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Chapter 1 
2 /2 8 

19. c. x(t) = - - e~4t ( - cos 3f + — sin 3/ 

20. b. *(*) 

Chapter 2 

3. 

7. 

8. 

16. 

1tf 

33. 

3r1 

43. 

b. x(t) 

Y(s) 
X(s) 

Sx 

a. V# 

b. ^ 
Vi(s 

Us) 
m 
T(s) 

92(s) 
Ea(s) 

= -e~l + 9te~c + 5e"2f 

_15 2f 3 18 
26 10 65 

53 + 452 + 65 + 8 
53 + 352 + 55 + 1 

f 1 1 ^ + 1 2 ^ + 18* = 
dr2 dt 

) 1 
) 5 + 2 

') 52+25 + 2 

+ / - : 

cos 3/ 

df 

) 54 + 253 + 352 + 35 + 2 

3 
2052 +135 + 4 

1 
13052 + 4005 + 55 

0.0833 
s(s + 0.75) 

2 

1 • . -—sm3r 
65 

3/(0 
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Chapter 3 

1. X = 

y=[0 0 1] 

11 
3 
2 
3 
1 
3 

K 

+ 

2 
3 
1 
3 
1 

L3J 

Vi 

L 'V J 

Note: L\ is left-most inductor in Figure P3.1 i 

11. a. x = 

in the text. 

0 1 
0 0 
0 0 

-13 -5 

0 0 
1 0 
0 1 

-1 - 5 

x + 

0 

0 

0 

LU 

r(t) 

c(f) = [10 8 0 0]J 

14. a. Y(s) 10 
R{s) s* + 5s2 + 2s + 3 

19. x = 

D eq 

J eq 

1 

KbN2 

0 TW] 

JeqN2 

0 0 o J£ 
L LaNx La\ 

0>L 

la 

+ 

0 

0 

J. 
lLaJ 

y 

Chapter 4 

U**{t)=\ 

0 W ° 

1 -

0)L 

,-0.5/ COS 
/19 1 
——/ - arctan 
2 

20. a. £ = 0.375; con = 4 rad/s; 7, = 2.67 s; 7> = 

23. a. 5 = -6.67+/9.88 

35. s = -5.79, -1.21 

36. a. s3 ~ 8s2 - lis + 8 = 0 b. s = 

40.y(f) = ! - | r 5 ' 

43. 

"p = 0.847 s; %OS = 28.06 

* « = 

9.11,0.534,-1.64 

1.0455e-°-20871' - 0.045545e-47913' 0.21822<r°-20871f - 0.21822e~4-7913' 
-0.21822e-°-20871f + 0.21822e~4-7913' -0.045545e-a20871' + 1.0455g-4J913r 



x(t) = 

Answers to Selected Problems 

1.0455e-°-20871f - 0.045545<r4-7913' 1 

-0.21822e-°-20871< + 0.21822e"4-7913r 

y(t) = 0.60911e-°-20871f + 0.39089e-47913' 

73. D = 0.143 N-m-s/rad 

76. R = 912(1 

899 

Chapter 5 

f 

\ 

6 

q 

26. 

27. 

28. 

C{s) 
R(s) 

C{s) 
R(s) 

C(s) 
R{s) 

C(s) 
R(s) 

C{s) 

R{s) 

C(s) 

R(s) 

C(s) 

R(s) 

G3(G!G2 + 1) 
1 + Gitfi 

G1G2 + G3 
1 + G3H + GiG2H + G2G4 

GiG5 

1 4- G1G2 + G1G3G4G5 + G1G3G5G6G7 + G1G5G8 

G4G6 + G2G5G6 + G3G5G6 

1 + G6 + GiG2 + G1G3 + GiG2G6+ 

G1G3G6 + G4G6G7 + G2G5G6G7 + G3G5G6G7 

G1G2G3G4 
2 + G2G3G4 + 2G3G4 + 2G4 

GiG6G7(G2 + G3)(G4 + G5) 
1 - G6G7H3(G2 + G3){G4 + G5) - G6HX - G7H2 + GeGjHtfy 

s3 + l 

30. b. x = 

2s4 + s2 + 2s 

- 5 1 0 

0 - 5 0 

0 0 - 7 

y-

0 0 0 - 7 

-i * -̂  -
x + ' « 

37. x = 

0 

- 1 

0 

1 0 0 

0 1 0 

0 0 1 

1 - 1 0 0. 

c=\-l 1 0 0]x 

73. DL = 3560 N-m-s/rad 

x + r(t) 

Chapter 6 

1. 2 rhp, 3 lhp, 0 jco 

3. 3 rhp, 2 lhp, 0 jco 
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4. 1 rhp, 0 lhp, 4 jeo 
5. 0 rhp, 2 lhp, 2 jco 
9. Unstable 

17. 1 rhp, 2 lhp, 4 /&> 

23. £ > I X < -1 

39. a. - 4 < £ < 20.41; b. 1.36rad/s 
41. a. 0 < K < 19.69; b. K = 19.69; c * = ± /1.118, -4.5, -3.5 

42. - ? < £ < 0 

Chapter 7 

4. esteP(oo) = 0; eramp(oo) = 127.5; eparaboia(oo) = oo 
7. e(oo) = 0.9 

10. a. %OS = 14.01; b. Ts = 0.107 sec; c. esteP(oo) = 0; 
d. eramp(oo) = 0.075; e. eparaboia (oo) = oo 

13. a. Kp = -, Kv = 0, Ka = 0; b. e(oo) = 37.5, oo, oo, respectively; 

c. Type 0 
20. £ = 110,000 
27. p = 1, K = 1.16, a = 7.76, or $ = - 1 , K = 5.16, a = 1.74 
31. a. K = 831,744, a = 831.744 
35. Ki = 125,000, # 2 = 0.016 

41. a. Step: e(oo) = 1.098; ramp: e(oo) = oo 

Chapter 8 

16. Breakaway point = -2.333; asymptotes: aa— - 5 ; /w-axis crossing = ± /7.35 

19. b. Asymptotes: aa = -~; c. K = 140.8; d. K = 13.12 

20. K = 9997; a = 7 

23. a. aa = - - ; b. s = -1.38, -3.62; c. 0 < K < 126; d. K = 10.3 

26. b. K = 9.4; c. Ts = 4.62 s, Tp = 1.86 s; d, 5 = -4.27; e. 0 < K < 60 
30, a = 9 
39. a. 0 < K < 4366; b. K = 827.2; c. K = 527.6 
42. a. £ = 170.1; b. iC = 16.95 

Chapter 9 

1. Gc(s) = : ^ ± 5 i K ~ 72.23 for both cases; KPo = 2.44; #PA, = oo; 

%OS0 = %OSN = 16.3; TS0 = TSN = 2.65 s 
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9. a. s = -2.5 + /5.67; b. Angle = -59.27°; c. 5 = -5.87 
d. K = 225.79; e. s = -11.59, -1.36 

10. a. s = -2.4 ± y'4.16; b. s = -6.06; c. # = 29.12; 
d. s = -1.263; f. Ka = 4.8 

14. a. Gc(5) = - - ¾ # = 5452; dominant poles = -4.13 ± /10.78 
w 5 + 37.42' F y 

2 4 . a . Kuc = 10; tfc = 9 .95; b . KPuc = 1.25; KPc = 6 .22; 
c. % O S M C = %OSc = 4 . 3 2 ; 
d. Uncompensated: exact second-order system, approximation OK; 

compensated: closed-loop pole at —0.3, closed-loop zero at —0.5, simulate 
e. Approach to final value longer than settling time of uncompensated system 

f n ts 404.1(5 + 0.5)(^ + 4) . . . . 
f« G\ i r(5) = — 7T7 T-TTT ^TT^TT yields approximately a 5 times L L C W (5 + 2)(5 + 4)(5 + 0.1)(5 + 28.36) y F F ' 

improvement in speed. 

28. Poles = -0.747 + ; 1.237, -2.51 ; zeros-none 

Chapter 10 

10. System 1: 0 < K < 490.2; System 2: 0 < K < 1.4; System 3: 1 < K < oo 
(Answers are from exact frequency response) 

11. a. System 1: GM — -6.38 dB; ¢ ^ = —20.3° (Answers are from exact frequency 
response) 

15. c. G>BW = 2.29 rad/s 
23. System 2: Ts = 2.23 sec, Tp = 0.476 s, %05 = 42.62 (Answers are from exact 

frequency response) 
44. GM = 1.17 dB, &M = 6.01° (Answers are from exact frequency response) 

Chapter 11 

1. a. K = 2113 (Answer is from exact frequency response) 
2. a. K = 2365 (Answer is from exact frequency response) 
3. a. K = 575 (Answer is from exact frequency response) 

(Answer is from exact frequency response) 

2 1 . Gc{s) = (' + °ml' + 2-16\K- 25.189 
5 

(Answer is from exact frequency response) 

Chapter 12 
5 + 3 

1. d. For function i: T(s) = 
52 + (^2+8)5+(^,+16) 
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, , - . . t. . « , * 6.25 27.5 71.25 . 200^+75 + 25) 
3. b. For function i: G(s) = — -\ —, T(s) = -7-=-*—*—; -w

 J 5 + 10 ^ + 20 w 4^3 + as2 + fe + c 

where a = (25A:3 - 110Jfe2 + 285&i + 120) 

b = (750k3 - 2200A:2 + 2850&1 + 800) 

c = 5000fc3 

andC = [l 1 1]; B = [71.25 -27.5 6.25]T was used 

11. a. Uncontrollable; b. Controllable; c. Controllable 

14. K = [92.35 36.78 -7] for a characteristic polynomial of 

(s + 6)(52 + 85 + 45.78) = 53 + 1452 + 93.785 + 274.7 

23... X. = I -671.19 1472.4}T for a characteristic polynomial of s2 + 1445 + 14,400 

Chapter 13 

3. a. f(kT) = 229.5(0.4)* - 504(0.6)* + 275.5(0.8)* 

6.c.G(Z) = 0.395 ( Z + 0 ' 2 2 3 1 > 

8. b. G{z) = 0.0517 

9. a. T(z) = 

z - 0.2231) {z2 + 0.1857z + 0.04979) 

z2 +2.2699^ + 0.2995 
(z - l ) (z -0 .2231) (z - 0.4065) 

G1(z)G2(z) 
l + G1(z)G2H(z) 

14.0<K< 15.76 

17. K = 14.18 for 16.3% of overshoot; 0 < K < 109.28 for stability 

15. a. Kp = -, e*(oo) = -; Kv = 0, e*(oo) = oo; Ka = 0, e*(oo) = oo 
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Figure and Photo Credits 
Figures, photos, Case Studies, Examples, 
and Problems in Chapters 4,5,6,8,9,13, 
Appendix B, and rear endpapers: 
Adapted from Johnson, H., et al. 
Unmanned Free-Swimming Submersible 
(UFSS) System Description, NRL Mem
orandum Report 4393 (Washington, 
D.C.: Naval Research Laboratory, 1980). 
MATLAB screen shots in Appendixes C 
and E were reprinted with permission 
from The MathWorks. 

Chapter 1 

1.3: (a): © Bettman/Corbis; (b): ART on 
FILE/© Corbis. 1.4: © Hank Morgan/ 
Rainbow/PNI. L5b: Pioneer Electronics 
(USA), Inc. 1.7: © Donald Swartz/ 
iStockphoto. 1.8: © Peter Menzel. 
P1.3: Adapted from Ayers, J. Taking 
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ton Media, Inc. P1.5: Jenkins, H. E.; 
Kurfess, T. R.; and Ludwick, S. J. Deter
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mission of ASME. P1.6: Vaughan, N. D., 
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Measurements and Control, vol. 118, 
March 1996, p. 121. 1996 ASME. 
Reprinted with permission of ASME. 
P1.7(a), (b), (c): Reprinted figure with 
permission from Bechhofer, J., Feedback 
for Physicists: A Tutuorial Essay on Con
trol, Reviews of Modern Physics, pp. 77, 
783, 2005. Copyright (2007) by the 
American Physical Society. P1.8: D. A. 
Weinstein/Custom Medical Stock Photo. 
Pl . l l : O'Connor, D. N ; Eppinger, S. D.; 
Seering, W P.; and Wormly, D. N. Active 

Control of a High-Speed Pantograph, 
Journal of Dynamic Systems, Measure
ments and Control, vol. 119, March 1997, 
p. 2. 1997 ASME. Reprinted with per
mission of ASME. P1.12, P1.13: Mark 
Looper, www.Altfuels.org.; P1.14: Rob
ert Bosch GmbH, Bosch Automotive 
Handbook, 7th ed., Wiley UK. 

Chapter 2 

2.34: © Debra Lex. 2.51: Adapted from 
Milsum, J. H. Biological Control Systems 
Analysis (New York: McGraw-Hill, 
1966), p. 182. © 1966 McGraw-Hill, 
Inc. Used with permission of the pub
lisher. P2.36: Lin Jung-Shan, Kanellako-
poulos Ioannis. Nonlinear Design of 
Active Suspensions, IEEE Control Sys
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pp. 45-49. Fig. 1, p. 46. P2.37: Marttinen 
A., Virkkunen J., Salminen R. T. Control 
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Education, vol. 33, No. 3, August 1990. 
Fig. 2, p. 300. P2.38: Wang J. Z., Tie B., 
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Curriculum at the University of Pretoria. 
IEEE Trans, on Education, vol. 47, no. 1, 
February 2004, pp. 65-73. P2.41: Robert 
Bosch GmbH, Bosch Automotive Hand
book, 7th ed., Wiley UK. 

Chapter 3 

3.13: Bruce Frisch/S.S./Photo Research
ers. P3.14(a), (b): Hong, X; Tan, X.; Pine-
tte, B.; Weiss, R.; and Riseman, E. M. 
Image-Based Homing, IEEE Control 
Systems, Feb. 1992, pp. 38-45. © 1992 
IEEE. P3.1S(a), (b): Adapted from 
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Guidance, Control, and Dynamics, vol. 
15, no. 5, September-October, 1992, 
pp. 1210-1211. 1992 AIAA. Reprinted 
by permission of the American Institute 
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P3.16: Adapted from Chiu, D. K., and 
Lee, S. Design and Experimentation of a 
Jump Impact Controller, IEEE Control 
Systems, June 1997, Fig. 1, p. 99. 1997 
IEEE. Reprinted with permission. 
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Under Wave Disturbances, IEEE Trans. 
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Carbon Cycle Ever Interpretable?, Tel-
lus vol. 61B, Wiley UK. P3.19: Preitl, Z., 
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Hybrid Vehicles, 4th International Sym
posium on Applied Computational in
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International Symposium on Applied 
Computational Intelligence and Infor
matics, IEEE, 2007, Fig. 8, p. 2. P3.31(c): 
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J. W Introducing HIV/AIDS Education 
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into the Electrical Engineering Cur
riculum at the University of Pretoria. 
IEEE Trans, on Education, vol. 47, no. 1, 
February 2004, pp. 65-73. Table II, p. 67. 

Chapter 4 

422: Yoshikazu Tsuno/AFP/Getty Im
ages, Inc. 4.27: Adapted from Dorf, R. 
C. Introduction to Electric Circuits, 2nd 
ed. (New York: John Wiley & Sons, 1989, 
1993), p. 583. © 1989,1993 John Wiley & 
Sons. Reprinted by permission of the 
publisher. 4.33: Courtesy of Naval Re
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Pacific Robotics, Inc. P4.12: Borovic B., 
Liu A. Q., Popa D., Lewis F. L. Open-loop 
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Microeng. vol. 15, 2005. Fig. 4, p. 1919. 
P4.14: DiBona G. F. Physiology in Per
spective: The Wisdom of the Body. Neural 
Control of the Kidney, Am. J. Physiol. 
Regul. Integr. Comp. Physiol, vol. 289, 
2005. Fig. 6, p. R639. Used with permis
sion. P4.24: From Manring, N. D., and 
Johnson, R. E. Modeling and Designing 
a Variable Displacement Open-Loop 
Pump, Journal of Dynamic Systems, Mea
surement and Control, vol. 118, June 1996, 
p. 268.1996 ASME. Reprinted with per
mission of ASME. 

Chapter 5 

5.1: NASA-Houston. 533: © Rob Cata-
nach, Woods Hole Oceanographic Insti
tution. P532: Tanis, D. Space Shuttle 
GN&C Operations Manual (Downey, 
CA: Rockwell International), August 
1988. P535(a): Courtesy of Hank 
Morgan/Rainbow/ PNI. P5.36(a): Bailey, 
F. N ; Cockburn, J. C ; and Dee, A. Robust 
Control for High-Performance Materials 
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Control in Ancient Water and Mechani
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Ben-Dov D., Salcudean S. E. A Force-
Controlled Pneumatic Actuator, IEEE 
Trans, on Robotics and Automation, 
vol. 11, 1995. Fig. 6, p. 909. P5.43: Lin 

Jung-Shan, Kanellakopoulos Ioannis. 
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IEEE Control Systems Magazine, vol. 17, 
no. 3. June 1997, pp. 45-49. Fig. 3, p. 48. 
P5.44: de Vlugt, Schouten A. G, van der 
Helm F. C. T. Adaptation of reflexive 
feedback during arm posture to different 
environments, Biol. Cybern. vol. 87,2002. 
Fig. Al , p. 24. by P5.45: Karkoub, M., 
Her, M-G, Chen, J.M., Design and Con
trol of a Haptic Interactive Motion, 
Robotica vol. 28, 2008. Copyright © 
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Reprinted with permission. P5.46: Piccin, 
O., Barbe, L., Bayle, B., de Mathelin, M., 
Gangi, A., A Force Teleoperated Needle 
Insertion Device Percutaneous Proce
dures, International Journal of Robotics 
Research, vol. 28, 2009. Reprinted with 
permission from Sage Publications. 
P5.47: Lee, S.R., Ko, S., Dehbonei, H., 
Jeon, C.H., Kwon, O.S., Operational 
Characteristics of PV/Diesel Hybrid Dis
tributed Generation System Using Dual 
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ISIS 2007 Proceedings, 8th Symposium on 
Advanced Int. Sys. 2007. P5.48: Kong, E, 
de Keyser, R., Identification and Control 
of the Mold Level in a Continuous Cast
ing Machine, 2nd IEEE Conference on 
Control Applications. Vancouver, B.C., 
1993. Fig. 1, p. 53, pp. 53-58. 

Chapter 6 

6.9: Courtesy of Woods Hole Oceano
graphic Institution. 6.11: Courtesy of 
FANUC Robotics North America, 
Inc. P6.14(a): Courtesy of Kazuhiko 
Kawamura, Vanderbilt University. 
P6.16: From Rober, S. X; Shin, Y. C ; 
and Nwokah, O. D. I. A Digital Robust 
Controller for Cutting Force Control 
in the End Milling Process, Journal of 
Dynamic Systems, Measurement and 
Control, vol. 119, June 1997, p. 147. 
1997 ASME. Reprinted with permission 
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from Bittar, A., and Sales, R. M. H2 and 
Hoo Control for MagLev Vehicles, IEEE 
Control Systems, vol. 18, no. 4, August 
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with permission. 

Chapter 7 

7.9: Chuck O'Rear/Westlight/Corbis Im
ages. 7.23(a): Isailovic, J., Videodisc and 
Optical Memory Technologies, © 1985, 
p. 77. Reprinted by permission of Pear
son Education, Inc., Upper Saddle 
River, N.J. P7.22: Lam C. S., Wong M. 
C , Han Y D. Stability Study on Dynamic 
Voltage Restorer (DVR) Power Elec
tronics Systems and Applications 2004, 
Proceedings First International Confer
ence on Power Electronics 2004. Fig. 7, 
p. 68. P7.28(a), (c): From Kumar, R. R.; 
Cooper, P. A.; and Lim, T. W Sensitivity 
of Space Station Alpha Joint Robust 
Controller to Structural Modal Parame
ter Variations, Journal of Guidance, 
Control, and Dynamics, vol. 15, no. 6, 
Nov/Dec 1992, pp. 1427-1428. © 1992 
AIAA. Reprinted by permission of the 
American Institute of Aeronautics and 
Astronautics, Inc. P7.29: Yin, G, Chen, 
N , Li, P., Improving Handling Stability 
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IEEE Transactions on Vehicular Tech
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pp. 2432-2439 © 2007 IEEE. Reprinted 
with permission. P7.32: Hess, R. A.; 
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Simulator Fidelity Assessment in a 
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80. © 1992 AIAA. Reprinted by permis
sion of the American Institute of Aero
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(b): Ohnishi, K.; Shibata, M.; and Mura
kami, T. Motion Control for Advanced 
Mechatronics, IEEE/ASME Transac
tions on Mechatronics, vol. 1, no. 1, 
March 1996, (a): Fig. 14, p. 62, (b): Fig. 
16, p. 62. © 1996 IEEE. Reprinted with 
permission. 

Chapter 8 

8.4(a): Largeformat 4x5/iStockphoto. 
P8.13: Tony Dejak/©AP/Wide World 
Photos. North America, Inc. P8.13(b): 
Adapted from Hardy, H. L. Multi-
Loop Servo Controls Programmed 
Robot, Instruments and Control Systems, 
June 1967, p. 105. P8.14: GNC FSSR 
FC Ascent, vol. 1, June 30,1985 (Downey, 

P4.ll
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CA: Rockwell International). P8.15(a): 
Bruner, A. M.; Belvin, W. K.; Horta, 
L. G.; and Juang, J. Active Vibration 
Absorber for the CSI Evolutionary 
Model: Design and Experimental Re
sults, Journal of Guidance, Control, and 
Dynamics, vol. 15, no. 5, Sept/Oct 1992, 
p. 1254. © 1992 AIAA. Reprinted by 
permission of the American Institute of 
Aeronautics and Astronautics, Inc. P8.17: 
Karlsson, P., and Svensson, J. DC Bus 
Voltage Control for a Distributed Power 
System, IEEE Trans. Power Electronics, 
vol. 18, no. 6, 2003. Fig. 4, p. 1406. pp. 
1405-1412. (c) 2003 IEEE. P8.20: Cho, 
D., and Hedrick, J. K. Pneumatic Actua
tors for Vehicle Active Suspension Appli
cations, ASME Journal of Dynamic 
Systems, Measurement and Control, 
March 1985, p. 68, Fig. 4. Reprinted 
with permission of ASME. P8.23(a), 
(b): Adapted from Annaswamy, A. M., 
and Ghonien, A. F. Active Control in 
Combustion Systems, IEEE Control Sys
tems, December 1995, p. 50,51, and 59. © 
1995 IEEE. Reprinted with permission. 
P8.24(a): © Hammondovi/iStockphoto. 
P8.24(b), (c): Adapted from Anderson, 
C G; Richon, J.-B.; and Campbell, T. J. 
An Aerodynamic Moment-Controlled 
Surface for Gust Load Alleviation on 
Wind Turbine Rotors, IEEE Transactions 
on Control System Technology, vol. 6, no. 
5, September 1998, pp. 577-595. © 1998 
IEEE. P8.25: Reproduced by permission 
of M. Spong et al., Robot Modeling and 
Control. John Wiley & Sons. Hoboken, 
NJ, 2006. Fig. 6.20, p. 221. Reprinted with 
permission of John Wiley & Sons, Inc. 
P8.26: Reproduced by permission of 
M. Spong et al., Robot Modeling and 
Control. John Wiley & Sons. Hoboken, 
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