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Therefore by applying the lead compensator with some gain adjustments

we get the compensated system with :

PM =65°, w, = 22 rad/sec, so that wpw = 25 rad/sec.
The Bode plot with designed compensator is :

B ode D iagrams

6 m=15854 dB (at7255 rad/ sec),P m=65338 deg.(at22029 rad/ sec)
T T T

P hase (deg); M agnitude (dB )

F requency (radl sec)

45. For the system shown in Fig. 6.104, suppose that

5

Gls) = s(s+1)(s/5+1)"

Design a lead compensation D(s) with unity DC gain so that PM >
40° using Bode plot sketches, then verify and refine your design using
MATLAB. What is the approximate bandwidth of the system?

Solution :
Start with a lead compensator design with :

Ts+1

D(s) = ———
(5) als+1

which has unity DC gain with o < 1.



Figure 6.104: Control system for Problem 45
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The Bode plot of the given system is :

B ode ) iagrams

6m=15836 B (at22361 rad/ sec),P m=3 9431 deg.(at2 0388 rad/ sec)
100 T T T

P hase (deg); M agnitude (dB )

-300 L I

 requency (rad/ sec)

Since PM = 3.9°, let’s add phase lead > 60°. From Fig. 6.53,

1
- ~ 20 = choose a = 0.05

To apply maximum phase lead at w = 10 rad/sec,

1 1 1
— . —10=— — =22, — =45
Y= ar T "ol

Therefore by applying the lead compensator :

S

—_

_|_

I
)

D(s) =

S
—+1
45+
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we get the compensated system with :

PM =40°, w, =2.5
The Bode plot with designed compensator is :

B ode D iagrams

6 m=2413 dB (at12156 rad/ sec),P m=40244 deg.(at2 4901 rad/ sec)
T T T T

P hase (deg); M agnitude (dB )

f requency (rad/ sec)

From Fig. 6.50, we see that wpw ~ 2 X w. ~ 5 rad/sec.

46. Derive the transfer function from 7} to 6 for the system in Fig. 6.68. Then
apply the Final Value Theorem (assuming 7, = constant) to determine
whether 6(c0) is nonzero for the following two cases:

(a) When D(s) has no integral term: lim,_,) D(s) = constant;
(b) When D(s) has an integral term:

where limg_,g D’(s) = constant.

Solution :
The transfer function from 7T to 0 :

o(s) _ ra
Ty(s) 1+% -2 D(s)

stost

where Ty(s) = |T4| /s.
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(a) Using the final value theorem :

0.9
. . . ra T4l
Ooc) = Jim 0(t) = limgsO(1) = limg Froys 351y 5
st (st 2)
T, T,
oo _ml
hn&D(s) constant

Therefore, there will be a steady state error in 6 for a constant Ty
input if there is no integral term in D(s).

(b)
5 y 5 L [T
G(OO) = tiIIoloe(t) = bll}I&SG(t) = sgrf} S (st 21)(+ 1 .ﬂ)D’ls) T
s(s+2

0
- —— _—
1.81]H&D/(5)

So when D(s) contains an integral term, a constant T, input will
result in a zero steady state error in 6.

47. The inverted pendulum has a transfer function given by Eq. (2.35), which
is similiar to 1

G(s) = ——.

(5) =7 —7

(a) Design a lead compensator to achieve a PM of 30° using Bode plot
sketches, then verify and refine your design using MATLAB.

(b) Sketch a root locus and correlate it with the Bode plot of the system.

(¢) Could you obtain the frequency response of this system experimen-
tally?
Solution :

(a) Design the lead compensator :

Ts+1
D(s)= K——

(s) als+1
such that the compensated system has PM ~ 30° & w. ~ 1 rad/sec.

(Actually, the bandwidth or speed of response was not specified, so
any crossover frequency would satisfy the problem statement.)

_ 1 —5in(30°)

=S 032
“ 7 T+ sin(30°)

To apply maximum phase lead at w = 1 rad/sec,

1 1 1
Y= /ar T "ol
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Therefore by applying the lead compensator :

By adjusting the gain K so that the crossover frequency is around 1
rad/sec, K = 1.13 results in :

PM =30.8°

The Bode plot of compensated system is :

B ode D iagrams

Em=-10616 B (at0 rad/sec),P m=30848 deg.(at0 98625 rad/ sec)
T

P hase (deg); M agnitude (db )

" 1
10 10 10

F requency (rad/ sec)

(b) Root Locus of the compensated system is :

mi=
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and confirms that the system yields all stable roots with reasonable
damping. However, it would be a better design if the gain was raised
some in order to increase the speed of response of the slow real root.
A small decrease in the damping of the complex roots will result.

(¢) No, because the sinusoid input will cause the system to blow up be-
cause the open loop system is unstable. In fact, the system will
”blow up” even without the sinusoid applied. Or, a better descrip-
tion would be that the pendulum will fall over until it hits the table.

48. The open-loop transfer function of a unity feedback system is

7 K
~ s(s/5+1)(s/50 + 1)

G(s)

(a) Design a lag compensator for G(s) using Bode plot sketches so that
the closed-loop system satisfies the following specifications:

i. The steady-state error to a unit ramp reference input is less than
0.01.

ii. PM > =40°
(b) Verify and refine your design using MATLAB.

Solution :

Let’s design the lag compensator :

Ts+1

D(s)=——, a>1
(5) als+1 %
From the first specification,
D(s)G 1 1
Steady-state error to unit ramp = lerrols %8—2 -z < 0.01

1

— Choose K = 150

Uncompensated, the crossover frequency with K = 150 is too high for a
good PM. With some trial and error, we find that the lag compensator,

will lower the crossover frequency to w. ~ 4.46 rad/sec where the PM =
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40.7°.
B ode D iagrams
6 m=18873 dB (at15477 rad/ sec),P m=401711 deg.(atd 463 rad/ sec)
150 T T T T T T
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49. The open-loop transfer function of a unity feedback system is

K
GO = LA TDER0 T

(a) Design a lead compensator for G(s) using Bode plot sketches so that
the closed-loop system satisfies the following specifications:

i. The steady-state error to a unit ramp reference input is less than
0.01.

ii. For the dominant closed-loop poles the damping ratio ¢ > 0.4.

(b) Verify and refine your design using MATLAB including a direct com-
putation of the damping of the dominant closed-loop poles.

Solution :

Let’s design the lead compensator :

Ts+1
D(s) = — 1
(s) oTs+1’ @<
From the first specification,
D 1 1
Steady-state error to unit ramp =  lims M— - = <0.01

s=0 |1+ D(s)G(s) &
1

— .01

K < 0.0

=
— Choose K =150
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s compensated Bode Plot
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52. Consider a type I unity feedback system with

K

G(s) = GED

Design a lead compensator using Bode plot sketches so that K, = 20 sec™
and PM > 40°. Use MATLAB to verify and/or refine your design so that
it meets the specifications.

Solution :

Use a lead compensation :

Ts+1

—_ >1
als+1’ @

D(s) =

From the specification, K, = 20 sec™!,

= K, = linasD(s)G(s) =K=20
5
= K=20



Phase (deg); Magnitude (dB)
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From a hand sketch of the uncompensated Bode plot asymptotes, we see
that the slope at crossover is -2, hence the PM will be poor. In fact, an
exact computation shows that

PM =12.75 (at w. = 4.42 rad/sec)

Adding a lead compensation

s
S+
D(s) = S 1
30

will provide a -1 slope in the vicinity of crossover and should provide plenty
of PM. The Bode plot below verifies that indeed it did and shows that the
PM = 62° at a crossover frequency = 7 rad/sec thus meeting all specs.

Bode Diagrams

Gm = Inf, Pm=61.797 deg. (at 6.9936 rad/sec)
100 e T A

Frequency (rad/sec)

53. Consider a satellite-attitude control system with the transfer function

0.05(s + 25)

Gls) = st(st +0.1s+4)



