SEVEN

Steady-State Errors

SOLUTIONS TO CASE STUDIES CHALLENGES

Antenna Control: Steady-State Error Design via Gain

76.39K . . .
a.G(s) = S(5F150)(s+132) ° System is Type 1. Step input: €(c0) = 0; Ramp input:
1 1 2.59 ..
e(o) =K, ~ 7639k ~ K ; Parabolic input: (o0) = o0,
150 x 1.32
1 2.59
b. =K 0.2. Therefore, K = 12.95. Now test the closed-loop transfer function,
vV
T(s) = 989.25 for stability. Using Routh-Hurwitz, the system is stabl
(s) 31151 3252+ 19851989 25 ° or stability. Using Routh-Hurwitz, the system is stable.

$3 1 198

s2 151.32 989.25

sl 191.46253 0

s0 989.25 0

Video Laser Disc Recorder: Steady-State Error Design via Gain

a. The input, 152 > transforms into 30/s3. e(o0) = 30/K, = 0.005.

~0.2%600

30
Ky= 20000 * K1KpK3 = 6x107 K1KoK3. Therefore: e(c0) = 30/K, =

6x10 7K, K,K,

=5x107. Therefore K;K,K3 = 10°.
2x10°(s + 600)
s’ (s+2x10%)

b. Using K1K7K3 = 10°, G(s) = . Therefore, T(s) =

2x10°(s + 600)
s +2x10%s* +2x10°s +1.2x10% "

Making a Routh table,



ANSWERS TO REVIEW QUESTIONS

. Nonlinear, system configuration

0 N OO O B~ W N P

Answers to Review Questions 231

2x10°

1.2x108

§3 1

s2 2x10°
s 194000
s0 120000000

we see that the system is stable.

C.

Program:

numg=200000*[1 600];
deng=poly ([0 0 -20000]);
G=tf(numg,deng);

IT(S)I

T=Feedback(G,1)
poles=pole(T)

Computer response:
ans =

T(s)

Transfer function:
200000 s + 1.2e008

s”3 + 20000 s”™2 + 200000 s + 1.2e008

poles =
1.0e+004 *
-1.9990

-0.0005 + 0.0077i
-0.0005 - 0.00771

. Infinite

. Step(position), ramp(velocity), parabola(acceleration)

. Decreases the steady-state error
. Static error coefficient is much greater than unity.

. They are exact reciprocals.

is 1/10001.

9. The number of pure integrations in the forward path

10. Type 0 since there are no poles at the origin

. Step(position)-1, ramp(velocity)-2, parabola(acceleration)-3

. A test input of a step is used; the system has no integrations in the forward path; the error for a step input
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11. Minimizes their effect

12. If each transfer function has no pure integrations, then the disturbance is minimized by decreasing the
plant gain and increasing the controller gain. If any function has an integration then there is no control over
its effect through gain adjustment.

13. No

14. A unity feedback is created by subtracting one from H(s). G(s) with H(s)-1 as feedback form an
equivalent forward path transfer function with unity feedback.

15. The fractional change in a function caused by a fractional change in a parameter

16. Final value theorem and input substitution methods

SOLUTIONS TO PROBLEMS

1.
. . sR(s)
e(0)= IlmsE(s)= lim ——=
(0) s —0 s) s >0 1+G(s)
where
450(s+12)(s+ 8)(s +15)
G(s) = > i
s(s +38)(s” +2s+28)
For step, € (0) = 0. For 37tu(t),, R(s) = g . Thus, € (20) = 6.075x107. For parabolic input,
S
e(®) =00
2.
. . sR(s)
= limsE(Bs)= lm —=—
e () s —0 ®) s —>0 1+G(s)
Y s(60/s%) 3
=lim L 20G )G AGTE) 0.9375
s’ (s+2)(s+15)
3.

Reduce the system to an equivalent unity feedback system by first moving 1/s to the left past the

1
summing junction. This move creates a forward path consisting of a parallel pair, | — + 1| in cascade
S

2
with a feedback loop consisting of G(S) = 3 and H(S) = 7. Thus,

Ge(s):((sﬂjL 2/(s+3) J: 2(s+1)
S 1+14/s+3)) s(s+17)

Hence, the system is Type 1 and the steady-state errors are as follows:

Steady-state error for 15U(t) = 0.



Solutions to Design Problems 233

Steady-state error for 15'[2U('[) =0

5
System is type 0. Kp = 5 .

40 80
=—=1143
1+K 7

p
For 70tu(t), €(c0) = 00

For 40u(t), e(o0) =

For 80t2u(t), e(o0) = 00

R(S) 72/84
B(s)=17 G(s) 12005+ 2)E+3)E+NE+9)
S’(S+3)(S+10)(S+15)

Thus,
72

()= limSEG) = g 5oy = 027!
(3)(10)(15)

f[%—il = sE(s)

206
T4
. . . R(s) . S 9
Therefore, e(o0) = lim s2E(s)= lim s2 = lim 100(s+1)(s+2) ~ 10 °
<0 20 1+G(s) B0 1+ s+1)(s+ 10
s=(s+10)(s+3)

e(w0)= li ; K, = 1000012)(25)(32) =24.78 . Therefore, () = 0.582.
+K (61)(73)(87)

p

8 . .
For 8u(t), egs = m = 2; For 8tu(t), €gg = 0, since the system is Type 0.

a. The closed-loop transfer function is,
5000
s’ +75s + 5000

from which, o = 45000 and 2¢wn = 75. Thus, £=0.53 and

T =

%0S= e 1 %100 = 14.01%,
4

4
b. Tg= = ——=0.107 second.
Co, T75/2

¢. Since system is Type 1, egg for 5u(t) is zero.
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13.

14.

15.

0 5
= 66.67, 55 = — = 0.075.
K

v

d. Since Ky is

e. €gg = 00, since system is Type 1.

10.
K, = limsG(s) = w =10*
=0 (25)(@)(30)

Thus, a.= 8.

11.

K, =lim $’G(s) = % =10,000 . Therefore, K = 7291.667.
S—> X

12.
_ 5
__s(s+D(s+2) >
% 0l 1+M_ s +38% +7s+15
s(s+1)(s+2)

Therefore, Kp= 1/3; Ky, = 0; and K, = 0.

b. For 50u(t), &(0) =7 i(;{p = 37.5; For 50tu(t), €(0) = 00; For 50t2u(t), e(c0) = o0
C. Type 0
L

R(s) . . s

E(s)=———_.Th =1 E(s) =1
)= TraE ™ &)= ImsEE) = . 1000(5" + 45+ 20)(s" + 205+ 15)
$’(s+2)(s+10)

=4x10"4.

Collapsing the inner loop and multiplying by 1000/s yields the equivalent forward-path transfer
function as,

O 10°(5+2)

~5(s” +10055 +2000)

G, ()

Hence, the system is Type 1.

é(oo)= lims® E(s) = lims® RES) :
s—0 $s—0 1+ G(S)
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l S
For Type 0, step input: R(s) =~ , and e(oo)— Iim———=
s=>0 1+ G(S)

. 1
For Type 0, ramp input: R(s) = 5—2 , and

1 1
e(0)=lim . -
01+ G(s) I+limG(s) 1+K

p

1
For Type 0, parabolic input: R(s) =75 , and e(oo) lIim——=
s 520 54+ 3G(S)

1 S
For Type 1, step input: R(s) == , and e(oo)— lim———=
s>0 1+ G(S)

1
For Type 1, ramp input: R(s) =2 > and e(oo) lslg(}m

1 1 1
For Type 1, parabolic input: R(s) =—5 , and e(oo) lim————=
s 520 §45G(9)

1 S
For Type 2, step input: R(s) =7 , and e(oo)— lIim———=
52014+ G(S)

1
For Type 2, ramp input: R(s) = 2 , and e(oo) lgr()lm

1 1
For Type 2, parabolic input: R(s) = 3 , and e(oo) hnz)lm
520 S+ SG(S

TYPE
(1] 1 2
Step 0 0 0
-
=
% 1
= | Ramp | T E, u U
Parabola (et} Kl_ 0
W
16.
1/10 7K

a. e(o )—K——OOI where K, =

\

=10. Thus, K =685.71.
5x8x12

b. Ky = 10.
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€. The minimum error will occur for the maximum gain before instability. Using the Routh-Hurwitz
K(s+7) |
s*+255° +1965” +(480+ K )s+7K

Criterion along with T (S) =

s* 1 196 7K For Stability
s’ 25 480+K
s” 4420-K 175K K < 4420
! —K?—435K +2121600 -1690.2 <K <
1255.2
s’ 175K K>0
Thus, for stability and minimum error K = 1255.2. Thus, K, = L =18.3 and
S5x8x12

17.

18.

19.

20.

21.

eeoy= 10 110 _ 5 6055
K, 183

\

15 15 150

e(o) = K, “Ka/l0 ~“Ka ~ 0.003. Hence, Ka = 50,000.

K

s(s+1 K
Find the equivalent G(s) for a unity feedback system. G(s) = ( 1()) =S Thus, (o) =

s+1

100 100
K_v T 0.01; from which K = 110,000.

Ka=73 - e(®) =% =0.01. Hence, K = 4000.

10 1 30 .
a.e(o)= Ky =000 - But, Ky = 5 = 60,000. Hence, K = 10,000. For finite error for a ramp
input,n=1.
. . 10000(s2+3s+30

b.Kp=1lim G(s) =lim sgs+5) ) _ 00

@0 s0

. . 10000(s2+3s+30
Ky=1lim sG(s)=lim s S§S+5) ) - 60,000

sJ0 s0

10000(s2+35+30
Ko~ lim $2G(s) - lim 5210000 250

sZ0 sZ0




22.

23.

24.

25.

26.

27.
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a. Type 0
__R(s) 1 1 10/s 120
b.E(s) =77 GE) Thus, €() Slén(; sE(s) Slérr(; S o K(s2i2st5) 125K -
(s+2)%(s+3)
c. €(00) = oo, since the system is Type 0.
25 25
e(0)= —= ———=0.1. Thus, K=700.
K, 150K/420
50 50
e(©) = 17 K, 1 +4_K =0.05. Thus, K = 6493.5.
26
, _ _ , K 2000
The system is stable for 0 < K < 2000. Since the maximum Ky, is Ky = ——= ———=6.25, the
320 320
minimum steady-state error is KL = ——=0.16.
v 6.25
To meet steady-state error characteristics: Bia)
— 2 — 1
Eiz)= =
Y 1+ 33} X [1+ Fo{g+ o)
(s +p3r°
& () = 3Ei3) =1 = F =0.1
t— oo z*0 1+ Ko [F +Ke
ﬁ?
Therefore, Ko, = 9p2.
. . o _ K(sta)
To meet the transient requirement: Since T(s) = 2+ (K42 B)s + (BZ Ko’

op2=10=p2+Ka ; ngn:\/ﬁ = K+2f. Solving for B, B=+1. For f=+1,K=1.16 and o = 7.76.

An alternate solution is f =-1, K=5.16, and o = 1.74.

a. System Type =1
1 1 K
b. Assume G(s) = S ¢ Therefore, €(0) = 1 =K —00Lor " =100.
V
__G6) K
B TOZTH 6O ~Trask -
100

Since o, = 10, K =100, and oo = 1. Hence, G(s) = m .

1
C.2lop=0a= I.Thus,C:% .
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T(s) = G(s) K(sta)
©=T+GE) ~2HK+B) stak

. Hence, K+ =2, Ka = (,)n2 = (12+12) -2

1
Also, () e :f(%: 0.1. Therefore, B = 0.1Kou=0.2, K=1.8,and o. = 1.111.

28.
System Type = 1. T(s) = 1 f((;)(s) =

K
s2+as+K From G(s), Ky =7 =100. For 10% overshoot, { =

0.6. Therefore, 2Cmp = a , and 0,2 = K. Hence, a = 1.2 \/K .

K
Also, a= 100 Solving simultaneously,

K=1.44x 104 anda=1.44 x 102.
29.
K
a. For 20% overshoot, £ = 0.456. Also, K, = 1000 = a

. Since T(s) = 2Cmy = a, and

s2+as+K ’

®p =\/E . Hence, a=0.912 \/E . Solving for a and K, K = 831,744, and a = 831.744.

1 K
b. For 10% overshoot, { = 0.591. Also, K. =0.01. Thus, K, =100 = 2 Since T(s) = —s2+as+K s
V

2Lop =a, and oy :\/K . Hence, a = 1.182\/§ . Solving for a and K, K =13971 and a=139.71.

30.
a. For the inner loop:
1

2
s4(st+1) s
G1(s) = 1 +# N sHs3+1
s$3(s+1)

1 1
— G o
s2(s+3) 1s) s(s9+4sH+353+s+3)

Ge(s) =

T(s) = Ge(s) B 1
()= 1+Ge(s) — s0+455+3sH+s2+3s+1

b. From Ge(s), system is Type 1.

C. Since system is Type 1, egs =0

. 1 5
d. ; From Ge(s), Ky = lim sG,(s) = 3 - Therefore, egs =3~ = 15.
s—0 v

e. Poles of T(s) =-3.0190, -1.3166, 0.3426 + j0.7762, -0.3495. Therefore, system is unstable and

results of (c) and (d) are meaningless
31.
a. For the inner loop:
10
Grs) — s(sHD)(sH3)(s+4) 10
106 = e 20 " 5(s3+852+195+32)
(st1)(st3)(st4)




ans

32.
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20
s(s3+8s2+19s+32)

Ge(s) =

T(s) Ge(s) 20
() =TTGe(s) ~ $#+853+19524325120

b. From Ge(s), system is Type 1.
C. Since system is Type 1, egs =0

. 20 5 5
d. From Ge(s), Ky = 15% $G,(s) =35 =73 - Therefore, es = K =8

e. Poles of T(s) =-5.4755, -0.7622 +j1.7526, -1. Therefore, system is stable and results of parts ¢ and

d are valid.

Program:

numgl=[1 7];dengl=poly([0 -4 -8 -12]);
"G1(s)="

Gl=tf(numgl,dengl)
numg2=5*poly([-9 -13]);deng2=poly([-10 -32 -64]);
"G2(s)="

G2=tf(numg2,deng2)
numh1=10;denh1=1;

"H1(s)="

H1=tf(numhl,denhl)
numh2=1;denh2=[1 3];

"H2(s)="

H2=tF(numh2,denh2)

%Close loop with H1 and form G3
"G3(s)=62(s)/(1+G2(s)H1(s)"
G3=feedback(G2,H1)

%Form G4=G1G3
"G4(s)=G1(s)GC3(s)"
G4=series(G1,G3)

%Form Ge=G4/1+G4H2
"Ge(s)=64(s)/(1+G4(s)H2(s))"
Ge=feedback(G4,H2)

%Form T(s)=Ge(s)/(1+Ge(s)) to test stability
"T(s)=Ge(s)/(1+Ge(s))"
T=Feedback(Ge,1)

"Poles of T(s)"

pole(T)

%Computer response shows that system is stable. Now find error specs.
Kp=dcgain(Ge)

"sGe(s)="

sGe=tf([1 0],1)*Ge;

"sGe(s)"

sGe=minreal (sGe)

Kv=dcgain(sGe)

"sn2Ge(s)="

s2Ge=tf([1 0],1)*sGe;
"sn2Ge(s)”

s2Ge=minreal (s2Ge)
Ka=dcgain(s2Ge)
essstep=30/(1+Kp)

essramp=30/Kv
essparabola=60/Ka

Computer response:
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Gl(s)=

Transfer function:

sM + 24 s”"3 + 176 s™2 + 384 s
ans =
G2(s)=
Transfer function:
5 s™2 + 110 s + 585
s"3 + 106 s”™2 + 3008 s + 20480
ans =
H1(s)=
Transfer function:
10
ans =
H2(s)=

Transfer function:

s + 3

ans =
G3(s)=6G2(s)/(1+G2(s)H1(s)
Transfer function:

5 s”2 + 110 s + 585
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s”"3 + 156 s”2 + 4108 s + 26330

ans =
G4(s)=G1(s)G3(s)
Transfer function:
5 s™3 + 145 s”™2 + 1355 s + 4095
sN7 + 180 s”™6 + 8028 s~5 + 152762 s™ + 1.415e006 s”3
+ 6.212e006 s”2 + 1.011e007 s
ans =
Ge(s)=6G4(s)/(1+G4(s)H2(s))
Transfer function:
5 s™M + 160 s”"3 + 1790 s"2 + 8160 s + 12285
s”8 + 183 s”7 + 8568 s™6 + 176846 s™5 + 1.873e006 s™4
+ 1.046e007 s™3 + 2.875e007 s~2 + 3.033e007 s
+ 4095
ans =
T(s)=Ge(s)/(1+Ge(s))
Transfer function:
5 s + 160 s”3 + 1790 s"2 + 8160 s + 12285
s”8 + 183 s”7 + 8568 s™6 + 176846 s™5 + 1.873e006 s™4
+ 1.046e007 s™3 + 2.875e007 s"2 + 3.034e007 s

+ 16380
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ans =

Poles of T(s)

ans =
-124.7657
-21.3495
-12.0001
-9.8847
-7.9999
-4.0000
-2.9994

-0.0005

ans =
sGe(s)=
ans =
sGe(s)
Transfer function:

5 s”5 + 160 s™4 + 1790 s”3 + 8160 s”™2 + 1.229e004 s
s”"8 + 183 s”7 + 8568 s™6 + 1.768e005 s™5 + 1.873e006 s™4

+ 1.046e007 s™3 + 2.875e007 s~2 + 3.033e007 s
+ 4095

Kv =

ans =
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sn2Ge(s)=

ans =
sn2Ge(s)
Transfer function:
5 s”6 + 160 s~5 + 1790 s™4 + 8160 s"3 + 1.229e004 s"2
s”"8 + 183 s”7 + 8568 s™6 + 1.768e005 s™5 + 1.873e006 s™4
+ 1.046e007 s™3 + 2.875e007 s~2 + 3.033e007 s
+ 4095
Ka =
0

essstep =

7.5000
Warning: Divide by zero.
(Type "warning off MATLAB:divideByZero"™ to suppress this warning.)
> In D:\My Documents\Control Systems Engineering Book\CSE 4th ed\Solutions Manual\Chap
7 References\p7_32.m at line 40
essramp =

Inf
Warning: Divide by zero.
(Type "warning off MATLAB:divideByZero"™ to suppress this warning.)
> In D:\My Documents\Control Systems Engineering Book\CSE 4th ed\Solutions Manual\Chap
7 References\p7_32.m at line 41
essparabola =

Inf
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33.

10K,
The equivalent forward transfer function is, G(s) = m .

G(s) 10K 10K
Also, T(s) = 1+ G() = 210K+ 1)s+10K] - From the problem statement, K, = 1+10Ks =10.

Also, 2oy, = 10K¢+1 =2(0.5 h[ 10K =«[ 10K . Solving for K1 and K¢ simultaneously, K| = 10 and

Kg=0.9.

34.
~ sR(s) - sD(s)Ga(s) 1 100
e() = lim ™ G15)Gy(s) - Where G1(5) =5 and G2 =5 . From the problem statement,
s20
| _loo
1 . B S+2 49
R(s) =D(s) =5 - Hence, e(o0) = lim 100 =11 -
S@O 1 +@ s—}-_z

35.

Error due only to disturbance: Rearranging the block diagram to show D(s) as the input,

Dis) + Es T
- -
) S5+
Eq (5+2)
(S+3)
Therefore,
Ko
) M - Ko(s+3)
-E(s) = D(s) KiKG2) D(S) §(513)(5+4) + K| Ka(512)

tS(s+3)(s+4)

1 3
ForD(s) =7 . ep(©) = lim sE(s) = - K]

s20
. 1 1 6
Error due only to input: €r(%0) =~ = KK KK -
vV
6

Design:
3
ep(e©) =-0.000012 = - 2K 0 Or K =125,000.



36.

37.

38.
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er(0) =0.003 = K16K2 ,orKy=0.016
C)__GOG(() . . E,)__ G
R(S) 1+G,()H,(5)" ~ R©)  1+G,(s)H,(s)
e (oo):lim—SR(S)Gl(S)
S0 14G(9)H,(9)

System 1:

Forming a unity-feedback path, the equivalent unity feedback system has a forward transfer function
of

10(s+10)

G.(s) = S(S+2) B 10(s+10)

= 110G +10)(5+3) T 118 +1325 +300
S(s+2)
1
a. Type 0 System; b.Kp = K = lirrgGe (s)=1/3;c. step input; d. e(0) = K =3/4;
p
1
SR(s) S(_s)
. e =1 =1 =0.
€ a—step(oo) Sl—l;l(}l+G(S)H(S) SLH&H 10(s+10)(s+4)
S(s+2)

System 2:

Forming a unity-feedback path, the equivalent unity feedback system has a forward transfer function
of

10(s+ 10)
G, (5) = %s+2%0 _ 10(s +10)
1+ J0G +10)8 ~ s(11s +102)
s(s+2)
1
a. Type 1 System; b. K, = ling SG, (S) =0.98; c. ramp input; d. €(0) = ? =1.02;
(1 )
S —
e (o) = lim SR(S) lim \32 1
el = = = .
a—ramp 50 1+ G(S)H(S) 07 4 10(s +10)(s+1) 50
S(s+2)

System 1. Push 5 to the right past the summing junction:
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R(s) 5(s+4) C(s)>
(s+5)(s+8)
2 -
Produce a unity-feedback system:
R(s) T —S(std) C(s)
(s+5)(s+8)
1 #
5(s+4)
S+ 5)(s+8) 5(s+4) 1 1
Thus, G, (8) = ( = Kp=—.¢ = =0.75,¢ 00,
(O =TT T T rissre0 P 3T Ty ramp
(s+35)(s+38)
€parabola = -
: . : Xs+4) .
Checking for stability, from first block diagram above, T(s) = ———————. The system is stable.
S™+23s+80

System 2. Push 20 to the right past the summing junction and push 10 to the left past the pickoff point:

R(s) & __200(st4) C(s) -
(s+5)(s+8)
1
—_— ‘_
40
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Produce a unity-feedback system:

200(s+4)
_— P(Q) -
(s+5)(s+8)
-39 <
40
200(s + 4)
 (s+5)(5+48)  200(s+4) 200(4)
Thus 6.9 =""300(s + 4) (2) =9 _is2s_7a0 " 7a0 = 0%
(5+5)(5+8)\40

1
Estep = 1+K, =-12.5, eramp = %, €parabola = ©.

G.(s)  200(s+4)
1+G,(s) s +185+60°

Therefore, system is stable and steady-state error calculations are valid.

Checking for stability, from first block diagram above, T (S) =

39.
Produce a unity-feedback system:

R(s) (st1)
sz(s+2)

C(s) >
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s+1
Ths, Gu(s) = — 82 _ s+l Error = 0.001 = —
us, Ge(s) = 1+gs+21()g1<2-)1) T2 H(K-DsH(K-1) o T K
s4(s+

1
Therefore, Kp =999 = K- Hence, K =1.001001.

s+1
Check stability: Using original block di T(s) = SZ(EH)J -
eck stability: Using original block diagram, T(s) = +I§ )~ 122Kk
s=(s+2)
Making a Routh table:
$3 1 K
2 2 K
K
sl 2 0
s0 K 0

Therefore, system is stable and steady-state error calculations are valid.
40.

a. Produce a unity-feedback system:

s+4 1
Hi®=33 -1=53

K(s+1) C
s () g
s“(st+2)
1
— <_
s+3
K(s+1)
s2(s+2) K(st1)(s+3)
Thus, Ge(s) = = . System is Type 0.
€ K (s+) sH553+652+Ks+K
1+

s2(s+2)
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b. Since Type 0, appropriate static error constant is Ky,

QKp:if:3

K(st1)
2
. . . . s°(st+2) K(s+1)(s+3)
heck stability: 1 block T(s) = = .
Check stability: Using original block diagram, T(s) +(s+4)K§S+1! st 553+(K+6)s2+5Ks+4K
(s+3)s2(s+2)
Making a Routh table:
s 1 K+6 4K
s3 5 5K 0
s2 6 4K 0
5
s! 3K 0 0
s0 4K 0 0

Therefore, system is stable for 0 < K and steady-state error calculations are valid.

Program:

K=10

numgl=K*poly([-1 -21);dengl=poly([0 0 -3 -4 -5]);
"G1(s)="

Gl=tf(numgl,dengl)

numhl=[1 6];denhl=poly([-7 -8]);
"H1(s)="

H1=tFf(numhl,denhl)

"H2(s)=H1-1"

H2=H1-1

%Form Ge(s)=G1(s)/(1+G1(s)H2(s)
"Ge(s)=61(s)/(1+G1(s)H2(s))"
Ge=feedback(G1,H2)

%Test system stability
"T(s)=Ge(s)/(1+Ge(s))"
T=Feedback(Ge,1)

pole(T)

Kp=dcgain(Ge)

"sGe(s)"

sGe=tf([1 0],1)*GCe;

sGe=minreal (sGe)

Kv=dcgain(sGe)

"sn2Ge(s)”

s2Ge=tf([1 0],1)*sGe;
s2Ge=minreal (s2Ge)
Ka=dcgain(s2Ge)
essstep=30/(1+Kp)

essramp=30/Kv
essparabola=60/Ka

K=1E6
numgl=K*poly([-1 -2]);dengl=poly([0 O -3 -4 -5]);
"G1(s)="

G1l=tf(numgl,dengl)
numh1l=[1 6];denhl=poly([-7 -8]);
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"H1(s)="
H1=tFf(numhl,denhl)
"H2(s)=H1-1"

H2=H1-1

%Form Ge(s)=G1(s)/(1+G1(s)H2(s)
"Ge(s)=G1(s)/(1+G1(s)H2(s))"
Ge=feedback(G1,H2)
%Test system stability
"T(s)=Ge(s)/(1+Ge(s))"
T=Feedback(Ge,1)
pole(T)

Kp=dcgain(Ge)

"sGe(s)"

sGe=tf([1 0],1)*Ge;
sGe=minreal (sGe)
Kv=dcgain(sGe)
"sn2Ge(s)”

s2Ge=tf([1 0],1)*sGe;
s2Ge=minreal (s2Ge)
Ka=dcgain(s2Ge)
essstep=30/(1+Kp)
essramp=30/Kv
essparabola=60/Ka

Computer response:

ans =
Gl(s)=

Transfer function:
10 s™2 + 30 s + 20

s™N5 + 12 s™M + 47 s”N3 + 60 sN2

ans =
H1(s)=
Transfer function:

s + 6

s"2 + 15 s + 56
ans =

H2(s)=H1-1
Transfer function:

-s"2 - 14 s - 50

sh"2 + 15 s + 56

ans =

Ge(s)=61(s)/(1+G1(s)H2(s))
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Transfer function:
10 s™4 + 180 s”™3 + 1030 s™2 + 1980 s + 1120
SAT + 27 $76 + 283 SN + 1427 SMA + 3362 SA3 + 2420 S°2 - 1780 S
- 1000
ans =
T(s)=Ge(s)/(1+Ge(s))

Transfer function:
10 s™4 + 180 s™3 + 1030 s™2 + 1980 s + 1120

ans =
-7.6131
-7.4291
-5.2697
-3.3330 + 0.1827i
-3.3330 - 0.1827i
-0.0111 + 0.1898i
-0.0111 - 0.1898i
Kp =
-1.1200
ans =
sGe(s)

Transfer function:
10 s”5 + 180 s™4 + 1030 s”™3 + 1980 s™2 + 1120 s

SN7 + 27 s™6 + 283 sN5 + 1427 s™M + 3362 s™N3 + 2420 s”2 - 1780 s

- 1000

ans =

sn2Ge(s)

Transfer function:
10 s”™6 + 180 s”™5 + 1030 s™4 + 1980 s™3 + 1120 s™2

SN7 + 27 s™6 + 283 sN5 + 1427 s™M + 3362 sN3 + 2420 s”N2 - 1780 s

- 1000

251
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essstep =
-250.0000

Warning: Divide by zero.

(Type "warning off MATLAB:divideByZero"™ to suppress this warning.)

> In D:\My Documents\Control Systems Engineering Book\CSE 4th ed\Solutions Manual\Chap 7
References\p7_41.m at line 27

essramp =
Inf

Warning: Divide by zero.

(Type "warning off MATLAB:divideByZero"™ to suppress this warning.)

> In D:\My Documents\Control Systems Engineering Book\CSE 4th ed\Solutions Manual\Chap 7
References\p7_41.m at line 28

essparabola =

Inf

1000000

ans =

Gl(s)=

Transfer function:
1e006 s”2 + 3e006 s + 2e006

sNS + 12 s™M + 47 s”"3 + 60 s™2

ans =

H1(s)=

Transfer function:
S + 6

sN"2 + 15 s + 56

ans =

H2(s)=H1-1

Transfer function:
-s"2 - 14 s - 50

s"2 + 15 s + 56
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ans =

Ge(s)=61(s)/(1+G1(s)H2(s))

Transfer function:
1e006 s™4 + 1.8e007 s™3 + 1.03e008 s™2 + 1.98e008 s + 1.12e008
SA7 + 27 S°6 + 283 SN5 - 098563 S - 1.7e007 M3 - 9.4007 SN2
- 1.78e008 s - 1e008

ans =

T(s)=CGe(s)/(1+Ge(s))

Transfer function:
1e006 s™4 + 1.8e007 s™3 + 1.03e008 s™2 + 1.98e008 s + 1.12e008

SN7 + 27 s™6 + 283 s™N5 + 1437 s™M + 1.004e006 s™3 + 9.003e006 s™2

+ 2e007 s + 1.2e007

-26.9750 +22.2518i
-26.9750 -22.2518i
17.9750 +22.2398i
17.9750 -22.2398i

ans =

sGe(s)

Transfer function:
1e006 s™5 + 1.8e007 s™4 + 1.03e008 s™3 + 1.98e008 s™2 + 1.12e008 s
SA7 + 27 SM6 + 283 S°5 - 9.986€005 sA4 - 1.7€007 SA3 - 9.4e007 SN2
- 1.78e008 s - 1e008

Kv =

ans =

sn2Ge(s)
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Transfer function:

1e006 s™6 + 1.8e007 s™5 + 1.03e008 s™4 + 1.98e008 s™3 + 1.12e008 s™2

SA7 + 27 SM6 + 283 SN5 - 9.986005 sA4 - 1.7€007 SA3 - 9.4e007 SN2
- 1.78e008 s - 1e008

Ka =

essstep =
-250.0000

Warning: Divide by zero.

(Type "warning off MATLAB:divideByZero"™ to suppress this warning.)

> In D:\My Documents\Control Systems Engineering Book\CSE 4th ed\Solutions Manual\Chap 7
References\p7_41.m at line 56

essramp =
Inf
Warning: Divide by zero.
(Type *"warning off MATLAB:divideByZero™ to suppress this warning.)

> In D:\My Documents\Control Systems Engineering Book\CSE 4th ed\Solutions Manual\Chap 7
References\p7_41.m at line 57

essparabola =
Inf
42.
G1(s)Ga(s) D(s)G(s)
Y =RO) TG 9)Ga()HE) 7T+ G1(89)G20)HE)
G1(s)Ga(s) D(s)Ga(s)
E(s)=R(s) - Y(9) =RO) - TG (5)Go()H(G) RO T+ G1(5)Ga(5)H(s)
G1(s)Ga(s) Ga(s)
= [ T G1(S)G2(S)H(S)} RO) - TG 3G eHE) PO
Thus,
. o G1(s)Ga(s) Ga(s)
o(0)= i sE(s) = I { [1 T G1(S)G2(S)H(S)} RE) - T5G15)GORE) D“)}
43.

a. E(s) = R(s) - C(s). But, C(s) = [R(s) - C(s)H(s)]G1(s)Ga(s) + D(s). Solving for C(s),

~_R(5)G1(s)Ga(s) D(s)
CO) =TT G(5)Ga)HG) T 1+ G1(5)Go(s)H(s)

Substituting into E(s),

) Gi(5)G2(s) i
E®) = 1-T5G,5)G9)HG) | RO " T+ G1(5)Ga(s)Hs) PG
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b. For R(s) = D(s) =% ,

lim G;(s)Ga(s)

e(o0) —lim sE(s) = 1 - —>20 !
20 SEG) = 1T im G1(9)GaHG) 1+ 1im G(5)Gas)H(s)
sJ0 20
C. Zero error if G1(s) and/or G)(s) is Type 1. Also, H(s) is Type 0 with unity dc gain.
44,
First find the forward transfer function of an equivalent unity feedback system.
K
G.(s) = s(s+D(s+4) K
¢ 1L KE+a-1D) ¢’ +58% +(K+4)s+K(a-1)
sS(s+1)(s+4)
1 1 a—1
Thus, e(0) = e(0) = = K =
1+ Kp 1+ a
K(a—1)
a @ -(a-1)\ a-1
Finding the sensitivity of €(o0), Se:g = gg = : (a (aaz )) = z
a—1
= (=3¢ |

45,
From Eq. (7.70),
K Kp Ko
S I ) B : (s+2) 2K
6(00)=1-1éf16 KiKa(stD) | - léna KiKoGstD) |~ 27K K,
S ) S 1+

Sensitivity to K:
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46.

S _S1de  KiKr - (100)0.1)
ek T e 5Ky, T T2+K1Kp T T 2+(100)(0.1)

=-0.833

Sensitivity to K»:

S Ky e 2Kp(IHKp)  2(0.1)(1+100) 0.8
eKy = e 5K,  (K22)21K1Kp) — (0.1-2)2+(100)0.1) ~ ¢
a. Using Eq. (7.89) with
s2+155+50 - (45+22) - (25+20)
-1 1
sl-A) =—5— - (3s+15)  s2+10s+23 6
s +20s“+111s+164

- (s+13) s+9 s2+155+38

yields e(0) = 1.09756 for a step input and e(o0) = o for a ramp input. The same results are obtained

using

a-1- _L[-Sliﬁ ES ‘E“]
IB4] _43 o 33
and Eq. (7.96) for a step input and Eq. (7.103) for a ramp input.
b. Using Eq. (7.89) with

2

s“+9s S 7
-1 1 2
(sl -A) = -(5s+7) s 7s
s3+9s2+55+7
S (s+9) -1 s2+9s+5

5
yields e(o) = 0 for a step input and e(x) = 7 for a ramp input. The same results are obtained using
oo 7
a-l=_Lll_7 0 o
Tlos -1 s
and Eq. (12.123) for a step input and Eq. (12.130) for a ramp input.

c. Using Eq. (7.89) with

2+55-4 —55-23 -5+ 10
(sl - &)~ 1= 1 sell  s24ldsed?  -25-19
53+1452+435+17 . — 2573 _,‘-2+9_;+5

yields e(o0) = 6 for a step input and e(o) = oo for a ramp input. The same results are obtained using

—4 -23 10
4=l 1] 11 42 -19
¥l 2 -3 5
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and Eq. (7.96) for a step input and Eq. (7.103) for a ramp input.

47.
Find G4(s): Since 100 mi/hr = 146.67 ft/sec, the velocity response of G4(s) to a step displacement of
the accelerator is v(t) = 146.67(1 - e"®Y). Since 60 mi/hr = 88 ft/sec, the velocity equation at 10 seconds
K
becomes 88 = 146.67 (1 - e°®10). Solving for o yields o = 0.092. Thus, G4(s) = 510092 But, from
, , .S . 13.49
the velocity equation, the dc value of G4(s) is 0092 = 146.67. Solving for K1, G4(s) = 510.092
Find error: The forward transfer function of the velocity control loop is
13.49K 13.49K 1
G;(s)G,(s) = - Therefore, Ky ="3795 - €(00) =g~ =6.82x 10-3K.
s(s + 1)(s +0.092) - v
48.

First, reduce the system to an equivalent unity feedback system. Push K to the right past the summing

junction.

K
Riz) * 172 Cizd -

K1
Convert to a unity feedback system by adding a unity feedback path and subtracting unity from K -

The equivalent forward transfer function is,

Ki1K>
G B Js24Ds _ LSLY)
&)= TKK, (K3 ) - Js2 +Ds+Ko(K3-K )
+— |-
Js2+Ds \K1
K,

The system is Type 0 with Kp = . Assuming the input concentration is Ry,
37
o R, Ro (K3 — Kl) .
e(0) = = . The error can be reduced if K3 = K.
H—Kp K
3
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49.
(st0.01)
K=—3
a. For the inner loop, Ge(s) = > _ K (s+0.01) here K = &
' 1 P e Lag 800D 7 $24Ks+0.01K * ™ J
2
S
(s+0.01) (s+0.01)2
F = = .
orm Ge(s) = G1e(s) ™3 s2(s2+Ks+0.01K)
System is Type 2. Therefore, egtep = 0,
b. ramp = 0,
1
C. Cparabola =K, T0.01 100
d. T(s) = Ge(s) K(s+0.01)2
S TTHG(s) T s K s3+1.01Ks2+0.02Ks+10-4K
s4 1 1.01K 104K
$3 K 0.02K 0 0<K
s2 1.01K-0.02 104K 0 0.0198 <K
|| 00201 K2-0.0004 K
s0 104K 0<K

K
Thus, for stability K =~ >0.0199

SOLUTIONS TO DESIGN PROBLEMS

50.

. 3n . . . . .
Pot gains: K1 == = 3; Amplifier gain: K5 ; Motor transfer function: Since time constant = 0.5, o
T

100

0 .. C(s)
=2. Also, =70 = 10. Hence, K = 20. The motor transfer function is now computed as E (SS) =
a

Q |~

20
m . The following block diagram results after pushing the potentiometers to the right past the

summing junction:



Fiz) +
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Finally, since Ky =10 =

First find Ky: Circumference = 27 nautical miles. Therefore, boat makes 1 revolution

‘hr ~ 3600 x 0.314 sec
_5.56x 10-3

51.
21
in 20 = 0.314 hr.
1
Angular velocity is thus, 0314 =
1/10°
o =
For 0.1° error, €(c0) 3600 27 rad
K =12.76.
52.
a. Performing block diagram reduction:
R(s) + + s—13 +
—_— K —
% : 8‘ s+13

rad

100

s’ +14 s+100

Fot Ampl. Hotor
20
L K =
3 2 5(5+2)
k2 - _1
B from which Ky = 3 -

d
=556x 10325

S€C

iZ(5)
-_

K
. Thus Ky, =3.19= 7 from which,

259

2

(s+0.5)s’+ 9.55 +78)

C(s)

| 3s
s+0.2
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R(s) _+ + s —13] 100 (s+0.2) 2 C(s)
— — K, _ = 3 2 i 2 L
) s+13 s +14.25 +402.85+20 (s+0.5)(s +9.5s5+78)
g
+
R(s) + C(s)
= K, ()] Ge(s) -
— S *
2
_ -12.85 —2.

G(s) = (~200) ) 85 26

s 743725 04942.1555+134205 4+1.0249x105 5 3+4.6048x105 s 24+2.2651x105 s +10140

System is unity feedback with a forward transfer function, Gi(s), where
$s2-12.85-26
s 743725 04942.15 s 3+13420s 4+1.0269x10° s 3+4.5792x10° s 2+2.2599x10° s +10140

Gi(s) = —200K

Thus, system is Type 0.

520K
b. From G(s), Kp = To1ao = 700. Thus, K1 =13650.
Gt
1+G ¢
For K1 =13650,

c.T(s)=

2
T (s) = —2730000 s 1285 -26

s 743725 04+942.15 52 +13420s 4+1.0269x10° s 3 -2.2721x10°% s 2+3.517x107 s +7108140

Because of the negative coefficient in the denominator the system is unstable and the pilot would not

be hired.
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53.
The force error is the actuating signal. The equivalent forward-path transfer function is
K
G, (S) = ——L——. The feedback is H(S) = D,S + K_ . Using Eq. (7.72)
) s(s+K,K,) ) ¢
R(s
E,(5) = —Re® . Applying the final value theorem,
1+ G,(s)H(s)
(1 )
A3 K
e () =lim S =—2 < 0.1. Thus, K, < 0.1K.. Since the closed-loop system
oram () = T RDSTR) T K,
s(s+K,K,)
is second-order with positive coefficients, the system is always stable.
54.

a. The minimum steady-state error occurs for a maximum setting of gain, K. The maximum K possible

is determined by the maximum gain for stability. The block diagram for the system is shown below.

D _desired (9) + Vi(S)
[

S
3 - K @, (9)

(s +10)(s* +4s+10)

Pushing the input transducer to the right past the summing junction and finding the closed-loop

transfer function, we get

3K
(s +10)(s* +4s5+10) 3K
T(S) = 3K =73 2
14 s’ +14s> +50s+ (3K +100)
(s +10)(s” +4s+10)
Forming a Routh table,

s 1 50

2 14 3K+100

s! -3K + 600 0

14
s 3K+100 0
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100
The s' row says -0 < K < 200. The s” row says —? < K. Thus for stability,

——— <K <200. Hence, the maximum value of K is 200.

3K 1 1
b. K, =—==06.Hence, €, () = ==.
100 1+K, 7
C. Step input
55.
a.
Yh-Yeat
Spring
displacement
Desired Input F *
force | _1 | voltage™ 1 up 0.7883(s +53.85 F
— —ﬁ»@—» K — > — (o43).55) 82300 " pm
100 1000 (S +15.475+9283)(s>+ 8.119 s+ 376.3)
Input i Controller Actuator Pantograph Spring
transducer dynamics
L
100
Sensor
Yh-Yeat
Spring
displacement
Desired n K F *
foree |1 uw 0.7883(s +53.85) Fout
—»@—»— - -l — - > 82300 |
100 1000 (8" +15.47s +9283 )(s"+ 8.119s+376.3)
Controller Actuator Pantograph Spring
dynamics
b.
Y,(s)— Y., () 0.7883(s + 53.85)

G(s) = =2 2
Fup(S) (S"+15.47s+9283)(s” +8.1195+376.3)

Ge(s) = (K/100)*(1/1000)*G(s)*82.3¢3

0.6488K (s+53.85)

Ge(s) =
(s> +8.119s + 376.3) (s> + 15.47s + 9283)

Ko = 0.6488K*53.85/[(376.3)(9283)] = K*1.0002E-5

Maximum K minimizes the steady-state error. Maximum K possible is that which yields stability.
From Chapter 6 maximum K for stability is K = 1.88444 x 10°. Therefore, K, = 1.8848.
C. e = 1/(1+K,) = 0.348.
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