8. Conzider the satellite-attitude control problem shown in Fig. 4 40 where
the normalized parameters are

J =10 spacecraft inertia, N—m—secz_,-"?"ad
f. = reference satellite attitude, rad.
f = actual satellite attitude, rad.

H, =1 sgensor scale, factor volts/rad.

H. =1 reference sensor scale factor, volts/rad.

w = disturbance torque. N-m

(a) Use proportional control, P. with D(s) = k,, and give the range of
values for k, for which the system will be stable.

(b) Use PD control and let D(s) = (k, + kps) and determine the system
type and error constant with respect to reference inputs.

(¢) Use PD control, let D(s) = (k, + kps) and determine the system
tvpe and error constant with respect to disturbance inputs.

(d) Use PI control, let D(s) = (ky + k;/s), and determine the system
type and error constant with respect to reference inputs.

(e) Use Pl control, let D{s) = (k, ~ kr/s), and determine the system
type and error constant with respect to disturbance inputs.

(f) Use PID control, let D(s) = (k, + k;/s5 4+ kps) and determine the
svstem type and error constant with respect to reference inputs.

(z) Use PID control, let D(s) = (k, + k;/s + kps) and determine the
svstem type and error constant with respect to disturbance inputs.

Solution:
() D(s) = ky; The characteristic equation is
1+ H.E,rD[h-:}L =0
J g2
Js? + Hyk, =0

.| Hyk .. L .
or 5 = :_;rJ HTT zo that no additional damping is provided. The
system cannot be made stable with proportional contrel alone.

(b) Steady-state error to reference steps.
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o/s) D(&) 73
Q.= = Hr . 1
rl 1+ D(s)H,—
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|:|ff?3. —+ kﬂ.‘."]
"Js? 4+ (ky + kps)Hy

k, + Js*
E(s)=6.(s)-6(s 1—— =————0,(s
(s)=6,(s)-0(s) = ( B ks )() 35 ks ok, ()
Assuming the system is stable
2 2
e, =liMSE(s) = lims——24,(s) = lims——>° L
s—0 s20 JsT +Kps+k, >0 Js" +kps+k, s
Js? 1
e, =lim——
>0 Js% + K, s+k, s
k=2,e J

' ss=k_

p

. . _ K
therefore the system is type 2 and acceleration constant is K, =2 =--

10
(c) Steady-state error to disturbance steps
Os) 1
Wi(s) Js2 + (k, + kps)H,
E(s) . 6(s) _ -1

W(s)  W(s) JIs®+kys+k, =Tu(8)=57T,,(5)

Assuming the system is stable
. 1. 1 . s°
yss - ISILTOI STW (S) F_Sﬂgn Tw (S) S_k_sﬂgn TO,W (S)S_k
-1
n=0,k=0,y,=—
P

therefore the system is type 0 and error constant is —k,,

(d) The characteristic equation is

1

J 52

1+ HyD(s)=5 =0

With PI control,
Js® + Hykyps + Hykr = 0

From the Routh’s stability criterion, the system will always have (at least) one
pole not in the LHP. Hence, this is not a good control strategy. If all poles of

sY(s) are in the left half of s-plane, !im y(t) = Iing sY(s) . We cannot use FVT
here.

(e) see d bove.

(f) The characteristic equation with PID control is

kr 1

1+ Hy(ky + =+ kps) == =0
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/ Dis)
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$) = H Js?

r ) i
1 —+ 'D'L‘Fa:HL'ﬁ

k
H,(ky+— + kps)
8

JsZ + {_kp—% + kps)H,

H,(kps® + ks + ki)
Js3 + (kps® + kys + k,)H,

or
Js® + Hykps® + Hykys + Hykr =0

There is now control over all the three poles and the system can bhe
made stahle.

E(5)=0,(9)-09) = (-2 STy 5 40
s)=8.(s)—-0(s)=(1- S)= S
' Js® +kps® +k s+k, Js* +kps®+k s+k,
Assuming the system is stable
3 3

e, =limSE(s) = lims———2> 0,(s) = lims———> L

s=0 20 Js” +Kps® +k s+k, 20 Js” +Kps® +k s+k s

. Js® 1
g, = lim—; > —-

520 J8" + k8" +k s+k, s
k=3,eSS=i

I(I

therefore the system is type 3 and error  constant is lf]_lz ll(_(l'.)

(g) The error to a disturbance is found from

Qs) 5
W(s)  Js&®+ Hy(kps? + k,s + ki)
E(s)  6(s) -S
W(s) W(s) JIs°+k,s?+ks+k,
-1
Tou() = Js® +Ko8” +k s+,
Assuming the system is stable

=T, (s)=5T,,(s)

. 1, 1 . st
Y =limsT, (s) o :sﬂgn T,(s) &~ =sﬂgn Tou(S) py

s—0

-1

n=lk=1y, =—=
s =%
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12.

(b)

()

(d)

(a)

therefore the system is type 1 and error constant is —k,

Consider the second-order plant

1

G(s) .
' (s+1)(5s+1)

[

Determine the system type and error constant with respect to track-
ing polynomial reference inputs of the system tor P, PD, and PID
controllers (as configured in Fig.4.2(b)) Let k, =19, k; = 9.5, and

kp =4.

Determine the system tvpe and error constant of the svstem with
respect to disturbance inputs for each of the three regulators in part
(a) with respect to rejecting polynomial disturbances w(t) at the
input to the plant.

Is this system better at tracking references or rejecting disturbances?
Explain vour response briefly.

Verify your results for parts (a) and (b) using MATLARE by plot-
ting unit step and ramp responses for both tracking and disturbance

rejection.
Solution:
* P:
Y(s)  k,G(s) 19
R(s) 1+ k,G(s) 5s%=+6s+20
5s% +6s+1
E(s)=R(s)=Y(s)=———— R(s
()=RE)-Y() 552 + 65+ 20 (s)
2 2
e, —limSE(s) = lims——05*L peg) —fims s +05+1 1
s—0 §—0 55 +63+20 S—0 55 +6S+203 +
55 +6s+1 1
ess = |m2—_k
s»0 55" +65+20s
k:O, eSS :i: 1
20 1+k,

therefore the system is type 0 and phase constant is k, =19
« PD:

Yia) _ Dis)G(s) _ 10 + 4s
R(s) 1+ D(s)G(s) 5s2+10s+20
5s? +65+1
E(s)=R(s)-Y(s)=———R(s
(s) (8)=Y(s) 5s% +10s+20 (5)
5s® +6s+1 55> +6s+1 1

e, =limsE(s) =lims R(s)=lims

552 +10s + 20 s>0 552 +10s + 20 sk



5s°+6s+1 1

€ = liM—F-—
s>0 55" +10s+20 s
k = O’ eSS :i = 1
20 1+k,
therefore the system is type 0 and phase constant is k , =19
« PID:
Y(s) _ D(s)G(s) _ 852 + 385+ 19
R(s) 1+ D(s)G(s) 1053 + 20s2 + 405 + 19
10s® +12s% +2s
E(s)=R(s)-Y(s) = R(s
(9)=R(E)-Y() 10s® +20s® +40s +19 ®)
3 2 3 2
e, = limsE(s) = lims 08 M125°#25 _pgy |y 108 H125#2s 1
50 s>0 108”4+ 20s° +40s+19 so0 108 +20s° +40s+19 s**

10s®+125°+2s 1

e, =lim—— > —-
s>010s” +20s°+40s+19 s
(10,21
19 Kk,
therefore the system is type 1 and velocity constant is k, =9.5
(b)
« P
Yis)  Gls) 1
W(s) 14+kyG(s) 532465420
S R S NORE W0
W(s) W(s) 5s°+6s+20 ’
=limsT (s)i—limT (s)i—limT (s)i
Y = s»0 W Sk+1 s W Sk Tso0 0w sk
-1
n=0,k=0,y,=—
y 20
therefore the system is type 0 and error constant is -20
« PD:
Yis) _ G(s) B 1
Wi(s)  1+D(s)G(s)  5s2+10s+ 20
E(s) _ 6(s) _ -1

W(s) W(s) 5s°+10s+20 =T,,(8)=57T,,,(5)

=limsT (s)i—limT (s)i—limT (s)i
Yo = s»0 W gk+t Ts0 W X TsH0 oW sk
1

n=0k=0y. =—
Vs 20

therefore the system is type 0 and error constant is —20



« PID:

Yi(s) G(s) . 23
W(s) 14D(s)G(s)  10s% + 2052 +40s + 19
E(s) __005) _ 28

W(s) W(s) 10s®+20s*+40s+19 w(8) o ()

. 1 . 1 . st
Y = ISILT(;' STW (S) F_sﬂgn Tw (S) S_k_sﬂgn TO,w (S)S_k

-2
n=1k=1vy, =—
ST,

therefore the system is type 1 and error constant is —9.5

(c) There is reduced oscillatory behavior brought on by addition of the derivative term,
and increased oscillatory but lower error brought on by the integral term.
(d) See attached plots of the errors.
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Problem 4.12(d)

21. Consider the second-order system

1

Gl(s) = 59————.
() 24+ 2s+1

We would like to add a transfer function of the form D(s) = K{s+a)/(s+0b)
in series with G(s) in a unity-feedback structure.
(a) Ignoring stability for the moment, what are the constraints on K, a,
and & so that system type 17

(b) What are the constraints placed on K, a, and b so that the system
15 stable and type 17

(c) What are the constraints on a and b so that the system 1s type 1 and
remains stable for every positive value for K7

Solution:



H@—P

)

T

(a) (ora)
s+a 1
PEO="Cp o OO e
k(s+a) 1
H(s) = D(s)G(s) = s+b s*+2&s+1

C1+D(s)G(s) 4, K(s+a) 1
s+b s*+2&s5+1

3 k(s+a)

" (s+b)(s?+ 255 +1) + k(s +a)

3 ks +ka

P4 (25 +D)s? + (L+2bE+K)s+ka+b

1

E(s) =R(s)—H(s)R(s) “ 11 D660 R(s)
S +(28+Db)s? + (1+2bE)s+b
2+ (28 +b)s?+ (1+2bE+k)s+ka+b ®)

3 2
e,, = limsE(s) = lims S +(25+b)s” +(1+2bS)s+b

\/

1

>0 6% 4 (28 +b)s® + (1+ 2b&E +k)s+ ka+Db s

_lim $'+(2£+b)s* +(1+2bE)s+b 1
520 5% 4 (2 +b)s? + (1+2b& +k)s + ka +b s*

if system type = 1, then k = 1. e is constant, so b=0 and ka+b=0

.. b=0and ka=b
(b) if systemtype=1 = b=0and ka=b
characteristic equation is:
$*+(2&+b)s® + (1+2bE+K)s+ka+b=0
b =0, so it equals to:
$°+2£8° +(L+Kk)s+ka=0

3

S 1 1+k

s 28 ka

o @rk2s-ka o
2&

s° ka

.. if system is stable, there must be:
&>0, ka>0, (1+k)2&—ka>0

R(s) .



>0

ka>0

(@1+k)2& > ka

(c) if system is stable and system type is 1, then there must be
>0 £>0

ka>0 if k>0 then 1+ k)2

(1+K)2£ > ka 0<a <0

28. One possible representation of an automobile speed-control system with
integral control 15 shown n Fig. 4.52.

(a) With a zero reference veloeity input (v, = 0), find the transfer func-
tion relating the output speed v to the wind disturbance w.

(b) What 1z the steady-state response of v if w 1s a unit ramp function?

(c) What type is this system in relation to reference inputs? What is the
value of the corresponding error constant?

(d) What 15 the type and corresponding error constant of this system in
relation to tracking the disturbance w?

Solution:
(a)
V(s) _ ms
Wi(s) 32 +mkss +mhkiks
(b)
1 Vis) Wy W
Uge = L1I1] §F=————eeem e = e
T s—0 H_I:S} st bk
. W
where W(z) = —20
"Eﬂ—l k] + .hE % o




Figure 4.52: System using integral control

(e)
ferkam
1 . sls + mbks) - 1 .
E_lc_l _[1_1 .Ji'-|k2?‘ﬂ ]Fc_ mk1k2 Hc
sls +mks) F[;—{mkgi
Giz)
i 108
€s: = llm ————
s—0 1 L+ G[_F}
Ky = lim G(8) = 00 = exc(step input) =0
K, = li_rrlijs 7(8) = % = e, (ramp input) = }:—v = :—iz
System is Type 1.
. kk,
error constant Is
3
V(s) ms
(d) =—
W(s) s°+mk,s+mkk,
E(s) _ V(s) _ —ms

a - =T (s)=s'T, (s
W(s) W(s) s*+mk,s+mkk, w(8) ow(S)
~imST, (5) = = lim T, (5) = i T, (6) 5
ySS - s—0 w Sk+l _S—)O w Sk _S—>O o,w Sk
n=1k=1y, -—&
k.k,
therefore the system is type 1 and error constant is —kk,



34 Consider the system shown in Fig. 4.57.

(a) Find the transfer function from the reference input to the tracking
error.

(b) For this system to respond to inputs of the form r{t) = t"1(t) (where
n < g) with zero steady-state error, what constraint 1s placed on the

o

open-loop poles pq,p3. -+ . p, T

-+ E 1
(5+ps +py) - (s +pg)

Figure 4. 57: Control system for Problem 4.34

Solution:

E(s) . 1;[(3+pi)

@ R(s) 1+G(s) 1
* H(s+ p)+1
(b)
) =t" = R(s):srn‘fl
TG+ p)
e, =lims—=—=
” H(s+ p)+1

If e is to be zero the system must have at least n+1 poles at the origin:

q

o Sn+1H (S+ p|)
i=1

n+1

=0
q
s”+1| |(s+ p)+1

i=1

e. =lims
s s—0 S






