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Figure 1 shows a system with two inputs and two outputs. Derive C;(S)/Ry(S), C1(S)/R2(S),Ca(S)/R1(S), and C,(s)/Rx(S). (In deriving
outputs for Ry(s), assume that R,(s) is zero, and vice versa.
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Figure 1

1-b) If the transfer function of a system is given by:
Y(s) 25°+s2+5s5+2

U(s) s*+4s*>+55+2

i) Obtain a state-space equation and output equation for the system defined by
i) Draw a signal flow graph represents this system.

2-a) Figure 2-a shows a mechanical vibratory system. When 2 Ib of force (step input) is applied to the system, the mass oscillates,
as shown in Figure 2-b. Determine m, b, and k of the system from this response curve.The displacement x is measured from the
equilibrium position.
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Figure 2
2-b) . Consider a feedback system shown in figure 3
4—s
For G(s)= _(4-5) , We use a proportional controller with K>0
(s=1)(s+4)



Controller Process
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Figure 3
i) Determine the range of K for which the feedback systmis stable.
ii) Draw the Nyqusit plot for K=1.
iii) Design K>0 such that the phase margin is maximized.

d _
Hint: You may use the following identity — tan™(x) = 5
dx + X

3-a) Sketch the root loci for the system shown in Figure 4
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3-b) Consider a feedback system in figure 3, a phase-lead compensator with GC (s)= m is placed in series with the plant
+0.U4S
500 _ .
G(s)= , compute the gain and phase margin
(s+1)(s+5)(s+10)

a. G.M. = == dB, P.M. = 60°

b. G.M. =20.5dB,P.M. - 47.8°
cG.M.=8.6dB, P.M. =33.6°

d. Closed-loop system is unstable
(verify your answer).

4-a) Consider the feedback system depicted in Figure 3, where
1
GCEe)=——13
s(s+4)
A suitable compensation Ge(s) for this system that satisfies the specifications:
(i) P.O. < 20%, and (ii) velocity error constant K, =10, is which of the following:

s+ 4
a. Gc{‘i} - (.'.F + 1)
b Ges) = 160(10s + 1)
- Gl) = 005 7 1
24(s + 1)
C. Gt‘Es] = 5 + 4
d. None of the above (show your work)

4-b) Given the straight line Bode diagram of magnitude in figure 5, find the corresponding transfer function.
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Figure 1 shows a system with two inputs and two outputs. Derive C1(s)/R1(S), C1(5)/R4(s),Ca(s)/R1(s), and C,(s)/Rx(s). (In deriving
outputs for Ry(s), assume that R,(s) is zero, and vice versa.
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Figure 1



Solution. From the figure, we obtain
Ci = Gi(R, — GyG,) (2-52)

C; =GR, — G,C)) (2-53)
By substituting Equation (2-53) into Equation (2-52), we obtain
C, = G|[R, — G:G4(R, — G,C,)] (2-54)
By substituting Equation (2-52) into Equation (2-53), we get
G = (—_;4[R2 — GG (R — G:scz)] (2-55)
Solving Equation (2-54) for C,, we obtain

C = 2-56
! 1 — G,G,G:G, (2-56)
Solving Equation (2-55) for C, gives
-GGGy Ry + GyR,
c, = 102G Ky s (2-57)

Equations (2-56) and (2-57) can be combined in the form of the transfer matrix as follows:

G, (eXeXeX
|:C1:| | 1 - 6,666, 1 - G,G,G,G, [Ril
&) G,G,0y Gy R,

1 - G,G,GGy 1 — G,G,G5Gy

Then the transfer functions C,(s5) /R,(s), C,(5)/R,(s), C5(s) /R, (s) and C,(s)/R;(s) can be obtained

as follows:
Ci(s) _ G, Gi(s) _ GGGy
Cy(s) - GGGy Gy(s) - Gy

R(s) 1-G,G.GG,~ Rys) 1- G,GG,G,

Note that Equations (2-56) and (2-57) give responses C; and C;, respectively, when both inputs
R, and R; are present.

Notice that when R,(s) = 0, the original block diagram can be simplified to those shown in
Figures 2-25(a) and (b). Similarly, when R;(s) = 0, the original block diagram can be simplified
to those shown in Figures 2-25(c) and (d). From these simplified block diagrams we can also ob-
tain C,(5)/R,(s), Ca(s)/R1(s), Ci(5)/Ra(s), and C;(s)/R,(s), as shown to the right of each corre-
sponding block diagram.

1-b)

1-b) If the transfer function of a system is given by:
Y(s) 28+ s s+ 2
U(s) s +4s*+55+2

4



Obtain a state-space equation and output equation for the system defined by

Draw a signal flow graph represents this system.

a; = 4,

b0=2:

5..!1

i, =

by=1 b =1 b =2

a; =2

Referring to Equation (2-35), we have

Bo = by =2

B = by

B: = by — a1 By
Bs = bs — a1y —

—a By =

1 —4x2=-7

_H239=]_4X{—?}_5X2=19

axBy — afy

=2 -4%x19-5%(-7) —2x%x2=—43

Referring to Equation (2-34), we define

Then referring to Equation (2-36)

Xy

X =

ij_

=y —Bu=y— 2u
2)21_,81“:_,\.”"'7”

= j‘,l—,BQH =.»t2_ 19”

=x; — Tu

x; + 19u
—l3Xy — @;X; — AyX5 + Bau

—2xy — 5x; — 4x; — 43u

Hence, the state-space representation of the system is

Another solution

~ 7s? +9s+2
S +4s? +55+2
7s? +9s+2
Y(s) =2U(s)— U(s
©) ©) S®+4s® +55+2 ©)
Y(s) =2U(s)+ Z(s)

75?2 +9s+2
Z(s)=— U(s
©) S®+4s% +55+2 ©)

7 9 2
AT aAr I
G)=-"4"5 20

I+ —+ 5+~

s s° s

0 1 0 Xy -7
0 0 1 xy | + 19 |u
-2 -5 -4 || x; —43
11_
[1 0 0] x2 |+ 2u
X3




X,=2=X,

X3 =Z=X,

Xy =2 =—4X,—5X, —2X; +U

iii ) the state space representation of the system.

—
. 0 0 1 .
- = x +]0
X= AX+BU 0 0 0 0 U
2 5 -4 1

Y=CX+DU= I:;Z -9 -ﬂ X 22U

go?l)nion. The transfer function of this system is
X(s) ]
P(s) ms*+ bs +k
Since
2
P(s) = —
A
we obtain
2

X(s) = .
(s) s(ms* + bs + k)

[t follows that the steady-state value of x is

= 0.1 ft

= | b

x(o0) = _!ir]?]s.f‘t’[g} —
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(a) Mechanical vibratory system; (b) step-response curve.
Hence
k = 20 Iby/ft

Note that M, = 9.5% corresponds to { = 0.6. The peak time ¢, is given by

(' (Il o

Py w”\f 1 — 2 B 0.8w,

The experimental curve shows that ¢, = 2 sec. Therefore,

3.14
w, = m = 1.96 l‘EldeéC
Since > = k/m = 20/m, we obtain
20 20
m=—5 = — = 5.2 slugs = 167 |b
w, 1.96°
(Note that 1 slug = 1 Ib-sec?/ft.) Then b is determined from
b
2w, = —
m
or
b=2w,m=2x06 %196 %52 =12.2Ib/ft/sec

2-b)

i)  The characteristic equation is given by 1+KG =0
This is reduced to S + (3-k)S + 4(K-1)
All coefficient should be +ve
S1<K <3
. 4—iw —4+iw
i) Gp(iw) = = ——
(-4-0)+3iw (4+w°)-3iw
~16—70* +i(0’ —8w)

4+ 0*) +90°

Intersection with real for = 0 or /8 , at -1 and — 0.3333 respectively

Gp(iw) =



Imaginary

G(iw)

'ﬁ:lnf Real

_ -1 »°-8w
¢ =tan -16-70°

The maximum phase will not change with K but the value of |G(|a))|

Let ¢ =tan™ X for max ¢, d—¢=%%=%%=0 :%=0
do dxdeo 1+x° de dw
S—X =0 for 70" +1040* —128 =0 = @® =§,:> ®=1.069s7"
1)
G(i1.069) =—0.6533—0.1995i
: N , 0.1995
|G(Ia))| =0.68308 ..k =1.464 to get tha max phase margin which equal to ¢ = tan 0.6533

3-a) The open-loop poles are located at s=0, s=—1, s=—2+j3, and s=—2-j3.A root locus exists on the real axis between points s=0 and s=—1. The
angles of the asymptotes are found as follows:

+180°(2k + 1)
; _

Angles of asymptotes =

i (E i) K
s(s+ 1) (2 +4s5 +13) -

(a)



(b)

(a) Control system; (b) root-locus plot.

The intersection of the asymptotes and the real axis is found from

0+1+2+2
s =— 4 = —1.25

The breakaway and break-in points are found from dK/ds = 0. Noting that

K =—s(s + 1)(s* + 45 + 13) = —(s* + 55° + 175 + 13s)
we have

dK
i —(4s* + 1557 + 345 + 13) = 0
F

from which we get

s = —0.467, s = —1.642 + j2.067, s = —1.642 — j2.067

Point s = —0.467 is on a root locus. Therefore, it is an actual breakaway point. The gain values K
corresponding to points s = —1.642 + j2.067 are complex quantities. Since the gain values are
not real positive, these points are neither breakaway nor break-in points.

The angle of departure from the complex pole in the upper-half s plane is

f# = 180" — 123.69° — 108.44° — 90°



or
# = —142.13°

Next we shall find the points where root loci may cross the jw axis. Since the characteristic
equation is

s+ 5+ 17+ 135+ K =0
by substituting s = jw into it we obtain

(_fw}4 + 5{jw}3 + 1?{jw}3 + 13(jw) + K =10
or

(K + o* — 170%) + jo(13 — 5&%) = 0
from which we obtain
w = + 1.6125, K = 37.44 or w =0, K=10

The root-locus branches that extend to the right-half s plane cross the imaginary axis at
w = +1.6125. Also, the root-locus branch on the real axis touches the imaginary axis at @ = 0.
Figure 6-68(b) shows a sketch of the root loci for the system. Notice that each root-locus branch
that extends to the right-half s plane crosses its own asymptote.

. Consider a feedback system in which a phase-lead compensator
G.(s) 1+ 04s
JF) =
¢ 1 + 0.04s

is placed in series with the plant

G(s) 500
i) = .
(s + 1)(s + 5)(s + 10)
The feedback system is a negative unity feedback control system shown in Figure 10.43.
Compute the gain and phase margin.

Controller Process

+
Ris) G(s)

G(s) » Yiy)

L 4

a. G.M. = =z dB, P.M. = 60°

b. G.M. =20.5dB,P.M. -47.8°
cG.M.=8.6dB, P.M. =33.6°

d. Closed-loop system is unstable
(verify your answer).

4-3)Consider the feedback system depicted in Figure 10.43, where

Gls) = s(s + 4)%

A suitable compensation Ge(s) for this system that satisfies the specifications:
(i) P.O. < 20%, and (ii) velocity error constant Kva 10, is which of the
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following:

s+ 4
a. G.s5) = 5+ 1)
160(10s + 1)
b GO = T0s w1
. 24(s + 1)
O =TS

d. None of the above
(verify your answer)

The correct answer is (b)
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