/a ! -179.5
ars+1 0.301s+1 ;
GC (S) = = 255 . ; -180.5
S+1 0.0519s+1
-181 '0 '1 '2 — .
10 10 10
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Lecture 23

Example 4: Design a lead controller for the following system such that
the phase margin be 45° and the open loop bandwidth be 10 rad/sec

Step 6: Check the controller. AN ey B Y C(s)
_f : 1s2 ‘ i
Bode Diagram
40 ¢ : F = F F F =E
7 \‘\
§ g-===-SSup Controller is ok
% 20 il\ \\ - -
£ T~ G (o))
g - SN \\
-60 Ik n ~~
; Gljo)| ~~_ T~
-80° e et =i i E T
_ A
-135 //
g // : N It can be solved by a very
: PM =45°|| | T~ better method without trial
1P : — 1 and error. Try to find it.
I
10° BW, eno0p =10Tad / SEC 10° 30
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Lecture 23

EXxercises

1 Design a lead controller for the following system such that the phase
margin be 40° and the open loop bandwidth be 23 rad/sec

R(5) 4 o Co
—T— G.(S)}— — ‘ >
- S

2 Design a lead controller for the following system such that the phase
margin be 40° and the acceleration constant be 25.

R(S) + 1 C(S)

—T—GC(S) :S—z ‘ >
0.301s+1

Answer:G_(s) =k
0.0519s+1

31
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Lecture 23

EXxercises

3 Following is the open loop transfer function of a system. Design a lead
controller such that PM=45°. Draw the bode plot of compensated system.

Bode Diagram

40 ¢

20 - -1

ol- i
-20- -1
40 - A

_60: r r r_r rrFrF r r rrrrerr

Magnitude (dB)

-179 ¢ i3 E = F F FFE T 5 T F F FEFE = = S S o |
-179:5 -t
=)
Q
=
o -180
3
T 0.2674s+1
" 1805 - . Answer:G,(s)=k
0.0461s +1
_1811- = r e e e r r e e e o = = e e e e o e
10° 10" 2 10° 32
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EXxercises

Lecture 23

Following is the open loop transfer function of a system.

a) What is the velocity error constant. (answer 80)

b) Design a lead controller such that PM=50°. (answer G,(s)=(0.0315s+1)/(0.0126s+1))
c) Design a lead controller such that PM=50° and the velocity error constant be 200.
(answer G,(s)=2.5(0.0192s+1)/(0.0052s+1))

80 ¢

60

40

20
0

Magnitude (dB)

-20

-40

-60 ¢
-90 =

Phase (deg)

-180 %=
10°

Bode Diagram

----~""“--.

\ |

-135~

10° 10

Frequency

= 33
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