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1) A ni) a :
r(t) = Ruy(1) Slope =R
R
(1) = Riu/1)
»
0 ! 0
(a) (b)
ni) A

n1) = R u/1)
2

(c)

Basic time-domain test signals for control systems. (a) Step function.
(b) Ramp-function. (c) Parabolic function.
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Figure7-2  Typical unit-step response of a control system illustrating the time-domain specifications.
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Figure 7-3  Unit-step response of a prototype first-order system.

Figure7-4  Pole position of the transfer function, in Eq. (7-12), of a prototype first-order system as the
system time constant decreases,
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Example 7-4-1

_ b e TheratioL,/R,, the motor electric-time
o constant denoted by 7, isvery small

Senyor Figure 7.5 An armature-controlled dc motor.
Kl
Rix) K | .(5)
—L > Iz ‘,
¥ al dutt B Q,6)=—%x +rB5 R
| ! At derl
s+
Rd ]”l
Ka
Figure 7-6  Simplified block diagram of a dc motor for speed response assuming a negligible electric
time constant,
K
- cti -
Q (s)= R(s) (7-14)

T s+1

m

where K =K /(R B, +KK,) is the motor gain constant, and 7, =R ] /(R B +KK,) is the

4 m

motor mechanical time constant.
To find the response @_(1), for a unit step input voltage such that r(t) = u,(t) or R(s)=1/s,

oo w20 0, (1) ==t (1— ") (7-15)

Kyung Hee




Example 7-4-1

TABLE71

Motor Mechanical Time Constant and Final Speed for Three Different Damping Values

Viscous Damping B

Mechanical Time Constant T

Speed Final Value o,

@, =15.0653 rad/s

@, =10.9436 rad/s

®,, =2.9293 rad/s

-1 B K, No magnetic brake 7, =8.3696x10" s
®,, =lima(t)= B, =0.0050z-in s
o KK, +R,B,
B, =0050z:in-s , =6.0798x10 " s
B, =050zin's T,=16274x10" s
15 v v - v v
8, =0.005 oz-in.-scc
System: sys
~ Rewsrppsassyrpnncepnsanusns Time (milliseconds): 0.836 L LA ke e s 4 s s P
% 0k Amplitude: 9.52 B, =005 ozin.-scc J
3 < 2
2 ,
v
= 7" ISystem: sys
§. sl g ime (milliseconds): 0.607 i
< v \Amplitude: 6.91 B, =0.5 oz-in.-sec
U System: sys D T A e S R LA 1
Time (milliseconds): 0,132
: Ampliludc‘: 1,63 . . .
0() Ty 00579 1 | L5 2 25 3 35 4

e

Time (milliseconds)

Figure7-7  Speed response of dc motor in Example 7-4-1 to a unit step input. (a) Solid line represents
no magnetic brake B_ =0.0050z-in-s. (b) Dashed line represents the effect of a magnetic brake

R L g |
Kyung Hee University B. =050z in-s

when B, =0050z in-s. (c) Dot-dashed line represent the response to a more dominant damping
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a
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135 S " n
e""." 2 ' oo o 4 Wi 4
y(!)=l-7—’ sin[(w, ,fl-(;‘ )H-cos' ;‘] (7-24) X ,
l_{ 0<i<l 'f
C=1 5,05, =0, Critically damped 0 o
qQ
y(t)=1—e™ —te™™  (7-25) o X
{>1 susy=~Lo, tw JZTl Overdamped . o F yin 4
o _ .
l—7]—(cosh(w,\{§’-l)r+§smh(a),\k’—l)t) (7-26) ; >
; = l ;: O
€=0 5.8, =% jo, Undamped 0
ylt)=1-cosa.t (7-27) o 4 e
#-plane X
£<0 2ot meL0 4 400 ot I (7-28) Negatively damped - :
(unstable response) 0 P
0>C>~1 X
0
- jo & Vi A
I
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Figure 7-11  Unit-step responses of the prototype second-order system with various damping ratios.
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damping damping
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Kyung Hee University
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(b)
Jjo 4
s=plane
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(d)

@%‘ﬂ[ﬂﬁm Figure 712 (a) Constant-natural frequency loci. (b) Constant-damping-ratio loci. (¢) Constant-
damping-factor loci. (d) Constant-conditional-frequency loci.
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Solving Eq. (7-47) for @ t , we have

o,t, =—+In(c,J1-C°)
S

* Wwhere c, isthe percentage set for the settling time. For example, if the
threshold is 5 percent, the ¢, = 0.05. Thus, for a 5-percent settling
time, the right-hand side of Eqg. (7-49) varies between 3.0 and 3.32 as £
varies from O to 0.69.

>
L
-

¢ >0.69

3.2 > :
5% settling time: t =—— 0<({<0.69 5% settling time: ¢ =
‘S(U” (!)Tf
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Transient Response Performance Criteria

* As the poles move diagonally away from the origin, because 6 remains constant,
the damping ratio { remains constant while natural frequency @, increases.
Considering the definitions of the performance criteria from previous sections, PO
remains constant while t ¢ ,and ¢ decrease.

* As the poles move away vertically, the natural frequency of the system increases
while the damping ratio decreases. In this case PO increases, both f and ¢

decrease, while t_remains constant.

* As the poles move horizontally to the left, because q remains constant, the natural
frequency of the system increases. In this case, PO increases while both ¢ and ¢,

decrease. Note ¢ in this case remains constant. i
tanl [0“ ?
% T :'()f
(PO convtant " ‘
‘ ‘ ' ‘uﬂ!&l FIEX
b ‘ s-plane
: 4 » !
o, ¢ P ‘ —
L) ? ”/‘ o), w=a, ‘."’; &
b4
B : .
!-Q—— a=Llo, —» 0 a
m
o ¥crum
Kyung Hee Univarsity Figure 718 Refatlonship’s among the pole location and & o, PO 1, and ¢



Example 7-5-1

0,,(5) X E,,,(.\')+ le‘m =

Desired position:

11s) 92,0 ©,(5)
> > >

“’—

6""= l r"(l

-

'Im K‘ <

Block diagram of a position-control, armature-controlled dc motor.

Sensor

KK K

aedrt o 2
0,(s) R,] ~ o]
©,(6) , (RB,+KK, KKK, (s+2os+o;)
st S+
R,] R,]

&%mmm

Kyung Hee University



Example 7-5-1

1.4 i ' ' '
System: sys
Time (seconds): 0.00307 K=4.0 System: sys
1.2 [ampade e v Time (seconds): 0.00529 |
s o Amplitude: 1.04
’ 2 Aoy .-
)
£
g 08
2 06
2
2
0.4
0.2

A A I

0.004 0.006 0.008 .01
Time (seconds)

Figure 7-21  Position control response of dc motor in Example 7-5-1 to a unit-step input for three
controller gain K values.
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Example 7-5-1

TABLE 7-4  Motor Performance for Three Values of Controller Gain K

Controller  Damping Natural

Gain K Ratio { Frequency @ Response
K=1.0 (=10 Critically damped
K=20 £=0707 @ =8448rad/s Underdamped
5%t, = . =0.0038s {>069

Note: Settling time occurs before overshoot (PO < 5)

2%t, :%:'0.00675 0<L<09

- 1-04167L +2917¢°
&S o

=00026s 0<{<l

x
= =0.0053 s
w_;;l—g’

N <
PO =100¢ %"+ =43

0.5 w, =1,1948rad/s Underdamped

2
5%¢, =§--— =00054s 0<L<0.69

K=4.0

oy
I

Wt = ——=00067 s 0<L <09
|
I X1 S L1 S
mﬂ
=0.0013 sec

R
i — =003 s
' w,:;l-;"

PO=100e ™"V =163

@%‘mmm

Kyung Hee University



& & AHEH @ Xt (steady-state error)

o oo =EMUS U )= =5 AM0[2l =22 X 8t
HEMAHAAENMNE @SS SEN2E AIAEC] SEHO [t

=2t &ICE.
Unity-Feedback Systems
— r(t): &, y(t): =5

1) e(t) W
: G(s) oy
R(s) + E(s) K(s) E(s)=R(s)-Y(s)

Figure 7-22  Error in a unity-feedback control system

e(t)=r(t)— y(t) E(s)=( ]R(s)

14+ G(s)

steady-state error

= |1 = = |3 R
s &=l =l =i [ s



& A& EH @ Xt (steady-state error)

Nonunity-Feedback Systems

Figure 7-23  Nonunity-feedback control system.

v 5
G(s) Y(s)
H(s)
B(s)
» G,
nr)
> 1/H(s) |
R(s) +

Gls) His)

elr)
- ; E(s)

yir)
>

Y(s)

Figure 7-24  Error in a nonunity-feedback control system.




& & A EH 2 X} (steady-state error)

O O O

 Nonunity-Feedback Systems

1

lil_}olH(s)

Casel: G,(s)= =1/H(0)=Constant

—~ H(s) Ot =00l 2H0| 8= B

Reference signal = R(s)[1/H(0)]= R(s)G, (s)

Case 2: H(s) has Nth-order zero at s=0

G,(S)=( l\) : = N l
s ln_TH(s) s"H(0)

R(s)

: =R
VH () (s)G,(s)

Reference signal =

“o¥
a ]2
L
14
El



& A& EH @ Xt (steady-state error)

E(s) = Reference signal = Y (s) = R(s)G,(s)— Y (s)

Y G
= (G(S)- (S))R(S) ( &) l+G(S)H(S))R(S)

G(s)
e, —]Sl_r}gSE(S) hms(G( )—1 G(S)H(s))R(S)



G, (5)

wr)
Y(s)

E(S)[ 1 )R(s)z(Gn(5)+G,($)G(S)H(s)-G(s) st

1+G(s)H(s) ) (5)

G (s)=[[1+G(S)H(5)][1-G,(S)]+G(s))
eq G, (s)[1+G(s)H(s)]—G(s)




Example 7-6-1

The forward-path and closed-loop transfer functions of the system shown in Fig. 7-22 are given next.
The system is assumed to have unity feedback, so H(s) = 1, and thus we use Eq. (7-60) for error

calculation.
L (7-70)
s (s+12)(s+5)
M(s) = G(s) 5(s+1) (7-71)

T 14+G(s) st +17s' +60s* +55+5

The poles of M(s) are all in the left-half s-plane. Thus, the system is stable. The steady-state errors
due to the three basic types of inputs are evaluated as follows:

Unit-step input:

s'+17s* +60s* +5s+5

1= 10

4 3 P
e, =limsE(s)=lim s( )R(s)=lim s( 5 £175 +o ](}-)=o (7-72a)
-0 S

1+G(s)

Unit-ramp input:

s' +17s’ +60s° ( | ) ,
¢ =lims ~ — |=0 (7-72b)
o - (s‘+17s-‘+60s-+55+5 s’

Unit-parabolic input:

l+ 3+ 2
| e, =lims| — d ,175 ks (—l;)=@=12 (7-72c¢)
=2 o | s'+17s° +60s* +5s+5 )\s* ) 5

3




Example 7-6-2

Gls)=o—— H(s)=2+D) (7-73)
s (s+12) §+5
Because H(s) has no zeros at s = 0, we use Case 1 scenario given by Eq. (7-61) in error

calculations—that is, G (s) = 1/H(0) = 1. So r(f) in Fig. 7-23 is the reference signal. The closed-loop
transfer function is

Y(s) G(s) B s+5
R(s) 1+G(s)H(s) s'+17s’ +60s”+5s+5

Using Eq. (7-67) The steady-state errors of the system are calculated for the three basic types of
inputs.

M(s)=

(7-74)

Unit-step input:

s+5 1
=limsE(s)=lims|1—M(s)]R(s) =i 1- -
€ l‘x_r'lgs () 1,1-1335[ ($)IR(s) l.l-lgs( s‘+l7s’+6051+55+5)(s)

s' 4175’ +60s” +4s (l)
=l' s - :0 7'75
40 (s‘+175’+60$’+53+5] s <73)

Unit-ramp input:

e, = l;rgsE(s) = lin“}SII - M(s)]R(s)

s' 4175 +60s" +4s ( 1 )
=lims - e =(.8 7-76
0 (s‘+17s’+605“+55+5 s \7:76)




Example 7-6-3

G(s)= m H(s =% (7-87)
where H(s) has one zero at s = 0. Thus,
Hence,
Reference signal = -I%:l (7-89)
The closed-loop transfer function is
_-¥{$) s+5

Mi(s)

= = (7-90)
R(s) s'+17s' +60s* +10s

For a unit-step input, the steady-state error, from Eq, (7-67), is
Unit step input:

e, = lim sE(s) = lims[zl- M(S)]R(s)

5o 5ol s

o \2s s'+17s°+60s +10s A s

4 3 3
P L -t T 1) (7-91)
Kyung Hee University snl) 2s +34s +120s +20s S 20




Example 7-6-4

s s 5) Q (s
Q. (s) K, | R(s) P R K, T(s’ | % wlS)
+ e R, J5+ B,

Figure 7-26  Speed control block diagram of a dc motor.

KK K EEX
. KKK
G(s)= oJo Q, (s)= Rl Q, (s)
&&+&%) K.K,+R,B, +K KK
| ————8 s+ =
Rn}m Ralm
for the reference sigx{al Q (s)=1/s
e =limsE(s)=1lims : )-1- = KK, +R.B,
- %0 LH—G(s) s KK,+RB,+KKK

m

L5 . ] | orT
o SIS
Kyung Hee University



Example 7-6-4

System Time Constant

R,].,
T =
Controller Gain K Steady-State Error e " KK, +RB, +K KK
0.1 0.3990 rad/s T=33391x10"s
1.0 0.0622 rad/s T=52097x10"s
10.0 0.0066 rad/s T =55189%x10"s
, K=10.0
e N D e i S g N b A i
0.9 K=10 5
0.8 .
0.7 "
3
g3 K=0.1
5 05 -
=
Z 04 :
<
03} -
02 1
0.1 fl
() 1 A A L L L L L '
0 0.2 0.4 0.6 0.8 | 1.2 |4 1.6 1.8 2
Time (milliseconds)
& 23| et
e e e Figure 7-27 - System time response for three different controller gain values when K, = 1.



Steady-State Error in Systems with a Disturbance

Y(s)

62(5) T

Figure 7-28  Block diagram of a system undergoing disturbance.

_Y(s) YGs)
Xoad RGs)|. R(S)+D(s) ,H,D(S)

GG -
Y(S)—FE—IR(S)-FI-*-GG D(s)

| N |
and the error is

1 -@G,
E(s)= R(s)+ = DA(s
(s) 1+G,G, (5) 1+G,G, (5)

@’Jf_’ltﬂ‘z{m

Kyung Hee University
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Steady-State Error in Systems with a Disturbance

The steady-state error of the system is defined as

1 .
e.. =limsE(s)=lims R(s)+1lims —J$)
& s—3() 5—3() l+ GlG.’. s—30 1+GIG.2

4 E:
e(R) and e(D) have the same denominators if the disturbance signal isin the

forward path. The negative sign in the numerator of e (D) shows that, at
steady state, the disturbance signal adversely affects the performance of the
system. Naturally, to compensate for this burden, the control system hasto

alter the system performance at steady state.

o¥
Jot
=
1
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Types of Control Systems: Unity-Feedback Systems

with H(s) =1

sR(s
€y =!iﬁl'}3€(t)=lsi_x]}55($) =l‘i-Tl+((3()s)
e e =GO =& S0 HEU Xt =82 A0 EAJULE 0] A
I Al A E O system typeOl 2t 1) StCY.

=2
=

R(s)

Els) K($+z M5+ 24) o Y(s)
G(s) = s IN_L 3)_ >
TS +p (s + pa)ees

Figure 7-30 A unity-feedback control system used to define system type.

o FO DN A= G(s)2 type2 jO|Lt.
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Hl = 2 Xt

Ab

O

==(Step-Error Constants)

o I RO AT BH(REs)=

R/s, )0l CHet A AEH @ XF&H4

s sR(s) " R
0 1+G(s) #01+G(s) 1+LmG(s)
s—0
. HEHIALXEZ SD 20l Hojst®, K, =lmG(s)
R
Y 1+K
Reference mput
r(t) = Ru (1)
rir) 4 /
‘“;\, /\ /_\‘u~ ‘ R
~— A Type Osystem:e_ = = constant
e 3 1+ K,
SR 3

Output v(r)

0

Figure 7-31  Typical steady-state error due to a step input.

Type 1 or higher system:e_ =0




eh 1 @ Xtat2=(Ramp-Error Constants)

. J|2J|Rol Hmo|ad (R(s>——)o1| CH3H & AFAER @ RHAHA

S R R
‘I—Ts+sG(s) limsG(s)
e BOQTUAES OIS 20l H25tH, K =limsG(s)
R
e . =—
" K
rir) A R

y(1) w=K
Reference input /
r(f)= Riu/r1)
i = Type 0 system: e =oo

Typelsystem: e, = X = constant

v

Output y(1)

Type 2 system:e, =0

0 2

Figure 7-32  Typical steady-state error due to a ramp-function input.
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. TSHYUB( Re)-S )0ll ChEt
§—0
i = = A= o
e HEMLXtaIF=E LS €0
€
35
rir) &
v(r) v ‘
Rctcrcmc input
rir) = -2L i
Output v(r)
>
0 d
Figure 7-33  Typical steady-state error due to a parabolic-function input.

0 K, =lims’G(s)
1 sal)
Type 0 system:

Type 1 system:

Type 2 system:

Type 3 or higher system:

e“ = 00

e.u =00
R

e, =—=constant
Kll

e =0



TABLE7-6 Summary of the Steady-State Errors Due to Step-, Ramp-, and Parabolic-Function Inputs for Unity-

Feedback Systems
Steady-State Error e
Type of System Error Constants Step Input Ramp Input  Parabolic
J K, K, K, R R R
1+K, K, K,
0 K 0 0 R o oo
14K
1 o0 K 0 0 R oo
K
2 00 0o K 0 0 R
K
3 0o o0 oo 0 0 0

&%ﬂtmm
Kyung Hee University
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Example 7-6-7

() u(r) W1
U0s) (5(5) Vo) »
. | H(s)=1
b(1
B(s)
K(s + 3.15) 3
@) G s(s + 1.5)(s + 0.5) (5) 8 AR
b 4 R
AT AGLAGF K, = ey= =0
Zlroly AZ QAT K, =42K e kR
el S e e AT
n E R
E—i?i_}x\_.oh}%‘: E%)?_S)_ PE}'{I: Ka =0 Csg = ? =20

o] AZF}E L P E HFZ A 2RI K2 Y, 50 <K< 13049 3l
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= et 2ok

2
Y(s)  G(s) Wy, (5-160)
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T,=50

yv(t)

‘\

T, 3 37718 —1/T,9 52 s B 94 o2 F23a AgeHFE:
A

rmy =
ek, olelt S5 39 2712 ARHE AHAD

& F7HIAS ¢ 4 Ak

10 15

Time (se¢)

Figure 7-37  Unit-step responses of the system with the closed-loop transfer function in Eq. (7-129)
§=l.m"=landT,_=0.l.2.und5. 28 o T e B BEE [ETH TEE SR P Imw T Tha S Cmm o amoiom
= |l-1
- ﬁ |‘ -
\ "
7,=10 / \ |
10 r ﬁ\l {1 *lll ‘l -
0 / .“L— I, = 0667 /' '|| .' i
oy . . - \ f \ 1
In general, addition of a pole to the = | MNene0z |/ '," !
forward-path transfer function - : \ -
. . 1o + S 11 "' g ] ]
generally has the effect of increasing | /| }
the maximum overshoot of the -/ f '. [
" / \ ';' \ | 4
closed-loop system. W/ "\ .
"'/l' 1 1 1 ] 1 1 I\ 1 1 "‘ 1 1 1 1 1 14 1 1 1"] 1
0 5 10 15 20
Time (se¢)
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Kyung Hee University

Figure 7-38  Unit-step responses of the system with the closed-loop transfer function in Eq. (7-129)
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Example 7-7-2

R(s) ORI U(s) , Y(s)
:Q { 4 d s(s +2¢m,) 4 P(S) =
= +
Gp(s)
K
" Go(s) =
G(s)
NAGIS| Hut 2 FMesiat
Y(s wZ(Kp + Kps
G(s) :Q--—— G:(5)Gp(s) = n(Kp + Kps)
E(s) s(s + 2Lwp)
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Unit-step responses of the system
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Example 7-7-2

R(s) E(s) e U(s) J (03 Y(s) - KI
- + s(s + 2¢w,) GC(S) = Kp + T

+ G,(s) "(K 2 )
w, (Kps + Kj
K G(s) = G.(5)Gp(s) = =
s (5) = Gels)Gp(5) = B ETs
G(s)
| AR B0 5 = —K/Kp0 SRS T,
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Y(s) 2K, (s+K,/K,)

R(s) s +3s"+2(1+K,)s+2K,

From Routh-Hurwitz stability test, the system is stable for 0 < K, /K, < 13.5. This
means that the zero of G(s) at s=—K, /K, cannot be placed too far to the left in the
left-half s-plane, or the system will be unstable
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1.4 T T
System: sys
1.2 I'me (sec): 2.62 K,= 1125
Amplitude: 1.04 |
— %
I P - — —
() \, | A-’ = “(‘35
= 06}
K;=0
0.4 +
0.2
(> u’.' aalies - 3 - oy 1 " . |
() | 2 4 S 6 7 S 4 10

Time (seconds)

Figure 7-48  Unit-step response of Eq. (7-149) for three K values, when K = 1.25.

« Using K, = 1.25, let us now examine the time response of the third-order
system in EqQ. (7-149). Asshown in Fig. 7-48, if K, istoo small, 0.625in
this case, the system time response is slow and the desired zero steady-state
error requirement is not met fast enough. Upon increasing K, to 1.125, the
desired response is met, as shown in Fig. 7-48. In this case, the controller
zero still meets the condition in Eq. (7-151).
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% Sensor i
————»{  }-% PREAMP —»  LOAD LA
Command + Position
- of control
surface
TACHOMETER
Gain of encoder Ke=1V/rad
Gain of preamplifier K = adjustable
Gain of power amphifier Ky =10V
Gain of cumrent feedback Ko = 0.5V/IA
Gain of tachometer feedback Ki = 0Virad/sec _
Armature resistance of motor R, =500 Jy = dyg + N2Jg = 0.0001 + 0.01/100 = 0.0002 0z-in-sec’
Armature inductance of motor L,=0.003H B, = By + N'By — 0.005 + 17100 = 0.015 oz-in.-sec

Torque constant of motor

Back-emf constant of motor

[nertia of motor rotor

Inertia of load

Viscous-friction coefficient of motor
Viscous-friction coefficient of load
Gear-train ratio between motor and load

K; = 9.00zin/A

iy = 00636 Viradfsec
Jm = 0.0001 0z-in-sec?
Jyp = 0.01 0z-in.-sec?
Bm = 0,005 oz-in -sec
BL = 1.0 oz-in.-scc

N =8y /B = 1/10

(4-305)



Gear
Sensor Preamp ratio
8, G E . 1 I, [T, 1 o |1 |8 é
j’Q" K, ‘:Q" 5 K e S e ’
‘ Power amplifier
Curremt feedback
Ky
Tachometer feedback
K
fig_04_79
Gl =)
B (s) (4-306)
KKK KN

~ s[Eade 2+ (RoJe + L Be + KiKaJy)s + R,Bi + K1KoB: -+ KiKp + KK1 KK}

The system is of the third order, since the highest-order term in G{(s) is s°. The electrical time constant
of the amplifier-motor system 1s

o L; ~0.003

“ R, +KiKy 545

The mechanical time constant of the motor-load system is
J:  0.0002
B, 0015

= 0.0003 sec (4-307)

T = = 0.01333 sec (4-308)
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KK\ K;KN
s[(RaJ; + K1 K2J})s + RyB, + K1 K»B, + KKy, + KK KK, |

K:K|K,KN

_ RuJ: + K\ K> J;

n S(S 3 R.B; + K1 K2B; + KK, + KK]K,'K,)
R.J, + K\ K>J,

G(s) =
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RaJ; + K] Kz.l;

RuB; + K\K2B, + KiK, + KK\ KK, 2.692
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CHRIHIE S E

For the characteristic equation of Eq. (7-162), the roots are

—180.6++/32616—4500K (7-163)

5

5, =—180.6—+/32616—4500K (7-164)

For K = 7.24808, 14.5, and 181.2, the roots of the characteristic equation are tabulated
as follows:

K =7.24808: s =5,=-180.6
K =145: s, =—180.6+ j180.6 s,=-180.6—j180.6
K =181.2: s, =—180.6+ j884.7 s,=-180.6+ j884.7

Amplifier Gain Dynamics Characteristic Equation Roots System

0 < K <7.24808 Two negative distinct real roots Overdamped ({> 1)

K =7.24808 Two negative equal real roots Critically damped ({=1)
7.24808 < K < oo Two complex-conjugate roots with  Underdamped ({< 1)

negative real parts

—w< K<) Two distinct real roots, one positive  Unstable system (£ < 0)
and one negative
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Figure 7-53  Root loci of the characteristic equation in Eq. (7-162) as K varies.
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K=7.248 ({=1.0):

6, (t)=(1-151e"™" +150e™"*"* Ju,(t)
K=14.5 ({=0.707):

6, (t)=(1—e ™" cos180.6t—0.9997¢ """ sin180.6¢ u, (t)
K=181.17({=0.2):

6,(t)=(1—e """ cos884.7t—0.2041¢ "™ sin884.71)u, (1)
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Figure 7-54  Uni.step responses of the attitude. control system in Fag, 7.5, L =0,



TABLE7-11  Comparison of the Performance of the Second-Order Position-Control System with the Gain X Values

w PO t t t t

Gain K 4 (r:ldls) Overshoot (;) (rs) (,s) (S‘
7.24808 1.000 180.62 0 0.00929 0.0186 0.0259 —

14.50 0.707 255.44 4.3 0.00560 0.0084 00114 0.01735
181.17 0.200 903.00 52.2 0.00125 0.00136  0.0150 0.00369
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G(s) = 1.5 x 107K _ 1.5 % 107K (5.152)
s(s2 + 340835 + 1,204,000)  s(s + 400.26)(s + 3008)

0,(s) 1.5 x 10'K

: . - 5-153
0,(s) 5+ 3408.35% + 1,204,000s + 1.5 x 107K ( )

o] A|AELL- o)A 3x}o] 11 EAJHAALL oh-2a} 7o)
s>+ 3408.35% + 1,204.000s + 1.5 % 10' K =0 (5-154)
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K=17248 5 =-15621 52 = —230.33 s3 = —3021.8

K=145 5= 18653+ j192 sy = —186.53 — j192  s3 = —3035.2
K=1812 s =-57.49+ j906.6 s, = —57.49 — j906.6 s3 = —3293.3

o] AME 7kt 23 Al AH9] Ak} v wHH K = 7.248Y wff 24} A|AFE A
7321 o ghsteq 32} AJARLS A 7e] A2 o2 ATE 7L §lojA] o7t ez
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0,(s) = 10.87 x 107
s(s + 156.21)(s + 230.33)(s + 3021.8)
o] W4l o] QejEe AR 3 the- A4S A=t
Oy(1) = (1 — 3.28¢ 19621 4 22823033 _ 0,0045¢ 9218y (1) (5-156)
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K=181.2 \ — 71000
— 800
& jeoo
-3035.2 —186.53 + j192 ~ J400
K=145 3008 K=145
K=0 [ j200
s K<0 K=0 e
P A | | " | | | Leslila K=0 Kjo £ >
fa —800 —00 A 1 0 e
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— —j600
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K9] o] AAZkfA 9] sl 2T ALt o} Zo] Hik.
Oy(s) 1.0872 x 108 -

Exurg Aol 22 g = —3408.3, —j1097.33} j1097.39] Qlt}. o] HSL 19 5-329)

A Aol veEhfigic
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