Lead Compensation

The transfer function for the lead compensator is given by

C.(s) == T where 8 < 1

The Dc gain=lim C.(s) = 1
s—0 B

« The lead compensator increases the bandwidth by increasing the gain crossover frequency. At
the same time, the phase diagram is raised at higher frequencies. The result is a larger phase
margin and a higher phase-margin frequency.

 In the time domain, lower percent overshoots (larger phase margins) with smaller peak times
(higher phase margin frequencies) are the results.

 Notice that the initial slope, which determines the steady-state error, Is not affected by
the design for the transient response.
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. 1
1 Uwtg)

e C.(iw) = — 11.6
Uw) =5 (w50 (11.6)
From Eq. (11.6) the phase angle of the lead compensator, ¢, is
¢. = tan 'wT — tan~'wAT (11.7)
Differentiating with respect to @, we obtain
do __ T AT (11.8)

do 1+ (wT)? 1+ (wBT)

Setting Eq. (11.8) equal to zero, we find that the frequency, wmax, at which the
maximum phase angle, ¢,.x, OCCUIS is

1
Wmax = T3 (11.9)
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Substituting Eq. (11.9) into Eq. (11.6) with s = jomax,

1 .1
; —+1
1 J@Wmax +? 1\/}_3-[_
Ge(jwmax) = - 1 = = (11.10)
ﬁ;‘wmﬁﬁ ivB+1

Making use of tan(¢; — ¢,) = (tan¢; — tan¢,)/(1 4 tan ¢; tan ¢,), the maximum
phase shift of the compensator, ¢y, IS

41-8 . 41-8
Grnax = tan™! 775 = Sin 11+ﬁ (11.11)
and the compensator’s magnitude at wmayx iS
Geljomse)| = — (1112
c max '\/_B -
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Design Procedure

1. Find the closed-loop bandwidth required to meet the settling time, peak time, or rise

time requirement (see Eq’s (10.54) through (10.56)).

wpw = wn\/ (1 —242) + /8T — 42 + 2

4
mb=Tg\/(1~2g2)+\/4c4-—4g2+2

JU
= 1—202) + 4r4 — 472 + 2
e Tp\/l——é‘z\/( )+ v :
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You can use the following figures instead of Eq’s (10.54-10.56)

i i )
140 7k
[20 6.5
E‘:} I{]‘D B {..f’" 6 "
z 80 = 55k
s 60F 3
40 S F
20 F 45
U i 1 1 | { | | § T —i_-_ 4 1 1 1 1 i [ | | I 1 - I. 5 i 1 1 I i 1 { 1 | | -
0 0.10203040506070809 1 0 010203040506070809 1 "0 0.1 020304050607 0809 1
Damping ratio Damping ratio Damping ratio
(a) ()] (c)
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2. Since the lead compensator has negligible effect at low frequencies, set the gain, K, of
the uncompensated system to the value that satisfies the steady state error requirement.

3. Plot the Bode magnitude and phase diagrams for this value of gain and determine the
uncompensated system's phase margin.

4. Find the phase margin to meet the damping ratio or percent overshoot requirement.
Then evaluate the additional phase contribution required from the compensator.

5. Determine the value of p (see Eq’s. (11.6) and (11.11)) from the lead compensator's
required phase contribution.

6. Determine the compensator's magnitude at the peak of the phase -curve
(Eq. (11.12)).
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7. Determine the new phase-margin frequency by finding where the uncompensated
system's magnitude curve is the negative of the lead compensator's magnitude at the
peak of the compensator's phase curve.

8. Design the lead compensator's break frequencies, using Eq’s. (11.6) and (11.9)
to find T and the break frequencies.

9. Reset the system gain to compensate for the lead compensator's gain.
10. Check the bandwidth to be sure the speed requirement in Step 1 has been met.
11. Simulate to be sure all requirements are met.

12. Redesign if necessary to meet requirements.
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Problem: Given the system of Figure 11.2, design a lead compensator to yield a 20%
overshoot and K, = 40, with a peak time of 0.1 second.

Motor
Desired Power and Shaft Shaft
position Preamplifier amplifier load  velocity position

LT, W R | 100 | | )
(s +100) (s +36)

“ |

100 K
s(s+36)(s+100)

The uncompensated system is G(s) =
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1. Find the closed loop bandwidth (wgy)

T, = 0.1 second 0S%=20% > (=0.456
A
opw = ————\/(1-20) + VAT -4 +2 ] /
iy
2 ssh
From the following figure: ° sl
asf
(L)Bpr:4.66 7 S T T SOV N Y S S B
0 0.020304 0506070809 1
4.66 Damping ratio
wa:ﬁ = 46.6 rad/s ()
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2. Find the pre-gain K:

In order to meet the specification of K,, = 40

L _ f1ooxk
Ky S:Ohm sG(s) = #(s+36)(s+100)
100 K
K, = 40 = (36)(100)
K=1440
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Bode Diagram
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3. Plot the bode plot for the uncompensated system for K = 1440 are

144,000

s(s+36)(s+100)
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4. Compute the Lead compensator phase margin ¢,

« A 20% overshoot gives {=0.456. Also the required phase margin PM=48.1°.

* For the uncompensated system with K = 1440 the phase margin is 34° at a phase-
margin frequency wpy,=29.6 rad/s. See the bode plots

« \We need to add 5-12 to the phase margin to compensate the phase angle for the lead
compensator.

« PM=PM+10=48.1+10=58.1

« The total phase contribution required from the compensator Is:

Omax=58.1-34 = 24.1 1
%
« If the system's characteristics are not 0|
acceptable after the design, then a redesign g ;Er
with a different correction factor may be 2 %
necessary. § o
g f
£ o}
10

ﬂ llllllllllllll
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5. Determine the value of 5

1- 11—
Prray = tan~? 2\/5 = SINn 11 +§ > 3=0.42 for ¢, =24.1

6. Determine the compensator's magnitude at w,y, 4

1

Geljomss)| = =3.76 dB

7. Determine the new phase-margin frequency wy, ;-

If we select w,,,, 10 be the new phase-margin frequency, the uncompensated system's
magnitude at this frequency must be -3.76 dB to yield a O dB crossover at w,,,,, for the

compensated system.

 The uncompensated system passes through -3.76 dB at w4, = 39 rad/s. This
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8. Design the lead compensator's break frequencies (T) fom (Eq. 11.9)

1 1 1
®max = TP —>for £=0.42 and w,,,4,,=39 rad/sec —> _— 25.3 , o 60.2

9. Hence, the compensator is given by:

_1 (S+%) _ (s+25.3)
Ce(s) = ﬁ(s+% T (s+60.2)

10. Check the bandwidth for the system

s+25.3 144,000 342600(s+25.3
8 * =

Gau(s)=Cc (s)G (s)=2.3 (s+60.2)  s(s+36)(s+100) s(s+36)(s+100)(s+60.2)
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10. Check the bandwidth frequency wgy,

_ 342600(s+25.3)
Ga”(S)_S(S+36)(S+1OO)(S+6O.2)

Bode Diagram

50 T T T T T T T T T T T T T T T T I
) IS S S SO O e~ S NS 00 AOUNUN SO SO SN SN S 0 SO SO SO SHE S S0 S _
o 0 —H—a__
% System: G
3 S0 Frequency (rad/s): 67.1 -
g_‘ Magnitude (dB): -7.09
© . L _
= 100
_1 50 1 | 1 | | 11 1 | | 1 | | | 11 1 | | 1 | | 1 1 11 | | 1 | | 1 1 11
-90 [ ——— ' L T T T T 1 | T T T T T T T | T T T T T L I T T T T T LI
- \.\
ﬁ J System: G
o180 - Phase Margin (deg): 455 -~~~ ————— -
© Delay Margin (sec): 0.0204
f At frequency (rad/s): 39
Closed loop stable? Yes = ™~
_270 = ] 1 1 ] e 1 1 1 ] Lo 1 1 1 ] | I ! —_—
10° 10’ 102 103 10*

Frequency (rad/s)

STUDENTS-HUB.com Uploaded By: anonymous



Amplitude
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Problem Design a lead compensator for the system to meet the following
specifications: %0S = 20%, Ts =0.2 s and Kv = 100.

Motor
Desired Power and Shaft Shaft
position Preamplifier amplifier load  velocity position

R(s)  + @ 300, 000 I | C(s)
K _
= (s +50 ) = (s +120) g

[

300,000
s(s+50)(s+120)

Gun(s) =
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1. Find the closed loop bandwidth (wgy)

T, = 0.2 second 0S%=20% > (=0.456
4

WRW = 1 ~222) +/4ar4 - 422 42 }

BW ng\/( %) + 4z ¢ ol

From the following figure:

(DBWTS:15

I:I | | | | 1 - | 1 -
(oBW— = 75 rad/s 0 010203 ﬂwﬁﬂﬁﬂ?ua 09 1
Damping ratio
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2. Find the pre-gain K:

In order to meet the specification of K, = 100

g 30000 K

Ky = lims G(s) = lim 20 9(s + 50)(s + 120)

300000 K

K, = 100= (50)(120)

K=2
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Bode Diagram
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3. Plot the bode plot for the uncompensated system for K =2 are

600,000

s(s+50)(s+120)
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4. Compute the Lead compensator phase margin ¢,

« A 20% overshoot gives {=0.456. Also the required phase margin PM=48.1°.

* For the uncompensated system with K = 2 the phase margin is 14.6° at a phase-
margin frequency wpy,=58.4 rad/s. See the bode plots

« \We need to add 5-12 to the phase margin to compensate the phase angle for the lead
compensator.

« PM=PM+10=48.1+12 =60.1

« The total phase contribution required from the compensator Is:

Omax= 60.1- 14.6=45.5 1
%
« If the system's characteristics are not 0|
acceptable after the design, then a redesign g ;Er
with a different correction factor may be 2 %
necessary. § o
g f
£ o}
10

ﬂ llllllllllllll

STUDENTS-HUB.com 0020406051012 “ Uploadad* sy Sionymous



5. Determine the value of 5

1- . 11—
Prmax = tan~" 2\/5 = SIN 11 +§ > 3= 0.18459 for ¢, = 45.5

6. Determine the compensator's magnitude at w,y, 4

Goljm)| = —= =7.3379 dB

Y

7. Determine the new phase-margin frequency wy, ;-

If we select w,,,, 10 be the new phase-margin frequency, the uncompensated system's
magnitude at this frequency must be -7.3379 to yield a O dB crossover at w,,, for the

compensated system.

« The uncompensated system passes through 7.3379 dB at w,,,, = 90.1 rad/s. This
STUDQI\?’H&%—I”GM&%WUS the new phase-margin frequency. Uploaded By: anonymous



8. Design the lead compensator's break frequencies (T) fom (Eq. 11.9)

Omax = ”fl_,/ﬁ ——for = 0.18459 and w;,4,= 90.1 rad/sec
1 1
-=38.7105, — = 79.136
T LT
9. Hence, the compensator is given by:
1 (s+) (5+38.7103)
C.(s) = 2 s = 54175 e

10. Check the bandwidth for the system

. . (s+38.7105) 600,000
Ga(5)=C.(s)G(s)=5.4175 120597779 * S5750) (51 120)

s+38.7105 600000
=5.4175% )
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10. Check the bandwidth frequency wgy,

= (s+38.7105) i 600000

Gall(s):5'417 (s+209.9772) s(s+50)(s+120)

Bode Diagram
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