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(E4.3) A robotic arm and camera could be used to pick fruit, as shown in Figure
E4.3(a). The camera is used to close the feedback loop to a microcomputer, which
controls the arm [8,9]. The transfer function for the process is

K
(s+5)?

(a) Calculate the expected steady-state error of the gripper for a step command

G(s) =

A as a function of K.

(b) Name a possible disturbance signal for this system.
Ans.

(a) The tracking error, E(s) = R(s) = Y (s), is given by
Y(s) G(s)
(R(s) — Y(s))G(s) =Y(s) = R =TT 70

R(s) A/s
1+G(G) 1+K/(s+5)2

The steady-state error (computed using the final value theorem) is

= E(s) = R(s) = Y(s) =

s = PO =T 2s

(b) A disturbance would be the wind shaking the robot arm.

(E4.9) Submersibles with clear plastic hulls have the potential to revolutionize
underwater leisure. One small submersible vehicle has a depth-control system as
illustrated in Figure E4.9.

(a) Determine the closed-loop transfer function T(s) = Y(s)/R(s).

(b) Determine the sensitivity Sg and Sg.

(c) Determine the steady-state error due to a disturbance Ty4(s) = 1/s.

(d) Calculate the response y(t) for a step input R(s) =1/s when K=K2 =land | <

K1 < 10. Select K1 for the fastest response.

Disturbance
T,ix)

Yis)
—— VL [TF11]
depth

Rix)
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tepth

FIGURE E4.9
Depth control
system.

Ans.

KTl (S) _ KKl

YO _ WKy YO gy =
(a) =Ty (s), =T(s) = 14KT1(s)  s+Kq(K+Kp)

E(s)  1+(1/s)K1K, R(s)

aT/T dlnT K —(KK))x(K+K)\ (K
(b) SF, = L= 2= —( 4 2)(?1)=

0Ky/K;  9InK;  \s+Kq(K+K3) (S+K1(K+K2))2
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( sK ) (S+K1(K+K2)) _ s
(s+K1(K+K3))* K s+Kq (K+K3)

oT
§T - T _ ( Ky - (KK)X(Ky) )(5) _ _ sKi+KiK, s+K1 (K+K3)
K = 9K SHK1(K+Kz)  (s+Kq(K+Kz))*/ \T (s+Kq(K+Kp))® Ky
. S+K1K2
T s+Kq (K+K5)

(©) (Ki(E() = K,Y(8)) = Ta(s)) 3 = Y(s), E(s) = —KY(s) (when R(s) = 0)

= § (Kl(—KY(s) —K,Y(s)) — Td(s)) =Y(s)

Y(s) -1 . __ K —1
Ta(s) s+K1<K+Kz)’E(S) = —Kv(s) = s+Kq (K+K3) Ta(9), Ta(s) = s
= ey, = limsE(s) = ————
€ss = Sl_r)r(}s S) = K1 (K+K3)
_ KK, _1 Ky _ 05 —0.5
(d) YO = kg RO = s = 2K,

= y(0) = [1— e 2itJu(t)

where u(t) is the unit step function. Therefore, select K1 = 10 for the fastest

response.

(P4.4) A control system has two forward paths, as shown in Figure P4.4.
(a) Determine the overall transfer function T(s) = Y(s)/R(s).
(b) Calculate the sensitivity, S&, using Equation (4.16).
(c) Does the sensitivity depend on U(s) or M(s)?

N(s, o) dlnT dInN dlnD
T(Sl a) = ) g = = (083 - |(XO = Sy - S(lg (4'16)
D(s, o) Olna Jdlna dlna
Ris) _| ¥is)
Input Output
FIGURE P4.4
Two-path system.
Ans.
_ _ Y(s) _ G()U(s)Q(s)+G(s)M(s)
(a) ((RU-Y)Q+MR)G=Y - T(s) = o = YIRS
T_GN_gD_ (06O ) _qy_ 1
(b) SG - SG SG - (1+Q(S)G(s)) (1) - 14+Q(s)G(s)

(c) The sensitivity does not depend upon U(s) or M(s).
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(P4.6) An automatic speed control system will be necessary for passenger cars
traveling on the automatic highways of the future. A model of a feedback speed
control system for a standard vehicle is shown in Figure P4.6. The load disturbance
due to a percent grade AT4(s) is also shown. The engine gain Kt. varies within the
range of 10 to 1000 for various models of automobiles. The engine time constant T,
is 20 seconds

(a) Determine the sensitivity of the system to changes in the engine gain Ke.

(b) Determine the effect of the load torque on the speed.

(c) Determine the constant percent grade AT,(s) = Ad/s for which the vehicle
stalls (velocity V(s) = 0) in terms of the gain factors. Note that since the
grade is constant, the steady-state solution is sufficient. Assume that R(s) =
30/s km/hr and that K.K; » 1. When K, /K; = 2, what percent grade Ad

would cause the automobile to stall?

Load wrgue
AT s)

Throttle controller | Throule Engine and vehicle
Al + . K, Vis)
i{:;zﬂ _+__ Gyis) = el 2 | Gl = et — Speed
FIGURE P4.6 Tachometer
Automobile speed K =1 <
control. !
Ans.
v(s) G1(s)G(s) G1(s)G(s) Ky Ke
(a) = = !Gl(s) = IG(S) =
R(s) 1+K¢(£)G1(s)G(s) 1+G1(s)G(s) T45+1 TeS+1
T InT N D K;1Ke (t15+1)(Tes+1)
SK = = SK — SK =1- =
e InKe e e (t1s+1)(tes+1)+K Ke (t1s+1)(tes+1)+K K

V(s) _  —KgG(s)
AT4(s) ~ 1+G1(s)G(s)

(b) R(s) = 0,(—VG; — AT4K;)G =V -
(c) R(s) = ?, K.K; > 1,% = 2,ATy(s) = As—d. When the car stalls, V(s) = 0
1

_ (_—KeG) _G1(8)G(s)
V(S) - (1+G1(S)G(s)) ATd(S) T (1+G1(s)G(s))R(S)

® Using value theorem

. K;K —(t4s+1)Kg Ad K;K 30
vgs = lims ( 1oe 1 g—)+( 1oe —)
s—0 (t1s+1)(Tes+1)+K Ke Ky S (t1s+1)(Tes+1)+K Ke s

K1K:Ke K:Ke K,
®  Whenvss = 0,Ad =271 =15
g
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(P4.13) One form of a closed-loop transfer function is

_ Gy(s) + kGy(s)
1) = 6.6 T KG(5)

K(G2G3—-G1Gy)

(a) Use Equation (4.16) to show that S, = (GatkGo)(GL 1KG)'

(b) Determine the sensitivity of the system shown in Figure P4.13, using the
equation verified in part (a).

Ris) ¥is)

FIGURE P4.13
Closed-loop
system.

Ans.

T _¢N _ gD _ KG3(s) _ kGy(s) _ K(G2(s)G3(s)—G1(5)Ga(s))
(@) Sic = Sic =S = (Gl(s)+kG2(s)) (G3(s)+kG4(s)) T (G3(s)+kGy4(s))(G1 () +KGz(s))

@ __ kG(s)U(s)+M(s)G(s) _ G1(s)+kGy(s)
R(s)  1+kH(s)G(s)  Gz(s)+KGa(s)

(b) ((RU—HY)k + RM)G = Y - T(s) =

T _ _ k(G2()G3(5)=G1()Ga(s))
K (G3(5)+kGa(5))(G1 (5) +kG2 (5))

G3(s) = 1,G4(s) = H(s)G(s)

S G1(s) = M(s)G(s),G,(s) = G(s)U(s),



