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CHAPTER 2
B2t A
' RE) N <
- G, F &2 -
Gz~ 5‘;
Ct) : G + G,
K6 1+ (G+ G ) (G~ Gy)
B22. :
LT G, :
" - et
>~ 2 o
| H, ;H& et
RE) 16 N T2 Cé'):“
- 4 1+ Gy (Hy=He)
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RE) g 73 N &)
% -%" rer. | 1FaT1E
- - % g
GiGs (GatHr) : C(-*"L

(ffﬁz&) +(€2ﬁ1‘ &) %”3

(e _ | G GGs + G G K B
ko /+%”z+§=§3%+q?ﬂ'ﬂ3 + 6,66, + G,G3H,

- B—-2-4 In the following -diagrams, {(a) denotes the xmit—sl;eg response and (b)
- corresponds to the unit-ramp response. _

. «i)}
‘ -
/(a)

¢ ¢ 23 + 2 *
5= ~g=t
P
‘ ® /®
¢ X
2F
L 1 ' 1 o . X '] L 39 ) P
¢ 1+ 2 3 # ¢ o ¢ 2 3 % ¢

L= nrk >sﬁ(/f;§-)" Lo (14729 =4 (123
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B-2-5. When D(s) is zero, the closed-locp transfer function Cr(s)/R(s) is .

Cels) _ 1 Ge€) GoE)
REY ~ At Gels) Gp 6)
When R(s) = 0, the closed—loop transfer function Cp(s)/D(s) is
&6) _ /
pe 1+ Gl Gob5)

When both the reference input and disturbance input are present, theontpul:C(s)
is the sum of Cg(s) andcn(s). Hence _ '

Ce)=Ce5) + Cpfs) = /% %/ 56,6) [94(9 Gpt> Ré’j + P(S)]

B2-6, When only the reference input R(s) is present, the output Cg(s) is gﬁen

it ) . GE) 68)
RE) 11 G,05) 620

For the reference input R(s), the desired output is R(s) forthemty—feedback
system such as thé present system. Thus, the error Ep(s) is the difference

i'bet"ween R(s) and the actual output Cp(s). The error Ep(s) is given by

: _ | Cels,
E‘x(:) = RE) — €)= RED [/ - k(r)) }
G,6)6:6) 7 _ / R
) = RE) [ /= 14G,£)620 71 G,6) G Re)
: Assmingthesysbantobestable. thesteady-staheerroressg(t)canbegim
by s RE)
CssR ﬂ‘) Lo ep@) = f‘”‘ =& @ =L 146,6)6,6

o ad TP
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When only the disturbance input D(s) is present, the output Cp(s) is given by

%8) _ 6.6
D) I+ G, ()G 5)

Since the desired output to the disturbance input D(s) is zero, the error Ep(s) -
can be given by

Ep6)=0—Cpp) =— G 6)

Hence - -
- Gl

=—C 5) = — - DE)
Eob) : C !+ G,0) G50 4

For the stable system, the steady-state -error eggp(t) is given by
& =.£¢;u Cole) = Lo = —Sézlf) De) .
5 ) o) = Lo 5 669 = Lo 0SS

steadyqstateermvﬂmboththerefeminputms)anddiswrbancem
D(s) are present is the sum Of eggp(t) and eggp(t) and is given by

Esoft) = Cxr @) + Essp ()
SRE) S G(5) DB

)
—

53¢ L 146,00 6.9 /46,6629

[ R&)- 6.0 o] E

20 i /‘f’é{é‘)é&(’?

—
——

- B-2-7 .. when D(s) = 0, the block diagram of the system can be -simplified as
follows: -

. 2 . ) C (5_)
RE) s, | G s | &, 6
/t+G,6: H, - :
H, te
The closed-loop transfer function Cp(s)/R(s) can be given by
64@/ CZz &J- . .
cR"’) = I+6[ G2 P &4 — 6‘ 6’ c?:a 63
RE) )y S8 GGatle 14 6,6e Hi+ 526, G2 Grtle
/+ éléa. ”I '

-4
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When R(s) = O, the block diagram of the system shown in Figure 2-34 can be

modified as follows: .
> | e | |
| _ o
'-———HC—}C' —b@/——»@-——»@z—-’% -
H, Gz
H, =

D&) | Co6) -
=) 66 |— =

L/
6,; ] 6c//2+2.-;;' a——

Hence

%6) % G, B Gz Gs

X)  1+%:6:6, (Gt + 4L 14616, G5 G M + %é;u‘//

I

B-2-8. There are infinitely many state-space representations for this system
We shall give two of the possible state-space representations.

State-space representation 1: From Figure 2-35, we obtdin.

P / .
o _ ST  St&
vE) Str | s psiyES+ B
| /¥ sip = + p

which is equivalent to
gt-l-fg +g+zy—-u+za
Comparing this equation with the standard equation

. Yrayf+ay +ay = A.u.-g- b + b -:-b,,u
we obtain
¢I=l’) 4;1=/, Az=Z, 5‘=!0,' b;"-"',a, be=1, =g

 _s5.
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Define
=y-fou
Tomiepost — = 5
%=d-fae
where
P = be =0 i
A= b "4;,‘0 =g

Lo=ba=a,ff—a: fo =/
ls=by—a; fa— 42 fr— ?sf. =Z-p
Then, s;tabe—spaceequatimscmhegivmby _
HZ=]e @ /! Il t]pzlu
H | -/ —Pips] LAl

%

Y=[r o o][ﬁ] +f;¢“

Also, define

%
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[/ £-p '\:;_ >\ V _]_ XZ -'—. .
——% Stp ) N ER KR

From this block disgram we get the following equations:
VaU—-Xt X

T
T— X, S'-l-f‘
Xz /

T-x, +Xs 8
X

.Xz -

from which we obtain
%t pxs = (2-p)u- (8-/') %,
i=~m+n+«
X= 2

Rewriting, we have |

% ""xa
‘ %‘—11*13'?“
im- (P % (a-pra
Y=,
or : : )
I.; » 9 / o dl‘ o

4 -/ o  /laalt+] 1

%] 172 o —plin)] |2

4
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- %
J=L/ o ’]{%}

X
B-2-9 .
| FH3jr2y=u
- Define
. % =
L=y
“Then
L =2
=2,
or
xl |o { olix _ 0
Li=l o o /x| t+|o]%
%] {2 -2 —3)im) |/
| %
v=[/ o o]l
; “
B-2-10 ,

- -/ 1l ..
[T 0} 2] e s
The transfer function G(s) of the system is given by

-1
swr=gcs-arg =t [ * ]

S+/

_s-
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/ s+/  ~Il\1]
=t el (5'1“4‘-)(5'+I)+3[ 3 S+ ;c][/]

’ [ '8
= ! -
24 8Ss+7 [+ a [3*‘7]
F— S N
Sty Ss+7

B-2-11,

Y

- -7 2 . ‘
A=[§ ’l—/] , 5:[:]) g:[/.z].

The transfer function G(s) of the system is given by

_, 545 VAN el -2
G&) = CCI-AX'B = [/ 2] [_-3 -5+,] ,.9]

‘ { Is+/ -/ ][Z_
= [/ 2] ($+5~)(5~+/)+3 - 3 sts|ls |

-l

! [ 2] 253 ]:___ /25459
T siqgsty Y T {sswzy Sris+ &
A MATIAB solution to this problem is given below. - '
A5 a3 Ik
B=[2;5}
C=1 2}
|p=¢;
" | foum,den] = ss2#FABCD) [
mm= - '
6 12 59
den=
. 16 8
,_3—2—12; . X - :
o | o o0 [7 o o
‘ﬁ.""’”"’-gz”’s"ﬂ/a.
_:—2 ~4¢ ~6 | / 0 | :
-
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. Tbetramsfermatrixofthesystancanhegimby .

s -+ ol 'leo
- { o0 © .
) =0 (sI~A "B =[ ] o s 1| o
: ' - Istes¥g St6 [ lle e
‘~ =/0ﬂ / -Z s*+és s {le 1}
L0 o | SPPHgstres+27 |

—25 —gs-2 STl O,

. / - [/ S+6
T s34sstestz |S s34ée=

/I S+&
. St s+ ¢512 . SE+ o5 pgs+2
= S - . . S5 g .
sP+Es M gs+2 s%+8s+ g5t 2

A MATIAB solution to this problem is given below. -

A=[0 1 00.0 1;2 4 -6]; .
B=f0 0;0 1;1 O}

C=[1 0.00 1 0}

D=[0 00 0}
[oum,den] = ss2tA,B,C.D,1)

0 00000 00000 1.0000
0 00000 1.0000 0.0000

den=

1.0000 6.0000 4.0000 2.0000
o den] = ss2A B,CD2)
-

0 00000 1.0000 6.0000
0 1.0000 6.0000 0.0000

den=
1.0000 6.0000 4.0000 2.0000 |

. -10- o
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B-2-13 . Dpefine

22X 4, pLYyslz

let us choose X = 3 and ¥ = 11. Then
F=T "+ 8357 +37> = 94 26%+ 33 =636

We shall obtain a linearized equation for the nonlinear equation near the point
X =3, ¥=11. Expanding the nonlinear equation into a Taylor series about
point x = X, ¥ = ¥ and neglecting the higher-order terms, we obtain

zzggﬁ,;—l =4+ 88 =54
x=Z, y=¥ X=3: 4=t/

= 24+ 45 = S0

=Ex+6’j !2‘63, 5':(/

>
!

X=X, 5“‘?
Hence the linearized equation is
Z—436 = FF(x—3)+ Fo (zr /)

or

R=P¢X +705 — 634

B-2-14, Define _
o Y=o2= (), X=2
Then .

¥= S0 =)+ x-2)+ -

Sincethehi.gher—ordertermsmthisequationaresuan. neglectingthosetemsf
we obtain.

Y= &) = 0.4 2*(x-)

¥-o2x2’ = 0.6 X2* (X-2)

Thus, linear approximation of the given nonlinear equation near the operating
point is
o ==2.$&x-—43.2

~-11-
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CHAPTER 3

B-3-1. - since the same force transmits the shaft, we have

Fob(i-%) =b, (5-2)+ bs (5~)

where displacement z is defined in the figure below.
' 5
M e Ly
1

(1)

* ¥

Z .
In terms of the equivalent viscous friction coefficiemt, the force f is given by

:§=='£L1F (.5-~i?;)  (2)
FranEquatim (1) we have : .
b2 +b ¥+ b =b x+bzg+b3 g
- (b b )y] (3):
/] ______. é + + |
Z= by vba+ [ z i , |
By substituting Equation (3‘ into Equation (1), we have )
i3]~
; ‘1[? Z) {m[b,Z‘*‘[é* 3)?]
Lk'% bﬁ' . _ni;) E ) . 5 (4)

‘.b/ b,+b2 '*'b.z
Hence, by canpanng Equations (2) and (4), we obtain

b b éz"f' b.i —_ / )
=5 b, / i
ﬁr » b;'f'bz 3 éz‘+4&3 + eﬁ |
B-3-2,
(a) L mX +EX=a
X6 !

TE)  mSst+k

-12_
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(b) Define the displacement of a point between springs kj and k2 as y. Then
the equations of motion for this system become

WX+ Ry (X-y) =2
Yy =# (x—g)
From the second equation, we have

‘,"‘f‘ig’ =Jz X

or

k2
Then "- *l"' f!z
bd &Iia. o =
or nx + A ths
X0 _
T 2 A £2
wsx ﬁ""*g
B33 - . . '
Mg th (g-h) kY =«,
mi 'l'}l (ﬁ;-i,)-f‘fzyz =4,
Define
| . x; ﬁ#/_; 1;5'-’7:; | R’,,,_’zz zﬁgfz
. vuuii.'+-£p¢ﬁza-:qu>‘rwii:=; 5=4H§
’”ziy.‘*' & (x#-zz)+fa L=

2?1 = Xz
X% =~ ‘,,!';,'[5/(2';- ze) i X ] + 3‘,5;‘1,

B =2 . . -
Zpm— e [l (6~ X )+ 23] + 35 4

13-
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or
[* ¢ 7 -~ - - — o-
1% W2 204 |2
@ X __-!‘ -£ R ’
= y n; m, ||% 7’% e 1|4 |
) = +
% ¢ ¢ ¢ [/ % e Ollud
Y b £z 4 ' _
zﬁ 0 mg MZ -sz I’ d "é’
%
& _ 2 _é o o ’Q
|¥= 0 @ / 2 X3
Xy
- B34 .
Ve =T
where

T —.-2£aa‘—-‘m71.a;.o :
J=ml*

For small 8,

w25 =~ 2ka*8 ~myLo

o-r .
5+ (k. 2)p =
* M""; s =0
B-3-5.  Note that _
For x direction: )
or
Mx—i-m (x-f-[.u..d
Since

d‘z i p = — (em8) 6 +(c8) 6

e
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we have _
, (M-f-?n)z'f- ml(ﬂha)jzf-mj(m,)p = z¢.
For small O and small 62, we have
(M-l-m).if--l»m.{; =« -
For rotational motion: |
| Té = zm;¢4{:¢4$l¢? —mx h canp
,

T=T4+ ml? , I-- l’
Thus, .
(z+md?)p =7Iff~’4¢:‘d - wzlm V4

For small 8, we have

(1‘+m_(’) §=mglo-mlZ .
 From Equation (2}, » : ,
£ e
_?0-— I+zil .

. Substitutingthis last equation into Equation’ (1), we obtain-
& oo
(Mﬂx)(;ﬂ- I”""‘( - 8 )-lel’ = &«

or
— (M+M)I+MM.(= 5 -
(Mim) 46 — —7 =
Thus,
§m L Hem)y ml

o= (M1m )z +imd? (Mim ) T +1AmL£*
Also, from Equation (1) we have -

v Mgl s —mlx
(Mim)z +ml Trmze

= g¢

| [MT+m(T+Ml)]% +mL>98 = u(T+nLl?)
from which wve get | ' -

-15-
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2w WLy I+mnf?
2 o+ g ‘@ (-
MI +w (Z+40%) MI+m(I+ML2) |

Equations. (3) and (4) describe
o peng the system dynamics in terms of differential

By taking the Laplace transform of Equation (3), we obtain

| 2 _ml( M*'ﬂ)j__ S 4
[—f (M+m)I+ﬁnlf-] R = (r1+m) I+ A{m[’ e

{ [ #z+m(T+ m)] st m/mm);} O =-m/vzy

Hence _
@) _ _ md
- UT® [_Ml'fl-m(z.;- ML2)] st —md fﬂ-;-m)}
-By_taking the Laplace transform of Equation (4), we get

o 242 2 |
$2XB) =~ mLF Trmld
- MT+m(T+ML) @‘9"‘ Mr-r-m(zuue) 7

X6 __ _ mUlg @8 . I+ml*
Te) MI+1 (T3+M82) TEG)  MI +m(IT+ML2)

(5 -

X _ wle  wml

zr(s)( [HMT+n(T+mt)]5% Dwrm (r+~193 S (Mgl
| - T+me?

[MI+u(Teml?)] st

Bquations (5) and (6) define the inverted pendulum control systemintezmsof
transfer functions.

Next, we shall obtain a
state ‘ables oy state-space representation of the systen Defi.ne

6)

*:(,=-a
X =6
N =

and output variables by '
~16-
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g,=—.&=z';,

o= =Xs

Then, from the definition of state variables and Equations (3) and (4).
state equation and output eguation can be written as

ri r o : /. 0 ﬁ- TXI" 3 o B
P » 3&1{”‘)“2&__— : 1 _ ﬂi( )
; * =1 ”I‘*’#[I'f'”lz) 0 . g a xz + M*M[If”f’)
® : - I‘
% , o o0 [/\% 0]
. - _ A 212 ) ‘ ‘lg
X = P) X I+m |
L FJ L MI-f-m(I#M‘) 9 ﬂJ ] ’: __M.l'-xv-'m(;r-’-/t:‘.b?_i
1:;.
& o e ol
_3,, e o / Pllx
*

B-3-6. The equations for the system are
My Ky =y Xy = by X, — K3 (4—=%) + «
s xz_ = ""ka Iz-bz?éz—'ks (xz X,)

Rewriting, we have -
(’h%,%—b;?‘[, +k[ ’[""‘k??(; =k5 Zz."' @

Mz‘x‘;“’ b, i + ko Xo £z Jf,_=k37(/

Assuning the zero initial condition and taking the Laplace transform of m
two equations, we obtsin

(21 s>+ &5 +k11-k3)>(16f) s X ¥ v
(mzfz‘f‘sz‘!‘,é‘{- ks)Xz(x) = A3 XI (S) - (2)

* . By eliminating X(s) from Equations (1) and (2), we get

2

ks

X6)+T6)
Mo S Fbos+ kot ks

(m)s*t stk t&s ) X,6) =

-17-
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Hence
Xl[’) P S by st ket hs

IG) (M:S + b5t él*ks)(mz s +bz$‘+kz‘fk5) ‘k3
From Equaticn (2), we obtain

z(’) - /€_3
Hence /thf) mz.s‘a"{' bzf'{' kz 'f"kJ
T XD U'(’) (zw.s *rhstRir ks )(mes -f—éz:rb"’k»*) X
8—3—?, - The equations for the given circuit are as followw:

R;rzl ‘f‘L [4’(‘1 a’tz_ - g.
Rs€at —L-fc,.a[f-«f- L (- gz ”") 0
'&L'flz =€,

Taking the Laplace transforms of these three equations, assuming zero initial
conditions; gives

R I )+ L [_-51}(?) - :2;(3):! = E;&v) a (1)
R I.G)+ 'él?fz@ -rL[.r.Z;(S)—-:L(r)] =0 (2)
Le)=£0 @

From Equation (2) we obtain
(fetds+15) I6) = Ls L&)

or

1", = {Cs*® 7 - . \'
26/ LCsi+ RCs+/ &) '(4)A

Substituting Equation (4) into Equation (1), we get

Lcs*
-(j?’ resoLs LC st R0 5+ ]/ )L{’)"f‘{“)

or

LC(Rt+R)s*+(RRC+L)S ~
L s*+ RCs+ |/ 11(5) E}(r) _(5)

From Equat:.ms (3) and (4), we have

__Ls _ . .
LC}"-&&(’:*/ J;[’).'“ Eol) ' ©
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From Equations (5) and (6), we obtain

E,f) _ ' Ls
£:6) LC(Ri+22) s>+ (R1RCH+/)s + K,

B-3-8, Equations for the circuit are

) i A » N
—E: 5(;,—-;2) At + R, = e
) ARt 2= (ot =

.-2{-;;"2# = fo

The Laplace transforms of these three equations, with zero initial ccnditions,m

are
} ‘

——[Le-Le]+ 2 156) = £:¢) (1)

Z,L;' [26)- 709 ]+ 2 L&+ i e =0 2)

. L= 6E @
Equation (1) can be rewritten as

&s[ Bt~ R ] = LO~T1.6) (4)

Equation (4) gives the block diagram shown in Figure Za). Equation (2) can be
modified to

L) = [z690- 1.&9] @

Equation (5) yields the block diagram shown in Figure (b). Also, Equation (3) i
gives the block diagram shown in Figure (c). Cambining the block diagrams of
Figures (a), (b?,._and (c), we obtain Figure (d). This block diagram can be
succesively modified as shcmn in Figures (e) through (h). In this way, we can
obtain the transfer function Eo(s)/E;(s) of the given circuit.. A

g
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(b)

(@

(e)

(g)

(h)

www.konkur.in

- Ep®) Li5) - 1o(s)
s b—>
L6
16-56 — Gos L) L) [ £
g igne ~ () L] &<
" bis Fules+/ [Cas
é{ L6)- L6
& S) - Fi Cos 1;.&) F1 Eol:f)
gl G5 | | ReCost/ | ’Ic’;r >
+
{4 -&-
§ Cas 1 g(?)
¥ RGot]| |Ces -
gs
&
1 Gz, . Ef3)
Gs ™z | | ReCest/ | |Ges o
Gs
& —
R; - G5 jut—
E:'{’) 7 - ; E(s)
N S . -
% KiC, s+ Re G5t/
K Coo pe—————
&6) y 7 , Eols)
' RiG R2GS +( Ryt ReCe t R0 )5 H g

. -20- _
forum.konkur.in



www.konkur.in

B39.  Impedance 7, is

/ ' (= ——
T : ZI::}?'*E;? e A?Z-
. Impedance Zp is . L"E’-—-JR;
. zzékz‘f“—’"‘ " . L .lz_z%»'
Hence Cas E - =
L6 - Rot -1
o~ 22 = 2" Cs
Ec'&) _zl 1"23 R /
+C ‘\"Rz“f‘ Czs
RuCes +/

f—

("’lfz'l'&cz).?'f' |+ £2 > |
If we change R; to by, Ry to by, C; to 1/k;, Cpz to 1/kp, then we obtain
R2C25+ | _ ' bz-ﬁ;.f. / | |
(Rit+R2) Ca 5 1-/-!--;5_",,& a (b,szjﬁs + .ﬁ.

__X_g_(i)___ ] bz.f'f'*g = b2s ks -
Xe®  (brth)Stheth,  (hst#)+ (hsths)

ﬁxeanalogonsmechanicals’ystemisisl’bwnbelw.

..21_
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© B-3-10. r:’:’a__]
- Z
- / —t e AAAAA
, -—
. AJ - b

<Zz =kz O__H - : >_-_——.-0
. i E e& T eo
EO=(RrE1e e

Epfs) =— Ro I6)

Hence - : .
. E,(S) _.‘f . k-! - K2 Cs
Ex(s) R+l Rest/

- T . Sy o 4 e i s it .

- e e - -

B-8-11.  Define the voltage at point A as ep. Then
| E\6) &  Res
Ectr ~ &+ R~ Ros+
Define the voltage at point B as eg. Then

£ ()

3
5O = R

[&r@-es6)] K = £
and K 3>1, we must have
Exls) = Egls)

Noting that

- RiCs : A —
(S)ﬁmé“{:) _Egé")“ R-!-E Eo.6)

from which we obtain

Eoﬁ') _ Fz‘f‘?a ?_&C.S (i+ )S .
. 7/
C-22-7
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B-3-12.  For the op-amp circuit shown to . 7
the right, we have 1 &
. Z‘
I R
£ —E, =2, I, P ,
: — Zj :

Eg-—-O 2231/ ) —IT—[—:JI,,S

EA - Eg . 8,; 23 eo
Hence '

ol
»I'

I, = —ZL“ (2s I, — -Eo) (1)“
Also, '1 |
E;~Eo =(Z2+Z )1, ‘ (2
c=(2,+23)I, o (3)

By substituting Equation (1) into Equation (2), we obtain
Et=-E, = (Zz«l—z;)-é‘- (Zz I, — Es)
By substituting Equation (3) into this last equaticn, we get

,(Z;*Zs)lfw-é‘,z('-z;-r/)zs - (£ +/)E

or
~ (/-— ~1)E = (Z+zs - Z;f’—zs)fz.

' pence | |
~%2& =(2/% -2.23) 1, T (@

From Equations (3) and (4), we hawve

.- P T~ 2,7 :
g __ 5% mm-n%n
& Z,+Z3 Z,Ze +2. 25

Forthecf:rrentop—-anpcircuit.wehave
./ _ _
Z, s - Za‘—‘fl,; Zs = Ra , Zg =R, .

Hence
: {
£6) szz-z;’/?, Re—z  mos—y
£:6) e’ R +R Ra ai_ +Ra ReCs+ [

-23-
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. B-3-13. pefine the current in the armature circuit to be iy.- - Then, we have . . .

Zﬂ. +Réq + K ﬁ’." =&

or

(Ls+RD L) + Ks @uls)= E2 - @

vhere Ky, is the back emf constant of the motor. We also have

J;!é:" ‘1"T=7;=/<4."1 (2)

\.l
i
ve.t*a
SED
|
3
N

wherexisthemtortorquecmstantméiaistheamaturem Bquatioa
- {2) can be rewritten as

(T +n2J.) 6 =nkKia

or
(T +02TZ I.) st O =nk I,6) | L3
By substituting Equation (3) into Equation (1), we obtain ' .

(zs+r) € ‘T"':’;J‘)‘ o® 1—/<‘s--Q — Exf)

[(Ls +R I(TmT9* T. ,_)S"+I< Kp s] @6 = K EE)

Hence

9 - _ nk
E6)  S[(L5+R)(+1"Te)s+KK,)

-
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CHAPTER 4

For this system A
CdH=—@At, H=3r, C=rT =(_jﬁ9zz~

B4-1.

(L'wau = ~0.00 sV At

A ﬁ*///=;aea$ "}5# ’ -
Assunethattheheadmvesdamfmnémtoxfortheéosecpeﬁod. Then

5"// Sy = — a.aaf—%—iﬂdf
2 |

‘ '.g.(z'f 2‘5) =—o.0r%324(60-2)

—

whzch can be _réwritten as
& —(er22/3)" =— 21486

XxE = 565684 ~2./¢ 86 =3.5082%
Taking logarithm of both sides of this last -equation, we obtain

.%&?ﬂ X = 1‘;@ Zseg2s

X =/ 4521

'B-4-2.  Figure (2) shown is a block diagram of the given system when changes in
the variables are small. Since the set point of the controller is fixed, r = 0.
(Note that r is the change in the set point.) To investigate the response of the
level of the second tank subjected to a unit-step disturbance input qg, we find it

 convenient to modify the block diagram of Figure (a) to the one shown in Figure»(b).

T -25-
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Zi Bz~
Falast] : g A
: i1 Rz ' z
=0 L hy T TR I
{ o Rz ‘ 4, 2 ngS"‘"
. k= Ries+] |~ |RuCsH @
. KRz
(R Y R Cr541)
(D]

(a)

The transfer function between Hp(s) and %’s)' can be obtained as
”2[5') ?z(fla S"f‘/)
WS (kG S+1)(ReCas+ /() +KR2
From this equation, the response Ho(s) to the disturbance
obtained. For the unit-step dlsturbance input Qd(s), we o;bngfg %3(s) can e

ﬁ”) /élna 346Q£5)

/‘f‘f(Rz

. Kz
steady-state err ——
ay- or = - era

The system exhibits offset in the response to a unit-sf;ep disturbance mpm:

or

_B-4-3. Note that "
' 6:69% ==5’4ﬁf
where g is the flow rate through the valve and is given by

fe— £
F="%

pe . BZF
- C o z

Hence

from which we obtain

5S) ___ 1/ -

) Res+( -

For the bellows and spring, we have the following equation:
Ap, = kX

The transfer function X(s)/Pi(s) is then given by

X0 _ X9 B _ A __/
Rel  P® PO T K RCst/

-25_
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B-4-4 -
s 2 —— Eé‘) Z(") ) E“‘)
5E A '
Y6) A
‘ —%—: -t ——! g

In this block diagram, Z(s) is the Laplace transform of the small displacement
of the diaphragm of the pneumatic relay. The transfer function Pp(s)/E(s)

is given by
5') b K &3
E(s') ﬁ‘l’b ]+ lc(Kz a

The c:antroi action of this contmuer is proportionai.. Thus, the ccntroner )
is a proporbional cantmner. ) _

~ B-4a-5. ,Definetheé:easureofairin-theheuowsas?c+po. ‘Then

= capegat,  p=tz
!&_ &"’Po,
Cdf - R

“ | .
.kcjﬁ-"t'f,'-"'/’a; | - (1)

DeﬂnetheareaofhellowsaskandthedisplamtofthebenmasY+y. o

Then, noting that po,A = ky. Equation (1) becomes as

) .
o kA

kC-v‘L +J'—°—~fe—

Thus A
Y& _ &
=6 Res +/

27~
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A block diagram for this system is shown below.

EG X&) A6 »' 26).
) - aib | K: L K -
ﬁa. &) Al k
at+b rRCs+/
el b . K&K

&s) - atb I £ q A/E
| K T Res v

Assume that K3k 3> 1. Then

RG) __ b _arb _ROs+ _ s/ bk

EGC) ~ a+b 4 4 “(aA )(“.’CS‘H)'
Thus, the control action is proportional-plus-derivative.  The controller is
a proportional-plus-derivative controlier. - . :

B4-6,
£ 3] ) rellx 26
A
Al
1 a
a+d
% A7
. ’ k RCcs+1
BE) _ b
Es) ~ atb KKa ( )
a+b £ é 4?(‘3'1-}

If KjK 3 1, then

7%6) Y - Ki K /L —
&)~ atb Kka A _RCs ( )( ,ec':

atb R R(s+t/

The controller is a proportional-plus-integral controller.

_28_
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""" E(s) 2(5)
- aﬁ & [ X&) K, > K P(S)*
a1 % al f6) / ‘J
. i a+b_ i P RiC, S +{
L
R2CaS+/
RE) __ b . kK
&) at b E A chz-f 7

“"‘b R ReCast+! ROs+)
If K3K 31, then

RE) _ _» /
EG) a+b _A4 A  Relzs /
atb R RCis+l Res+]

ble \/szz's*/)(flégs +/>

\ 4A /k K0 s
— .L“‘.. /
= (1 7 )(heiser)
— A /.
= / T 4 -
( e T  BC S +’?’C"‘)

Thus, the control action is proportianal-plus—mtegral—plus—denvative. The
controllier is a PID controner. _ ) :

__B-4-8.. Referring to the figufe shown on the next page, we can obtain the
equations for the system. -
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For the diaphragm and spring assembly,

For the jet pipe,

" For the pllot valve,

Af&‘{y =f;’£f 7’

www.konkur.in

4?

)rrmf

p:me

Adx = RE

A¢
,i

26)
XG)

;’.—.—.—
Au.
~“T

&
A,-f,s

ze)
7 '-'—"Kz_l( ‘

dy
=L =

Z/ = Az «
App.: Af fz-

Kz
A,, Ps

Y6
7o

A simplified block diagram for the system is shown below.

Y&

Xe) (4] z® l & | 76 | K
x| ALs ApPas
‘From this block diagram we obtain

" 30-
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Y&, YO o8 zt9) __k Kr Ae _ K
XD~ U820 X&) Aps ApS k s

where
_ kzk; /41

_B-4-9.  Define displacements e, x, and y as shown in the figure below.

From this figure we can construct a block diagram as shown below.

o6) 7159 _@ Xe) 3 e

a+b
1 _1.a 1, —

Lath

From the biock diagram we obtain the transfer function Y(s)/&(s) as follows:

£ _t Kk : _

Yo _ * 4tk s . Lé atb _ 4 kb -
@) s+ k _a Ya+b A a :
S a+b

We see that the piston displacement -y is proportional to the deflection angle &
of the control lever. Also, from the system diagram we see that for each .
value of y, there is a corresponding value of angle g. Therefore, for each
angle © of the control-lever, there is a corresponding steady-state elevator

angle #.

C_31-
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B4-10. Since the increase of water in the tank during dt seconds is equal to
the net inflow to the tank during the same dt seconds, we have

Ch=(g +34-3.) dt W
where
h
?o =R
For the feedback lever mechanism, we have ﬂ
— 4
*= FXT A
Equation (1) can now be written as follows:
olh »
Cde =5+t fu~3, =—Ky+g, -4 @)
Note that

A -
:b%...k,z K, a_wk (3) .

By substituting the given numerical values into Equations (2) and (3), we obtain

dy

A
:%"4

Taking the Laplace transforms of the preceding two equations, assuming zero
mitlal conditions, we obtain

25 HE) =~ YY)+ Quls)— 2H()

SYE) = HE)
By eliminating Y(s) from the last two equations, we get
253pf) = =HE) + SKRa6) ~ 25 HE)

Hence

(2s*+t25s¢/)HE) = 5 Qa(5)
from vhich we get .
HE) 5
Qub) T 252+ 2s+/

B-4-11. For the system
BA=k(x-2)
whereAistheareaofthebellcm’sandzisthed:.splacmen‘bofthelowerend
of the spring. Also,
32
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y=K f x4t gy=-Z
Thus
) =5 xm . Y6 =—26)
Hence |
APG) = k [XB6)~26)] = k[ X6) + Y] = k(1+Ex6)
Therefore, '

Y _kKXB KA __KkA
Re) S BB Sk(E) R(sHK)

B-4-12. Define
8p = ambient temperature

63 = temperature of thermocouple
82 = temperature ‘of thermal well
= thermal resistance of thermocouple

R2=them1resistanceofthernalwell

Cy = thermal capacitance of thermocouple

Co = thermal capacitance ‘of thermal well

hlsheatinputratetothermocouple

h2=heatinptnratetothemlwell
Then, the equations for the system can be written as

Codby = (ha— Al)dt )
where hy = (82 - 61)/Ry and hy = (6g - 82)/Rp. Thus we have

44
V(178 2

C’ d&z 00"&3_ - &2"”7
At Rz R,
By eliminating 6 from the lasttwoequations, we obtain

Gf) _ l _
) RICRC 5+ (RGH+RCoTR2EG)S +/

‘f"&;"&z

ﬁoting that
o
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RyC; = time constant of thermocouple = 2 sec
RoCy = time constant of thermal well = 30 sec

we have
Ryl = RaCy S =30 - = £ sec

Hence the denominator of 8; (s)/02(s) bwomes as
RCGRCe $* 4 (RC +ReCo+8 ) ) s+ /

= 605 *+ 385 +/ = (rés/5+ /) (36.355+/)
Thus, the time constants of the system are
T, = 1.651 sec, Ty = 36.35 sec

T
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CHAPTER 5

B-5-1. ‘Pime constant = 0.25 min. The steady-state error is 2.5 degrees. .

B-5-2. Rise time = 2.42 sec
Peak time = 3.63 sec
Maximem overshoot = 0.163
Settling time = 8 sec (2% criterion)

B-53. The maximm overshoot of 5% corresponds to § = 0.69. Hence

= 2.0 aad/Sec

2 2
&y == e ==
n="w 2.69

8-5-4; Mmthemssmzssetintomticnbyamit—imlsefomeyﬂesystmf

equatm becomes
MX+RH =)

DefineanotherimlseforcetostopthemtimasAS(t T), vhere A is the
undetermined magnitude of ‘the impulse force and t = T is the undetermined ins-
tantthatthisimpulseistohegiventothesystan 'Bm.theeqmtionfor
the system when the two impulse forces are given is

e thx = 5 + AS E~-T) ,. A(e)=0, Z0) =0

-35
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The ILaplace transform of this last equation gives

(ns*+8) X =7+ A =7
- Solving for X(s). -

Y Ae "
X® = vy -+ TRy

1 _JE LA BT
Vém 52 ...f.;. Nk sz-r-% |

The inverse Laplace transform of X(s) is

xtt)= o a, [E i + A [ fE#-1)) 1¢e-1)

If the motion of the mass m is to be sto at t = T ) :
tically zero for t 3 T. stopped , then x(t) must be iden- -

Notice that x(t) can be made identically zero for t 2T if we choose .

L

A=l, T=

" Tmus, the motion of the mass m can be Stopped by another impulse force, such as -

Mf—-é—) ’ J(f—-’%) ) ;(é-%),

B-5-5. For a unit-impuise input
e =-Ftet+2e’t (¢ =a)
For a unit-step input

C)= I+te et (¢20)

-36- .
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 B-5-6.

Define

www.konkur.in

X[ e-x% 7

zz. e";ﬁa(fl"'-r) = e“’%r -

% / - o @ DFenT

Xy  @-Souw-DT

togaritlmicdecrement=jh;l

2 = ?;--lj”'z,,

==Lf;£gzasl;->J

V75

N o

2 4=
d 0+ A

-\/‘ &«r* +A’-

”/ hl? — ztg

= A

& )(l« )

/”"rz * ( n—7 ) ( )z

-37-
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_B-5-7. For the system shown in Figure 5-74(b), we have —

<6) _ o
RO S*- (1+pk; Vs +/0

Noting that 2 §'&pn = 1 + 10Rn, &/n? = 10, § = 0.5, we obtain
/+/0ky = 2X0.8 X Jo = /7o

Hence
K, = .\1.7%;-_{..= 0.216

Mamit-steprwpo;gsemrvesofbothsysbeus&eshqwnbelom

Unik-Step Responses

TN =

. I/\*ﬁ:f/ \\//\‘\/_,\
1V

Note that for the original system .

& _ R -l

R~ R®
=__. st s
O >

-38-
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EE) _ RO-CG& . S43.4s

R~ RO — sirz.ugs+/0
For theAtmit-ranp‘input, we have .

Lo ==t NI o__ S5

‘ S*+S5+/m0 S/ s3y52r /o5 S

£6) = :—z_,,&/‘ = ._'!. [ _ __S*+3/s
SH3/SH/05 [ S T S3p3 M5 Fjos T

The error versus time curves [e;(t) versus t and ey(t) versus t] are shown below.

045 Envor Cisves for Renp Responses
04
VAR
NETAN
{
-~ Origined
CIOACT
ay / /-\ TN
£ TNA p——
/
-] 1t 2 3 4 [ 6 7 8 8 ®©
tSec

B-5-8. For the given system e have
| e _ K
R6) . s*+z25+KRs +k

Note that '
Since o
~ we obtain 25wn =2+k‘k;-
2X0.7X 4 = 2 +Kk = 24 [BR
Thus

k=0.225"

-39-
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B-5-9. ‘
cé) _ /£

REe)  s*+ (o.P+/HR)S+/6

From the characteristic polynomial, we find

=4, 2%50,= 2X0.8X 4 = 0.8 +/ER

, . R=o.2
'rﬁerisetine_t,isobuineafm .

- p

tr= ay
Since )
: Of = g f 1-5* = [ 1025 = 3.2
B st _ g1, ] T
B= Men o = e 0. 86 = 3=
we have
£ = "'ﬂ-':"é't .
7 3. 26 =g, 605 Sec

'lhepeaki;.imetpisobtainedas .
) - - ./ ¥ i
B
The maximm overshoot My is ' S
_ —oT Y P ¢ ) - -
Mp=e ViR = & Vi = e =0./is
The settling time tg is ) | '
' 1f f;~ Ll —— ALgC.
*TFex T TExE "2

L BS510. Amwograptdobtain the unit-step response, unit-ramp response,
andmit—inpnlsevrespms:eofthegimsystemisslnmmthenexbpage.

-40-
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% srene Unit-step r&spofse ceens

nim=[0 0 10}
den=[1 2 10];
t = 0:0.02:10;
step{num,den,t)

g
title("Unit-Step Response’} .
xlabel{*t Sec')

- ylabel{*c{t}') . _

. % TEREE Unit_rarnp ‘asponse [ X X X 2 3

-numr-—{o 00 105
=[1 2 10 O}

c = step(numr,denr.-t}.

g!ot(t;c.' St A A2 |

title{*Unit-Ramp Response’
xiabel('t Sec } r
ylabel{*c(t)"}
% Gil’:l-.'l Unit: immt!se response c-q__'«l-l-&
: knpulse(num.den.ﬁ |

'title( Unit-impulse Response’)
xlabel{'t Sec*} .
yiabel{"c()’}

The unit-step response curve is shown below. 'meunit-ranpresponsectnveand
unit~:impnlseresponsecurveareshmonthenexbpage

—41-
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" B-5-11. A MATIAB program to obtain a unit-step response of the given system
" “is given below. The resulting unit-step response curve is shown on the next page.

% ****% Unit-Step Response *****.
A =1 -0.5;1 Of :
B = [0.5;0];
C={[1 0O}
D = {0);
fy.x,11 = step{A,B.C.D);
plotit.y}. |
-Step 3 I
o Requnse _
yiabel{*Output®)
-42-
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- A MATIAB program to obtain a wnit-ramp

respmseefﬂ:egivensystmis

presented below, together with the unit-ramp response curve.

% L2 2223 lm.m m *EENS

A=[1 051 O
B = [0.5;0];
C =01 0

95 **++* Enter matrices AA, BB, CC,
%em.mionam!m:tputeqmﬁm“"

AA = [A zeros(2,1);C O;

88 = [B;0L; .
CC=10 0O 1
DD = [0}

.

[zx.1] = step{AA,BB,CC,DD};
x3 ={0 0 1I*x"; pbt(to.ig,.t.t.'-'l

g('wﬂt-ﬂamp Response')

wm and Unit-Ramp Input
text{11.3,Output’} ,

wwwmmmm

% ***** Enter step-response command {z.x;t! = step{AA,BB,CC,DD) *****

oy .

Output and Unit-Ramp

Jo

15

~-43-
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. myeamprogmtoobtainamit-imulserespmseofthesystau
- is given next, together with the unit-impulse response curve.

% ERXERS Uﬂit 'm“lse respo!‘se EREEE

= {0.5 :0}‘

) =[1 Ok
= [0};
impmetA,B c.D)

- 85712.  From the closed-loop transfer function

ce) _ 3 . 36

R6) S+ 25 +26 (s+/)2+ 6/__)2
we find that &y = 6, § = 4, and g4 =/35.

Rese time:
where % = 4;;&
| S L L JE
/3 Lo = Tom r— = Haw "'-':;-—
e Z‘;..".sx G/E/ = 1. 403 % nae

b o DIELE~(HOSF
r VEYS

= 0.2738 sec

~44-
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e =T cassro e
l!ammmoverélzpot: .
/L,;:e“?%"ﬁ":e“"ﬁg"'é e~
| =0..S‘f5‘;0 .-
Settl time criterion):
£ = 4 & = 4 sec

A MATIAB program to obtain.the rise time, peak time, maximum overshoot, and
settling time is shown below. The unit-step response curve of this system is
shown on the next page. . -

=0 0 36
| den=01 2 36};
t=0:0.0015;
[yx,t] = step(

step(oum,den.f);
r=1; while y(r) <1.0001; r=r+1; end
. nse-m = (¢-1)*0.001
Tise fime=
0.2940

| bymax.tp] = max(y); _
| peak_time = (tp-1*0.001

- peak_time =

05310
mex_overshoot = ymax-]1
manx_overshoot =

05880

] s=sbox;whaey(spe.gs&y(s)<1.oz;s=s-1;-aa;
scitling time =(s-1)*0.001 -

{ seltling time=
3.8210-

—-45-

forum.konkur.in



www.konkur.in

_jtsﬁjg, The closed-loop tiansfer function of System I is

) /
Rz S*4o025 4]

The ?losed-loop transfer function of System II is
Cx® = _Itofs
RE) St 54/ _
The closed-loop transfer function of System III is
Cx6) _ ¢/
Re) = st4+s+/

lhemit-sbepresponsemrvesforthethree . gure
_ : . : systems are shown in Fi .
shoot, or the best relative stability, of the ﬁhreeh:;s:gsgf ' i

18 e s
/1 Neptrept
15
' / \
3 i 2 /’\
g x '° 3
V :</°° \
s N
Mxﬁ
Figure 1 *
[ ] 1 2 3 4 5 8 7 [ 9 10
tSec
”:;é;v
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mmumrmmformmmmmmmmz.

- The unit-ramp response curves for the three systems are shown in Figure 3. . Sys-
teunlasﬁnadvantageofquidaerresponseandlesssteadyermrmfouoﬁng
a ramp input. ; _
. The main reason why the System II that utilizes oxiai— -
tive control action has superior response chracteristics prop:;bim . plus—derim
-cmttol:&spmdstoﬂxemteofdmrgeoftbemsignalandcanpmdweear-’
1y corrective acl:ionbefo:eﬂ:enagnitndeofﬂeerrorhemlarge. Notice

thatthewtputofSystmIIIistheoutputofSysbemndela irst-
order lag term 1/(1 + 0.8s). : Yedby-af ,

© - Unil-Remp Responses
9
°°°
LCalms
96
°0
°°°°
< Spjem 1 — o°°
o W7
= o s Sysherk2
(-3
°G
° -
=°o 3}
] ]
1 % / °..
X £
Figure 3 o Zal
o e 1 2 3 4 . ss“ € 7 8 s ®w
-47-
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_mmprogramthatusedtoobtainFigurés 1, 2, and 3.is shown below.

% —— Obtaining unit-step, unit-impulse, and unit-ramp responses ——
% ***** Unit-step responses of three systems ****+

numl =[0 O 1);

dent = [1 0.2 1I:

num2 = [0 0.8 1I:

den2 =[1 1 1]

nm3=[0 0 1]

den3 =[1 1 1};

€1 = step{num1,dent,t):

€2 = step{num2,den2,t};

c3 = step{num3,den3,ti;

plgt(t.c‘l.'__-‘,t.cz.‘x', 1,¢3,"0") -

grid
title{"Unit-Step Responses")
xlabel{'t Sec"}

- ylabel{'c1, ¢2, ¢3")
text{4.2,1.7,'System 1'}
text{4.2,1.3,'System 2'}
text(3,0.9, 'System 37)

% ***** Unit-impulse responses of three systems *®t*=e

x1 = impusse:nmm,dem,g: '

x2 = impulse{
x3 = impulse{num3,den3,t);

plOtfto)d l..‘ltlxz'.x. ’ ttx3l 'ot)

. grid
title("Unit-Impulse Responses’)
xlabel{'t Sec")
ylabel('x1, x2, x3"
text{3,0.5,’System 1"}
text{0.8,-0.1, System 2°)
text{4.1,0.1,"System 3"}

% ***** Unit-ramp responses of three systems *****

-oumir={0 O 0 1}
denir =[1. 0.2 1 o1
num2r=[0 0 08 1j:.
den2r=1[1 1 1 O
mum3r=[0 0 0 1]

1 o t%n ; 1 ! OJ‘II;
Y1 = stepinumir,denir,t);
y2 = stepinum2r,den2r,t);
y3 = step{num3r,den3r,t};
p@t(t!tl ."‘ltcy1 l'.‘lt'vzt 'X'c ttysl 'o.) )

title(*Unit-Ramp Responses’)
xlabel{'t Sec®) A
yiabel('y1, y2, y3')
text{2.5,5.5, "System 1°)
text{6.2,4.5, "System 2')
text{4.8,2.5,'System 3')
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The closed-loop. transfer function of the system is
Xb) _ %o
RE) T 0/SP s+ fes+ €O

mnABprogramtoobtainthemitpsteprespwsecurveisgivenbelwptogeﬂ:er
viththennit—st@respmsecurve '

8514,

% SRS Um.mp respo“se SRS /'\\ 1. K .
- . ] /—$—

num=1[0 O 0O 40}
den=m. 1 10 405 - ~—

= 0:0.01:2;

x1 = step{num,den,t);
plot(t.x‘l 2 ' ' ) #
k17
ﬂﬂe('Unit-s*tep Response’ -
xlabel(‘t Sec’} . ! . /
yiabel{'x1") 04

°oa.zo.4a.su1-tz-uuuz
ttoc

Ammogmboobhainthemit-ram:espmsemisgimbelw 'me
resultingunit—:anprespmsemisalaom.,

9% ***&* Unit-ramp response **+ee |

numr=[0 0 O O 40
denr =101 1 10 40 O
1= 0:0.01:2 0
y1 = steplnumr,denr.t);
g’,‘,‘;‘w YLD ,
x!abel('tSec ® Res pd
ylabe!(‘ﬂamp lnputand Output x1') : e

“4 18 18 2

X8 _ g5 .
RE) = 0./53 454 fos + %0
The response x2(t) for the unit-step input and.that for. the unit-ramp input can

be obtained by using the MATIAB program given on the next page. The resulting
s respmsem[xz(t)vmtm]arealsoslmmmthenemtpage

_49_
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% ***++« MATLAB program to obtain ' =

nm2={[{0 0 40 O
den2 = [0.1T 1 10 405
;t(; 0:0.02:3; d

. = stepinum2,den2,1);
plot{t,x2)

title('Res x2 to | = HY'
A gg::\.s)e 0 Input rit} = Ht)")
yiabel(*x2"}

num2r = [0 0 O 40 O};

den2r = [0.1T 1 10 40 Ol

y2 = step{num2r,den2r,tj;

gg‘t‘t, '.". ,t,yz, .o.) ;

title{"Response x2 to input = t.1{t)"
xlabel{'t Sec'} 0 )
yiabel("input Unit-Ramp and Response x2*)

Response x2 10 lnput #{t) = 10}

0 Y3 1 15 2 2. 3
tSec .
i Response 22 to bput ) = . 14y
g .
g —
i |
I
o o5 1 15 2 bl ?
tSec
Clsol
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Ne:cb;wes!:auobbainxg(t}versustazrvesforﬂueunit—stepimutand
unit-ramp input. that

Xof5) _  s0

" X3s) T ous+/
and ‘ .
| Xa(s) - %05
e e RG) %1 5%+ St + fos + %0
X:6) _ X8O )@6) . ¢t fos
R6) Xz(f) R(f) ST H /03t 1005 + el
The following MATIAR progrw be used to obtain
° responses. x3(t) to inputs -
:g;); pa;ét) and r(t) t-l(t:). The response curves are shouthelow and on the

% ***** MATLAB progrem 1o obtain response x3 to inputs
% rit) = 1{t) and it} = t.1(t) *eeee X3t0

B ok
t-—o-ams- . I
plottt.x31.

aﬂd

Responsex:ito!ttput = *
xiabel{'t Sec'} tm HY
yiabel{"x3"}

num3r=[0 0 4 40 O}
den3r = [1 10 100 400 o5
y3 = step{num3r,den3r.,1);

%(t.t.' ' 5,¥3,'0°)
title!" Hesponse h‘lput *
xiabell"t Sec') *3 10 rig =t 167 = :
ylabel('lnput Unit Ramp and x3°} s J
Respones 3 1o bput e = 401
/N
/ N
[ X 1 13 2 =5 . _-|‘
thec .

C-51-
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" Resporsa x3 to lpul f{f =L.3()
28t
L] 2r
il
T
E J
-00 as 1 15 25 3

Fzmly,weshanobtaintheerrorversusbeurves Plots of e(t) versus-
tmrveswmnﬂ:einputr(t)isamitst@orunitrm@canheobtﬁmdbyuse
ofﬁxefollovingMABpm

'%—-—-MATLABptogramtoébtak!e{ﬂ versus t curves —

don=0.1 1 10 40}:

t = 0: 0.01:3;
x1 = step{nmden.t).

wta - x1,:

txﬂe{Pl.(t)ts:ie,(t) versus ¢ when rit) = ﬂt)'l
yiabel{®eft) = 1({t) - x1{t}'}

Q sEans Umt-tamp I&SW"’**'

numr=[0 0 O O 40L
3?!'=={0.1 1 10 40 O
plotit,t,'—"t,t" - y1," ";' '

grid
ﬁtle{‘Plotofgm versus t when rit] = t. 10"}
yiabel{"eft) = t.1(8) - x1()"}

The error e(t) versus t curves are shown on the next page.

sy
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. Pict of ofY) versue twhen 1f) = 10
=1
2
\&///"\\
oS 1 15 4 "25 3
“t8ec
’l Piot of oft) versus twhen ol = L1
§.
h
=21
-t
.
§
1
[ ] s 1 15 2 25 3
t8ec

B-5-15. The closed-loop transfer function c(s)/R(s) of this system is

ce) _ _ Gt) - 5(-"4'%(5‘1"#-)
R&) /t - /0
_ 6{;) 7+ SGTe e

/0
. S3+Lsr+ P+ /0 .

A MATIAB program to obtain the unit-step response curve as well as the rise
time, peak time, maximum overshoot, and settling time is shown on the next page.
- ‘The unit<step response curve is also shown: on the next page.

53 )
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am=f0 0 0 10}

t=0:0.002:10; ’

[y.x.{] = step(oum, den. £);
lﬂd(t.y)

' uﬂe(m-swpkspmseawe')
xdabel(t (sec))
Ylabel(Output)
r=1; while y(f) <1.0001; r=r+1; end
rise ume=(r-1)"0°°2
rise_time =

1.7720

[ymax,tp] = max(y);
" peak_time = (tp-1)%0.002

peak_time =

26320
m__.ovusl.loﬁ‘*m'l,
.- max_overshoot =
© 02146

s=5001 , while .98& =s1;

_ | settling time =
{ 5990
utuenu-nﬁ-k
/ \
1 F 4 ; I s
‘tﬂ»
v“:é4;“m
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B-5-16. a MATLAB program that produces a two-dimensional diagram of unit- .
impulse response curves and a three-dimensional plot of the response curves is

given below.

- ['% To plot a Two-Dimensional Diagram.
t=0:02:10; ‘
zeta=[02 04 06 08 1}
forn=1:5;
mm=f0 2%zcta(n) 1]; _
den=[1 2*zeta(m) 1}
.{ggsl,n),x,tkinmbe(mdm.t);
e -
title(Plot of Unit-Jmpulse Response Curves with \zeta = 0.2,0.4,0.6,0.8,1)
xlabel(t (sec)) :
xt(2.5,04,0.2)
tex1(2.5,0.6,0.4)
=x1(2.5,0.80.6)
«x{0.5,1.3,0.8)
. tex(0.5,1.75,1Y) _
% To plot & Three-Dimensional Diagram. |
xlabel(t (sec))
ylabel(\zeta’)

mmpgra.amshmnbelwandmthempage: respectively.

n Piot ot Unik-ingudes Respoans Ooves Wik Lo 828428805
1
15
. . i
} -

[, —

5 1 2 3 4 3 [ 7 ) [ ©®
tic)
~-55.
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A MATLAB program to produce a three-dimensional diagram of the

unit-step response curves is shown below.

t=0:02:10;

1L

zta={02 04 06 08

forn=1:5;

mm=f0 1 1} -
den={1 2%zcta(n) 1J;

- B(SLm)xg

4
= step(oum,den t);

end

mesh(t,zeta,y’)

- { title('Three-Dimensional Plot of
xisbel(t (sec))
ylabel("zeta)

Unit-Step Response Curves) |
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B-5-18." A MATLAB : : .
—ﬁisgimmpmgramtoohbainthemit-ranpresponsemofthegim

% MATLAB Program for Problem B-5-18

A=[0 1-1 -1}

B=[0;1];

Cc=[1 O}

D=0;

t=0:0.18;

u=t

1 y=him(A,B,CDut);

Plot(t.n,'-',t,y,'o') _
Hﬂd’Umt—RmpRespom‘)

. xlabei(‘t(wc)‘) Hipot sad

text(1.5, 4.S'Umt-Rmnp : P)

text(4.5,2.5, Outpat))

The resulting respemse curve i& shown bel ;, Together with the unite . ‘

8 UnhRamp fasporee
=
. 4 -
A _
il -
1 2 3 & L [ ] 7 ]

B8-5-19. By taking the Laplace transform of the differential eguation:
| . Yi3p+2r=0, y(0) =0.1, ¥(0)=0.05

we-Gbtain

| 52¥(s) - ay(0) - i(o)' + 3[s¥(s) - y(0)] + 2¥(s8) = 0

-57-
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By substituting the given initial condition, we get
(82 + 38 + 2)Y(s) = 0.18 + 0.35
Solving this last equation for Y(s), we obtain

&) = _O/5t0.3s _ _ o/stozs 2:128 o/
s*+35+2 (s+/)(:¢ 2) T st/ s+2

The ixrvmel’ap}.acetranéfomof?(s) gives
. " y(t) = 0.25e~t - 0.15¢~2t
This is the solution of the given differential equation.
MATLAB -solution: |
Iet.us obtain-a state space equation for the system. Define
X =Y -

| |  xpey

Then, tl:estatesgaeeéquatimandthéoutpubequatimbecmeasfoim:‘

X - 0o 1 5:1 27(0) 0.1
il -2 -3||x ' xz(o) - }0-
y=0r ox[xl]

x2

' Apossmmprogramtomaintherespmsey(t)zsgiminthefeuwing
meresultingrespcnseaxrveisshombelow

A=§ 1;-2 -3};
B.==[0;0];
C=[1 0}
D=0; :
t= 0'0.01:5' =
Iy= mmHA,B.C,D,IONGSLt);
Mt.y}
Mmmwcm)
- xlabel('t (sec))
{ yiabel(‘Output y')
_58-
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" atzp- o
m  "\
. \ |
N
- AN
: — N
FEEERN
\\
" es 1 15 2 uz; 3 B 4 45 5
~B-8-20 . "
| @ ________ %
- B)  S(G+)(s+2) + K
The characteristic equation is |

_ stisstr2s+ K=o
The Routh array becomes ‘ |

53 /
St. 3 K
5 €—K. -
S 3
For stability we require 6 >K and K > 0, or
6>k >0

B521. For the characteristic equation
| 5*+ 25+ (¢+K)s 475425 =0
. ‘the Routh array of coefficients is

oso-
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s¥ / “«tE z2s
53 2 g o
2 2k~/
S > 25
FL ~
2& ~¢f g
s 28
For stability, we require
2K~/ - . /8K~ /0F
S ——— o »
rete T 2k-/ >0
| K>es /8K > /09

K> M? - .56

For stability, K must be greater than 109/18.

B522.  The closed-loop tremsfer function C(s)/R(s) is

£6) _ _K(s-2)
(O (St (s*+ 45 +28) + K (s—=2)
K(s-2)

P+ 75t (34+K) st 25-2K

vmstabiﬁty.»thedminatorofthislasbequatimmﬁheastablepolymu
| For the characteristic equation

S’ 75+ (3/+ K) s + 268~2K =0
theaatbharraybeamsasfmms

53 / 3/ +K

s 7 25-2£&

sl - P2+ Zf ' —o -
== .

s° 28-2¢

Since K is assumed to be positive, for stability, we require:
12.5>K>0

e
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B-6-23 . From Figure 5-56(1;) we have
: K

RE) Js*+Ki, s+K T gy ,%Q_ s+ .jls.
By substituting K/J = 4 into this last equation, we obtain

ce) ¥
RG> S ¢ abas+ #

Sim a)n = 2' 5= 006; and 25”3 = %, we have

23X a/
K = d
' 2 4

7--:0.5'

B-5-24.  rprom the block diagram of Figure 5-81, we have

< | 20K
R&) SEH &P (¢4 208K )5+ 20K

(characteristic polynomial). The Routh array of the characteristic equation
. S+ S5+ (¢t+20KK, )StY22k =0 '
S ’ ) ‘

s3 / «t20kk, -

s & 20 K

S gtzokk-4k.. O

s° 20k
For stability, we require -

¢+ 20K0, -2k >0 , 20 K >o
or i
CSKKy > K~/ , K>o

The stable region in the K-k, plane is the region that satisfies these two
inequalities. Figure 1 shows the stable region in the K-K, plane. If a _
point in the K-K;, plane (that is, a cawbination of K and Kj values) lies in the
shaded region, theén the system is stable. Conversely, if a point in the .

R-Fp plane lies in the nonshaded region, the system is unstable. The dividing
curve is defined by S5KKj, = K — 1. (2Any point above this dividing curve corres-
ponds to a stable cambination of K and K.} _

T 61~
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0.t | Z
lf‘l‘i K-1
H
7
aq i
o1 ¥ ro Is 20 K
ﬁ'f««—ti
. B-5-25, -
= 5. -/ V4
I-8= & s -
0 ba' 'Si-b,

= & +b,s‘+(5,+;,);+ b, 4;
- The Routh array is _
| S ! btk

st b 4k,

s’ b 0

| $°  biby
m,thefirstcolmofthemuehamgofthedaracbedsticeqmtimm-
_sisbsoflrbybz.andblbg |

B B-5—26_.

C(r) G o K=+b
RE ~ 1+ 6() s +as+b
(s*+as+b) G6) = (ks+ 1)1+ 64)]
or
, _ __Ks+b
96 = :(s+¢ - K)

_62_
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" The steady-state error in the unit-ramp response is

€ = L =l L g, SE+A-K) _ 4=k
=k ff»‘:‘ SG§) ;‘.";: SCks+b) . b

B-6-27, | The. closed-loop transfer funcbﬁm is
= LY
| JIs*+8s +K
-For a mie..zaq? input, R(s) = 1/s2. 'I!ms' )
EE) _RG)—=CH _ Is'+ Bs
) R Is*+Bs+K

Js*+8s |
TS +Bs+K St

£6) =
» The steady-state error is |
| Cs = ) =L; =2

s = k) é::sé‘é') v

or decreasing the viscous-friction coefficient B.eagtnereasing the gain or
mmmﬂm-mmmw,m.mmmnuo
wm.ﬁthtmmztmmmmmammﬂu
become more osciliatory. Doublimg K decreases egy to half of its original o
m.m;&deaasedeoo.mofihsodgimlmdmegis.imra&u
proportional to the square root of K. On the other hand,decreasing B to. half
of its original value decreases both and § to the halves of their original -
. values, respectively. Therefore, it advisable to increase the value of K
.. rather than to decrease the value of B. After the transient response has
died ocut and a steady state is reached, the output velocity becomes the same as
‘the input velocity. . However, there is a steady-state positional error between
the input and the output.  Examples of.
the unit-ramp response of the system for .
three different valuves of K are illust-
rated to the right. .
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B-5-28 . Consider the system shown below. .

| 26) -
- 6>
| R"li—%—s‘m [66) |—1—»

From the diagram we obtain
) @)

Rz
For a rawp disturbance d(t). = at, we have D(s) = a/s2. Hence,

Co)=LimsCO = fora 3296 _4__ ). _a
T T sl IVGRG S eve SG.q0)
c(e9) becomes zerc if G.(s) contains double integrators.

LT lealT
forum.konkur.in



www.konkur.in

CHAPTER 6

B-6-1. The open-loop transfer function for the system is

&) HE) = I:(:ﬂ)

Wefirstmtetheopen-looppolesandzeromthecmplaplane Arootlocﬁs

exists on the negative repl axis between -1 and -co. Since the open-1
tmnsferfunctimimlvestmpolesandmezexo,tlereisaposszbilﬁarthat

a circular root loci.exists.
ﬁ:eequatmnfortheroot—locusbrandwscanheobtaimdfmtheazgle
Bom K(s+/)

/ —eit = X/80° (24 +1)
' which can be rewritten as '
[5+] — 2f =2t/80° [24&1‘/)
By substituting s = 0-+ jw, we obtain
[otjwt! ~ 2 fotje = x/80° (k)

) -2 Gim. ’--— =t /80°(2k+/)

or.

4
”‘f )

| #eamng't 'WEObtain :
B ey~ B = B k)

Takingthetangaztsofbothsi&softhislastequatm.- .
o [ /(G ) -2 D)) = T [ Lo £ /X‘a’(zk+D]

wvhich can be smplified to

el T 0 _ a- o L
v 2 - e ., O
A R ~walir= /+-Exo
&/
from which we obtain _
w [(0+1)? +w*~ ]

-65-
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‘mislashequatimisequivalenttc
w=o or (thﬂ) +e =/

Metmeqnationsaretheequatimsfortherookluciforthesysm The
first equation, o = 0, is the equation for the real axis. The real axis from
=-1tos—-oacarre@m¢bboarooi>locusfarx>0.‘ {(The remaining part
ofthereazaxi.smesponaseoaroobmforlt(a.) In the present system,
The second equation iz an equation of a circle with the center

K is positive.
at@--—l,a=0andtbemdiuseqna1tol. The root-locus dizagram is shown

9y

3—6—2. The open-loop transfer fuiction
. GIHE) = S(s+1)(s*+ 45+S) |
las thepoles at s = 0, s = -1, 8 = -2 £ j1 and no zeros. The asymptotes have
angles i 45% and + 135°. .The asymptotes meet on the negative real axis at
a = ~1.25. Two branches of the root loci cross the imaginary axis at s.=
.i-t;sjl. mmxmmmmmemaemmsm
+162°. .
: Ammmmmmmmwbgmmm—
gether with the resulting root-locus piot. !
; -ﬁ *”‘?mw.“”
-num=§(00 0 0 1 '
den={1 5§ 9 § O}
mma={00 0 0 1k .
_ :lzla=n 5 9376 7.8125. 2.4414];
M.‘og#' »
rlocusinuma,dena) ) :
;;!-4 2 -3 35 axdsiv); axis{’sqtiare’);
title{"Plot of Root Loci and Asymptotes’) |

66~
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" Piot of Root Loci and Asymplotes ©

- B-6-3,
ingm

K

GO = S(s+a.8)(s*+o0.65+/0)
isgimbelowandtbemsultingroot&mplobiaslwunmtlenexbpage

thattheequationfortheasymboeesis

G® Hals) =

k - K

Ampxograntoplottherootlociandasymmesforthefouow- .

(ste _293‘)’

% EEEER Boo{.hcgs plot asaas

num =0 00 O 1};
=[1 1.1 103 § 0 .
dena fgo 101 00 253735 0 '
= y 0831874 9.0057191 H
rlocusﬁmm, }, k
plot(r
heid
plot(r,* o%""
riocus(numa,dena) ‘
;ﬁ: -5 5 -5. 5J; axisiv); axis(‘square’);
title{"Plot of Root Loci and Asymptotes  (Problem B-6-3)')

67—
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Pbt_otﬂnottoe!and w {Problem-8.6-3)

/+ 62#).#@): _(+K)s? +('z+£l<).: +/0t /0K

' o s*+25s + /0

The characteristic eguation

s =— LX7K iﬂ . /Ef/ﬁ{-{-? :
S vk T Tk

If we write s = X % j¥Y, that is

 x=—dt3k o VKrrcdts

2

_ /K 7+K
_ . [ IHIK KXr1sk+f  _ L0CKH)*
X+ Y= (0 =

() T (+k)*F

Ts inficstes that the root loci are on a circle about the origin of radius

T 68-
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B-6-5. The open-locp tramsfer function

&) J((s+o.z)

has the zero at s = —O.Zandthedoublepolesats—()andasinglepoleae

‘s = -3.6. ‘The asymptotes have angles of + 90° The asymptotes meet on the

real axis at @, = -1.7. Ihebceakavayorhrek~in~po:lntsaremcabedabs=
> and & = -1.6685. A MATIAE program to obtain the root locus

0, 8 = -0.
plotisshmnbelow The resulting roct-locus pilot is shown below.

% ***** Root-ocus plot *=*¥e -

num=[0 0 1 0.2
den=[1 3.6 O O

;{;:—s ‘2 -4 4j; axistv); axis("square’)
title{'Root-Locus Plot  [Problem B-65)')

" RoottocusPiol  (Problem B-8-5)

™

N

n
"] i -
2}
3
) 5 -4 -3 2 -1 ) 1 2
Real Axis
- -69-
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.,3”3‘6. The open-loop tiansfer function
K(S+7) :
) :
c}gs-”(s-)g s(st+¢s +//) T
hasthepolesatsso,sa~2¢jrandtmmats=-9. The asymptotes
have angles + 90° andneeethereata:dsato'-zz.s. The complex branches

cross the imaginary axis at s = + § 4.45.
conpla:poleintheupperlalfsplaneis-lﬁj'

‘lhedouinaneclosed-loappoleslaﬂngtheda@ingntio§=0.5 be
1ocatedasﬂninbemecbicnoﬁtherooblodandnmsfrmtheoriginhaﬂng .

angles & 60°. The desired dominant closed-loop poles are found to be at-
S==/fSL; 2--1"?49 ‘

'mathirdpoleisatss*-l. The gain valve corresponding to these dominant
A MATLAB program to plot the root-logl is shown

closed-locp poles is K = 1.
- below. mmmm—mm:lsm:nmﬂamm

o, eevne MMAM wnaes

num={0 0 1 9
den=[1_4 11 0f;

hold
Current plot heid

x = {0,-3]; y = [0,5.196]; nelx,y);

ve [-16 5 -10 10F axisfv); axis(’sqtmet o

grid
title("Root-Locus Fiot of Gisiti(s) = !((8'1-91_1[3(_3‘24-4&-!-.1 Ll

Root-Lacus Piot of Gle)lH(s) = Kis+S)ie{s"2ede+11)

|
/

Imeg Axis
(-]
q
’“.
l "
-

-10
-18 -10 B o 5
Resl Axe

| T l70-
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Amp:ogmtoobuinarm-lmplotofthegimsyam

B-6-7, .
‘ﬂxeresultingroot—locrmplctmslmnbelm.

is slmn below.

% l“llil ROO{"DGUS m 'll"l"-

aum=[0 0 0 2 2};‘ : --
den=[1 7 10 0 OL ‘

liows( numa,dena)
;ri: 10 10 -10 105 axisM axis('sqm').
tite{"Plot of Root Loci snd Asymptotes  (Problem B-6-7 )')

Piot of Root Loci and Asympicies {Problem B-8-7)

- . 10,

10 -

-5 4 5
Roel Mis

fammm'mmmmmmwmmm )
conputer. mmtmm-mm&wﬂa '

i
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% *es% Rogtiocus plot *E*Fe

den=[1 7 10 © ok_
‘docus(num,den]
ve[-3 3 -3 3 axislv); axis{'square’}

gpmmmzmmom {Problem B-8-7%"} |

L) '

- Rooktécus Plotnesr e Orlgia _ (Problem B.8-7)

L)

.
-1
3 = 4 ) 1 2 s

‘ ﬂemdxfwshbintyeanbem use of Routh stahili
criterion. Simat!nclmed-xooptmsferfmeionb{s 15!‘:

o 2Kk (s+ /)
R() S¥ 4 759 +05* + 2Fs+ 2K

the characteristic eguation for the system is
S*+ 7;’+/ﬂ3 +2K5 + 2k =0

-72_
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The Routh array of coefficients becomes as follows:

s¥ 4 - o o 2K,
s3 V4 2k
st ek i
22K _ sy K
/ 7 ___ :
> Zo ~ 2K : e
? .

s 2k
o ﬁmm;ity,mm
| 70 > 2K
2~ ¢k >0
k>0
- Tmus, the range of K for stzbility is

_ses>K>0

m, mmmzxmmm
$’+$$‘+?S+K=o | _

KK&&W&Z;M%WMW
ST+ 452 4FS +2.20

'+ The closed-loop poles are located as followa:

s=-—1.8557+ji. '

= ~1.8557 ~ j1.8669
8 = -0.2887

See the following MATLAB program for finding the cloged-1oop po:.as.
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p=[{1 4 8 2;
Tootsip)

ansg =

| -1.8557 + 1.8669i
-1.8557 - 1.8669i |
-0.2887

A MATIAB program to plot the. root loci is
locus piot is also shown below.

% L2 2 X 3 ] Boqi_m m Fryyey

nm=[0 0 0 1}
den=[1 4 8 Oj;!

rlocus(
garculs('squata’) _
title(*Root-Locus Plot of Gis) = K/is{s~2+4s+8][)

Root-Locus Plot of G{s) = Kisis*2+4s+8]]

7

Hd
-

I . e N

shown below. m.remﬁngraoa-

_B-6-9. ﬁemlooptmfmuonisgimw

Gﬁ‘)é’ﬂ)——- kff;ﬂaff/2)
| S E 43300/ 50+ 2. 872552

74—
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The equation for the asxmphotes may be obtained as
z k. )
B Hafs) = - '
e ‘_‘{ ) S+ (Z3%0/ +0.6667 ) S+ -« -
« _

(s-a-?-’”f 104667}
3

of}e

K
(s+43356)3
- K
S? 4+ $00 FEST+ £.357/5 S5 +2.282%

l,.

Htgce, wefnterthe.fonovingmmgratorsanddemminawtsinthepmgrm. For
- num = [0 o o 1 -0.666?]
den = [1 3.3401 7.0325 0. 0]
For the asymptotes, ' '
mma=[{0 0 0 1]
' =[1 4.0068 5.35i5  2.3825]

Amerogramtoplottherootlociandasymptatesisgimbelow.
resulting root-locus plot isshowncnthenexbpage. .

The

% ERESE mm p’ot (A4 X 2 ]

num ={0 0 0 1 -0. 66671: :

= [1 3.3401 7.0326 0 O}
numa =0 0 0 1};
denz = [1 4.0068 5.3515 2.3825]:
K1 = 0:1:50; :
K2 = 50:5:200;
K= [K1 K25
r = riocusinum,den K);
a = riocus{numa,dena,Kl; -

plotir,’o") . _ -
;0; -6 2 -4 4}; axislv); axis{"square’}

- Current [ held
title('Root-Locus Plot  {Problem B-6- 9 }')

xiabel({’Real Axis’)
viabel{"lmag Axis’)

- _75-
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Roox-Locus Plot:  {Problem 8-6-3)

B6710. By substituting s = O + j&’ into -

K= '(""‘J‘“’)( o+ W ‘H)l !( o~t jw)‘+°~+ 'aJl
= ]o-=+0~ -—w +Jw(/+20~)'

™hus,
| = (ﬂ“‘-:- o )"+ w*( 1+ 260"
= Jo(o+/) -]+ (16 + #02)
| = [o(0~+) +*]t + ™
Hence

) Y - 2
[ +w*] +tw = K
"n:ecmskanbgainloeifer!t=1. 2. 5, m.andzoanthesplanaareslm »
on the next page. :

B —76~
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B-6-11, The temm (s + 1) in the feedforward transfer function and the term
Zs+1)1nttefeedbad:ttansferfmbimcancelead;ow. The reduced

characteristic eguation is

K(S+1) / K
/'t GEIHS) = [+ — = Y =
T GEHD) = / SGvzsrd) s+ T Sioiasie) O

The open-loop poles of G(s)H(s) isat s = 0 and 8 = -1 ;t,\,jfg. The following
mptogramproducesthemot-;ocusplobshomonﬂienextpage.

%T LYYy T mmpm ssssa
nm=[0 0 0 1)
den=(1 2 6 O}
rlocus{num,den)

Warning: Divide by zero _
;ﬁ: 5 -3 4 4}; axisiv); axis{"square’)

title{"Root-Locus Plot  (Problem B-6-1()")
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Root-Locus Plot (Problem B-641)

4 -
! // |

I 1

"4

-3} \

—:'5 4 3 2 -4 . 1] \1\ 2 3

‘I’ofindtheclosed—looppolesﬂ:enthegainxissetequaltoz eul:er
the following MATIAB program into the computer. .wemy

p=0[1 2 6 2;-
-roots{p} L

-0.8147 + 2.1754i
"-0.8147 - 2.17541
-0.3706

Thus, the closed-loop poles are located at
8 = ~0.8147 + § 2.1754, s = ~0.3706

B612. por the system shown in Pigwe 6102(a);

amnABmmmobarm-lomsdiagmforthesysmminFigureﬁ
6-102(a)is shown in MATLAB Program (a). 'Iheremting root-locus plot is shown
in Figure (a) (see next page). “ . :
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% MATLAB Program (8):
mml=[0 1 -1};
denl=[1 6 8];
K1 =0:0.01:50;
K2 = 50:0.5:1000;
K=[Kl K2
ﬂocm(numldenl,K) . .
tlﬂe(Root-I;ocusPlotofG(s) =K(s-1){(s"2+6518))
. " Soot-Loces Pot of Gie) = Kis-1¥s 2eeem)
.“ _
os
o4
02| e
2 i o
|
as}-
E R 3 - 3 2 pr] N 1 2
ool fois

. For the system shown in em shown in Figure 6—102(1)):”

. AmnABprogrmtoprodnoeamot-lowspmtofthesystensmninﬁgnre
' 6-102(b) is given in MATLAB Program (b) The resulting root-locus plot is shown

onthenad:page

% MATLAB Program (b):

mm2={0 -1 1}
den2=1 6 8];
K1=0:0.01:50; )
K2=50:0.5:1000; .
K=[K1 K2}

v=[8 8.-8 BJ; axis(v); axis(squarc)

gid ;
tlﬂe('Root-Loens Plot of G(s) = K(I-s)l(s“Z-l-Gs-i-s)') :

adabel(Real Axis')
yhbd('ImagAm')

- _79-
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| Mect-Loows Plet of Gis) = K(1-)s 00t

< - 2 ® 2 6 6 8
Neal Ads :
_ Notetmtthe.emntimsforthemob_lociforhathsystasareebesané._.
| w[(—1)*+ w2—/5] =0
misequatidn is equivalentto o .
w=0 o  (e~/)*+w*=/5
The first equation (4= 0) is the equation for the real_.axis. The second
equation is_the equation for the circle with center at (1,0) and the radius
equal to.f15. . _ '
. -'naeequatimfcrthebreakaﬁayorh:eak~inpointsiéobtainedfm
_@R/ds = 0. For both systems, the solutions for dr/ds = 0 are :

S=4873 ,  S5=-2.873

For System (a):
- K= ~15.746 . for s = 4.873

K=-0.254 for g = -2.873

This means that there are no break away or break-in points for System (a). The
root loci exist only on the real axis. (The root loci exist between s = -2 .
and s = 1 and between s = ~4 and & = ~ 00.) )

For System (b): ‘ -
. K=15.746 for s = 4.873

K = 0.254 for 8 = -2.873

-80-
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Hence, s=-2.873mds=4.873areactua1hreakmyandbreak-inpoints, :
respectively. -'nlercotlociinvulvesthecircularlocusﬁ:erethecente:bf ,
the circle is at (1,0) and the radius equal to J15. - The root loci .
existontherealaxis,'fms=-2tos=—4.aﬁdfms=1tos:oa.

8-6—13. The differential equation for this mechanical system is

bil(Tp -2, )+ # (2 ~X)=br 2, |
Taking the Laplace ‘transforms of both sides of this.equation, assuming zero
initial condjitions and then resriting, we obl:ain

Xols)  bas+4 o -‘,-{f":?-/

Xt'g) ' (51*'52)31'& T "1255"5._‘__-/

If we define

by . bith

then the . transfer function X5(s)/X;(8) becomes

X)) __Ts+l _ g _-_"_‘f_-_;_‘l-'_ o
Xe@)  BTs+/ —‘é’ _ S.,.PL,._ - -

This is a kX, because the (s=-1/8T) 1s :
%mgzsg_m). pole (s » 1/ 8 T) s located closer to the -

The plot obtained is shown on the next page.
' % seess mm Pbt ssage
num=10 0 0 1;
den=1[1 4 5 Of
rlocus{num,den)

hold .
Current plot held -
X a0 By =10 3.454; linetx.y)

ﬁ(‘sm
title{"Root-Locus Plot*}

B6-14, The following MATIAB ptogrggi_ves a rmb_-lvgm_sﬁplol: for the system.
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. _:4 ' - )\ 4/
N

T NVN
I ENANE

-"-4'-3-2-1.0123.4

Imag Axia
-

Simethedmimnbdnsed-looppoleshavethedmingraﬁo;otc.s.
- may write them as

_ S=xEtj3x
The characteristic equation for the system is
S34-¢gst s+ K=0
' _Bysubsbitutirgssx-&j,f?xiuhothiseqmtion veobhain

(X-P‘Fx)’-t—fé(z-r SUESR +$'[x+)ﬁx)+l< =4

‘-?:c"—- Fr*+sx +K+ 2f3‘j (#z"+2-$‘")=9
By equating the real part and imaginary part to zero, respectively, ve get
| XA F K =0 | @)
x> +2.52 =0 » (2)

 Noting that x # 0, from Bquation (2), we citain

-82-
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X 4+2. 8 =0

_ X == 0,625 |
| By substituting x = ~0.625 into Buation (1), we get
| K=dx’+ px*~ 5x |
= 8l~o0.425) + &(Ae.tzs*)°¥-5'(—p.fzr) _

= 274875

'l’odete:aineaucloaed-loop we enter the £ MATIAB ‘
powd polea. my olming .pto-

p=[1 4 5 4.208875%
rootsip)

ans =
-2.7500
-0.6250 + 1.08251

-0.6250 - 1.0825i

Thus, the closed-loop.poles are located at s = ~0.625 + §1.0825 and 5 = -2.75.

The unit-step response curve can be obtained by entering the following
MATIAB program into the computer. Mresultingmit-st@rmemzs
shown on the next page. .

% srens Unit-Step Responsa ssses
num =[0 O 0 4.2069] ‘
={1 4 5 4.2969%
ﬁ(num.dﬂﬂ -
title('ﬂnit-sap Basptmse

83~
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12 Unik-Slep Respones
N

LA N

PN

%j ' /

1 ; 8 4 § G( ¥ -] g w
Tiows {30}

B-6-15, ‘mesoluticntosudzaptohlmismbmique shall present two
somc:.a:stothepromeaintmatfouows. Notetlatfrontherequirmb

_statedintheproblen. mmmama-mmmmgso.smwn

Notice that the angle aeéi.:aemy is o |
angle deficiency = 180° - 120° - 100.804 = - 40.894°

. Method 3: If we choose the zero of the lead compénsator at 5 = -1 sO that it
- will cancel the plant pole at 8 = -1, tha;thecc@axsatorpolembbemud

atg= -3'
: L

_ _XG_Ss+/
7‘+/ T2

S-f-"%" T T SH3
2

or
: . of A
mvalueofxcan'bedebermimdhymeofﬂ:emgniﬁﬁemitm.
S+/ 10 ‘
3K =EL _. =/
o ' S+ 3 _$($+I) !59"4‘“'*_)’?«3‘%_?} )
5 S'(sil-_;) ‘
K= |———= . =g,
AR Ss/St]2-578/ o
Hence ’

6:(’) =apf :I;

The open-loop transf.er .fmbionis.

~_ga.
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%8166 = 7S

The closed-loop transfer function C(s)/R(s) becames as follows:

& _ g
R(z) s t+354+9

Method 2. 2: Referring to the figure shown below, if we bisect angle OPA and take
20.447° each side, then the locations of the zero and pole are found as follows:

zero at s = -1.9432

_ . pole at s = ~4.6458
. Thus, G.(s) can be given as
‘ Jis+/ _ T S+/F832 S+4F872

3 =2 k'——"""—'-"'

Gl ) K est/ Tz Stasest > SrRsess

Jo §

A PR

\':‘:{»

aétsy [ fma o /.

'_mevalueofxcanbédebemmedbyuseofthenagnitudecondiﬁm.

 =/- 

S= -/_..91- J 2598/

S+/9¢32 /o

2.29¢
371k S+ zest SCs+1)

‘:K:-" l (s+,¢_,95?)5(5+/) _ .} __0.5‘;/3?
- - 23.7/C5+/5532) s=mr5 45 2598/ o

Hence, the compensator G.(s) is given by

S+4A9832 : 0.8/ 46S + 7]

: 5) = f224 =0 -
G.() = 12288 Prwyrr Al L A pypepery

maz,theopen-looptransferﬂmbimheemsas

0.5/%6s + 1 | /0 | -
6‘6)46*‘) f--“/j’? ( o.2(525t7) s(5+ D

_85.— -
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The closed-loop transfer function is

bt _ £/38 (0.5/%65+/) |
R(S)  S(s+)(0.2/525+ 1) +5:/38 (057 ¥f51/)

_ 2-6L% s 1 SN /38
T o252 8t +/.2/525 4 3684 +5./35

Itisinterestingtocunparethestaticvelocityermrconsﬁntsforthe
two systems designed above. .

Forthe}szstandesignedbyl&bhod 1:

K A«S-—L—-zs

'y S(s+3)
For the designed by Method 2: ”

-sz’&‘-”s 25738 OS5/ g5+ /o =
S»e ( - )0-215‘25‘4'/ s(s+/) /38

The system designed by Method 2 gives a larger value of the static velocity

error constant. This means that the system designed by Method 2 will give
smaller steady-state errors in following ramp inputs than the system designed

by Method 1.
Invhatfollows,weocmparethemt—steprespmsesoftheth:eesystm

the original ted system, the system designed by Method 1, and the
The MATIAB program used to obtain the unit-step

system designed by Method 2.
respmsecurvesisgivenbelow Mrwultingmimre@mmema:e
shuwncnthenexbpage :

9% ***+* Comparison of unit-step responses for three systems *****

num=[0 O 105
den=[1 1 10}
num1t = [0 30 9l;

denl = [1 95
num2 =[0 O 2.644 5.138];

t= 0:0.02.8'
¢ = stepinum,den,t);
c1 = stepinum1 dm‘l,t).
c2 = steplnum2,den2,t); - .
pﬁn& stel’ e, -%) :

Companson of Um-StepRespomesforThme Sysmms)
xlabel('t Sec®)
ylabel( 'Outputs‘! .
text{1.5, 1.5, "Uncompensated system') . :
text{1.1,0.5,'Compensated system with K = 0.5138, Tt = 0.5146, T2 = 0.2152’)
text{1.1,0.3,"Compensated system withK = 0.3, T1 = 1, T2 = 0.3333")
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Compuison of Unit-Siep Reaponses for Thiee Sysiens

LT
. // : \ pda et
LT TN

A

B-6-16. The clqsed-—loop transfer function c(s)/r(s) is given by
' <7 KCTs+1) .
RE) ~ S(s+2)+K(Tst/)
Since the closed-100p poles are specified to be

: = -2 :f:J‘Z )
S(stD+K(T5+) = (s+2+52)(5+2-)2)
S (2+KT)s+ Kk =3"+%s+5
Hence, vezequire

S 2+KT= ¢, k=&
T:.-.'&‘Z.S‘ » K ":-X

B-6-17. The angle deficiency at the closed-loop pole s'=m -2 + J2 V3 is
N | 180°- 120°< 90°= - 30°
" The lead compensator mmst contribute 30°.

Ietusd:ooéeﬂaaeroofﬁheleadmtoratssez. Then, the
pole of the compensator must be located at 8 = -4. Thus, -
: S+2 ’ |
) =

‘ﬂggainxisdeteminedfmthemitudeemdiﬁm.

- -87-
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IK S+2 >~
S+ ¥¢ Ss(oss+l) Se=2+y2F =1/
o .

- , S(S-l-?-)l : = /6
. /é S=-2+;243

o) _ e
R6) ~— si4zs+/0

The compensated system has the following closed-loop transfer function:

s
, RE) s+ es+/8 .

shown below.
14 uichpnapmanc(uﬁhdqnuﬁgﬂnumnmahdqnhu
‘ ’ . 4
\ ""L
T — // —
T
15 2 3 35 4 45 s

.B6-18. The angle deficiency is.
B . 1&)‘ - 135. .135.= - w.
A lead compensator can-contribute 90°. Ilet us choose the zero of the lead

-88-

T 77 forum.konkur.in



www.konkur.in

compensator at s = -0.5. Then, thepoleoftheconpensaﬁormxstbea;bs=-3. _

™us,
S+a.85
s
Gol?) = k 22
‘megainxcanhedeterminedfmthenagnitudeconditim.
' . S+te.s ¢ - 7.
’K s+3 JS5* . =1/
- ==It}/
or
Kzl ($+3) s2 ___¢
- Stas = </ 45/

Hmcetheleadcanpa:satorhecmesasfouoﬂs 7
' S+as o
The feedforward transfer funetion is

Ge5) GGy = ZEE

Aroot-loazsplotofthesystenisslmbelow

. mmq(mmm_
2 Clos -lup)pks

1 _ .

go& JF _ \\

al—

2

X 3 . 2 4 o 1 2

Note that the closed-loop transfer function is

CB) ¢s+2

R6) S3 4 352445 +2
"meclom-looppolesarelocatedats -l;l-jlands=—1.

mmtfmasmsmngivethemit-stepmdmit—rawrespmsesdthe_
unempensatedsystenandﬂemtedsysten A MATLAB program to obtain

..89...
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unit-step response curves is given below. The resulting curves are also shown
below. . .

%__!»G_ll"l' U’ﬁt'step responses of IlllCOﬂ'lpEﬂsated a"d compmsam s’m L2 22 24

num=1{[0"0 1

den=[1 O 1} -

nume={0 0 4 2]

denc=[1 3 4 2

t = 0:0.02:10;

cl = step(nmn,den,t).

c2 = {numc,denc, t};

gg:ft.ei. L 1c2,%) ,

title["Unit-step responses of ted : 4
xiobell'Sec'] uncompensate andeompensawdsystéms')

text(3‘g)9 ‘Compenssted
m |
text(3,1.5, Unoo';e;pensala??n"tgn')

Ammmmmvmrmmisgimm The re-
sultingrespmsec\uvesareshamonthenextpage R

% eeses Um-ramp responses of uncompensated and mmpensetad svstems seess |

step(nmc.dmc
mt.t.'- tc1.'-.%1,02,"- )
title{"Unit of ed and ‘systems °)
't s-{:g;p responses;, mmmensat eompensew

text{4,1.5, Ctumensawd system’)
text{ .&'lkmmensatedsvstam

-go_
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mmmdwmwm

ﬁ
| ‘
g‘ﬁ /1 syt

B-6-19 . n:eotigimlmcmpa;satedsystahasﬁxefonodngcmsed-looptrans-
ferfmcl:ion- :
ch P ‘

Rty — s‘-l-‘ﬂs-!-/é .
'nxemclosed-looppolesareloczbedats--z-b 3. Choose a lag compen-
satorofthefonowingfo:m. ’ jzr— 129

s+4& ‘.
Ge6) =K, —;;?1___'5 (P”)
_Mthestaticvelodtyeaorcomtanbxvcanhegimm
_L .
=t 2@ = Lo kT S m ppe
Let us choose Ko = 1. Then ' AT '
=5

mmmmwmme@mmnmmwmm
Iet us choose T = 20. Then, the lag compensator becomes 4

S+g5 _  S+o.ss

&)=
-, : Ge .,..-,-’L;_ sto.e/
Notice that - _

, S+0,08 R )
St+0.0/ |s= ..zq.jg{j 750
S+6.058

/ $1o0s | G2F / £99+;205
- : S==ztjald

= —-(a.;z;/ +o’o./z!zz = —o0.%979°

M —91-
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The angle contribution of this network is very small (-0.4999°) and the
magnitude of Go(8) is apprmdm%y unity atsthe desired c‘:losed—lo?:p pole

Hence, the designed lag compensator is satisfactory. Thus
R ,s-+o.o.s~
s v S —————
Ges) = = vy

let us campare the unit-step response curves of the uncompensated and
compensated systems. ‘The closed-loop transfer fumtionofthemmensated:

system is
Cﬁ'} /g
A’&') :‘ + &5+ /6

Farthem@ensatedsystemtlaclmeddooptransferfmtimis

e _ /5 ( :f—p.ar)
RE) (.S'-w o/) $(:+g.) +/£ {;4-;.0.;9
= fs+0.8

S Rt/ M09S o8

'meclosed-looppolesmbefomd the £ '
it by entering ouowingmlmogru

p=1[1 4.01 16.04 081:
roots(p)

ans =

-1.9797 + 3.4526i
-1.9797 - 3.4526i
-0.0505

Vﬂmacminantclosed-looppolesarelocatedats=-1.9797:|:j3.4526.‘ These
Mtimareveryclosetotheodgimlclosed-lmppoles

mfmmmmmamawmmmm.

..'

% eeaee Companson of Umt-Step Responses for Two s\rstems seuee

=[1 4 16]. - - -
numc ={0 0 16 0.8);
.denc = [1 4.01 16.04 O 8],
t = 0:0.02:5; )
cl.= seep(man.dan.ﬂ.
€2 = stcg(m.denc.ﬂ;
plotit,c1,’.%,1,¢2,"-}

grid | ' 1
title("Unit-Step Responses oﬂhcompemated and Compensated Systems '}

texm 5.1 .g. (:ompensated system’)
text{1.5,0.9, theompensated systeml
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The unit-step response curves obtained are shown below.

2 Unii-Slep Rasponses of Uncompensaied and Compensated Sysiame
2 i

.{— . . -

L ed

Clearly, the unit-step response curves for the two systems are approximately .
the same. . : .
. For the unit-ramp response, the response curves for the two systems differ,
because the original uncompensated system gives the steady-state error of 0.25,
vhile the compensated system exhibits the steady-state error of 0.05. " The
in the time range

following MATLAB program gives the unit-ramp response curves
€t €100 sec. The resulting unit-ramp response curves are shown on the-

next page.

9% * s+ Comparison. of Unit-Ramp Responses for Two s{'ste—. ms *eess

num=[{0 0 0 16
den={1 4 16 0} :
nume=f0 0 0O 16 0.8
denc = [1 4.01 16.04 0.8 O
t = 0:0.1:100;
g; “8@( .den?z:t}

- nuUmC, RN
pbtttotc.".'ttc1 c.‘t.'tvc "., ’
v=[95 100 95 100} axisiv}

grid
title("Unit-Ramp Responses of Uncompensated and Compensated Systems')

labdt‘upuz and Outputs’)

y U

1ext(95.5,97.7, Compensated system®

texttS?.S.QGJ.'Umonmensam?;ystet,n'l
T
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iw

oasﬂsasw%:ausunsm

B6-20. since the characteristic equation of the uncompensated system is
s°+305%+ 2005 +§20 <o '7 B

. the uncompensated system has the closed-160p poles at

S==3.60 £j ‘7’;5*4j , s-¢~2z;é

7o increase the static velocity error constant frem 4.1 to 41 seé‘lwithoub
appreciably changing the location of the dominant closed-loop poles, we need

where"l'mybedmsentohe4.or?=4. 'nmthelagcoupensatorbecmes

Gofc) = /0 st/ | Stazs . ‘ (1)

N ) ¢os+] = s+aczs
The angle contribution of this lag network at s = -3.60 + j4.80 is -1.77%,

vhich is acceptable in the present problem. _
The open-loop transfer function of the compensated system becomes
 Go5) - . 20 (s+0.25).
| G6) = — (s+0:025) (S+r0)(S+20)
Clearly, thewlocity ermrcmstantﬁvfmthecamawated system is

Ko = Lo s Goab) GB) = 9/ see!

nbticetmthemoftheadditimofthehgmatorthec@mw
' systenbeccne:sof fourth order. ‘me._clﬁracteriseic equation for the compen-

S*+30.026 57 4 200. 95 s+ 25 S+ 205 =0

-94-
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The roots of this chara

cteristic equation can be easily obtained by use of MAT-
LAB as shown below. . -

p=[1 30.025 200.75 825 205];
roots(p) :

ans =

-22.7866
-3.4868 + 4.6697i

-3.4868 - 4.6697i
-0.2648

Thus, the dominant closed-loop poles are located ab
S= 3. P68 L ) #6697
The other two closed-loop poles are located at
S=-0.26¢9, S=~22.787
The closed-locp pole at & = -0.2648 almost cancels the zero of the lag compen-

sator, 8 = -0.25. Also, since the closed-loop pole at s = —22.787 is located

memwmmmwmmmjmmmm,
theeffecbat‘thispoleonthesystanrespameisveryaau. - Therefore, the
closed—loopmlesats=-3.48§§:j4.6697ar§indeedthedmmclosed-10¢p

'namdanpedmtn:alfreqnmcywnofghewwloap_polesis )
' Wy =\[3.¢848%+ % 25972 =$': r28 md,{req

6 rad/sec, the compensated system has an approximately 3% smaller value, which
would be acceptable. Hence, the lag compensator given by Equation (1) is

satisfactory.

B-6-21 . let us choose a lag-lead compensator as given below.

' (C+5)(s+£) h (
R 2 2
Y S r= S

The desired closed-loop poles are located at
o S=-2%;2V3
andthestaticvelocityermrcanseantxvisspeciﬁedas
- - . Ky = 50 sec-1 o
m_m-mmmumw'ﬂéwmis .

-
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( )(:""L) /0
C7.c(5) 7{-“') Q
| (s+-£)(,_,.p7_z S(s+2)(s+s)
Hence
K= e -
£or 20t G6) = Lo oo —L2— = K, =5

Kc_"-'-"s.a

gttmmﬁmmm&f"mmfmmwz

S+ S ¥ /0 l /
s+ 2. |l srs+2)Cs+ , o =
+£ (5+2)(5¢4) Se-2eja
ol
S+ - .
7 |
Se~2+ 23

ﬁaanmaﬁ.loss'caasfmtlafacbtlnttheleadporbimastmmte
the angle deficiency which is _
kxgledeficiaxcy=180’-m - 90°~ 49.1066 = ~ 79.1066°"

See the diagram shown below.

—
o

BYﬂSingtrigoncnetrymﬁndthelocationsofthemandpoleotthem
portion of the compensator as follows: . ,
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A .
S+ SH+2.2/87

S+ '5' T stz
7 .

Tr=0.%507, /9--12.2)7;.

. For the , - ’ :
given 1y lag portion venayclnose'rz 10 Mthe;ggporticnmyhe

s+ ’L _ s+o/
s+ ;7-: . S+0.008/8¢
Notice that -
S “""7% . 's+o./ l
. : A S+e00lr?¥
St £z | S= 25207 didda ]s:-zsz&'
= 0.9885
S+E o
s+ = = TS
= _
: 4 $=~2+er

1ag—1eadcnmensatoreanhegimby

S+22187 S+0.)
{5) ="
Ci‘() 50 SH27./0/)  Sto.eo 8/ P%

mwmmmmmmmfm@

mmmwmmmmmmmmm Hencethe

_ _ So(s5t2.2/27)(5+el) /0
.6;“) 96) = (s tag.nes W ste.ve r/rx) s(s+2)( 5’+f)

$SvPe. 5% 4 //:7 3;*.: /10,7285~

STe3% W13 ST+ 20005705 +292. 0248 5%+ 2.2/ 26'S
The closed—loop transfer function becomes as follows:

—

C6) | _ Sve st + Y59 35S + [/0. Fo5
RG)  ST4+381/935% 4 200. 057053 + 772. 7862 S°4 175/ S 4685 +//I-f#’

-97-
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lhefonowingMAMBprogramvingivethemit»st@regpmseofthec@en-
sated systesm. :

g, #=*+* Unit-step response ****°

= ’ 1159.35 110.935L; ) )
m = {110 3%.1%9:;';0%00.0570 772.7462 1161.5688 110.935};

step(num,den) »
%(‘Uﬂk—&ep Response of Compensated System’)

) The resulting unit-step response curve is shown below.

wwuwﬂm

14
" \
4=
%
oMt
€ [] 0 12 " ®
] 2 4. o oocd

602, “ 7 Jes . =’-—z:~32.§. Then,

mmmm—mp@w; A : _
"ﬁwazﬁémﬁi:m‘atacm-mmmss-z+jzgwm‘falwi
angle deficiency = 180° - 120° - 90° - 106.1021° + 113.4132

= '-22.5339.

o6 .
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-zf‘zﬁ .

-0 ~F -6 -

% leb.roz)”
/ H3.4722°
v <) -

1

Pranthisdiagramvefindthemofthecompensatortobeats=—-102857. -

The compensator thus can be written as

Gels) = K ( 5472, 2857)
The feedformu-d transfer function becomes
Gl GG = K(s+/0,2857) (25 +/)

: Sls+)(s5+2)
'megainxambedebeminedf'rbmﬂen_agnﬁmdecmditime
K(st+ro.2es7)(2s+1)| iy
SCs+/)(5+2) PR 205
Qr .
|_sCs+1)(s+2) |

K= l(s-t-/a.zm)(zs—r 3] . 24T

'meevalnatianofthisxcanbemdeeasnybyuseafm.
MATLAB program produces the value of K.

a=[1 3 2 O
.= %ﬂmz?smslm 7
g = -2+4]* :

format

K= ab?('ﬁ'&mca,smans(wmtm»

k=
. 0.73684318666243

1% seens Dew'mination of gain constant K **+**

Hence, the compensator becomes as follows:
| | Ge65) = 0. 72687 (5 +/0.2557)
- The closed-loop transfer function becowes as

© _99-
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CE) _ 147368 S H/S\BPLEDS + 7 5p8f /5
RE) — S*+ 20736853+ ,7.8 9375+ 7578775

ﬁxefollowing!ﬁ'ﬂi&Bprogramwiuproducethe;mit—stepr_espcnsecurve.

g, #adss Unit-step response ***s+

numc = [0 1.47368 15.89467 7.578915};

denc = [1 4.47368 17.8947 7.578915)

t = 0:0.01:5;

C = step{numc,denc, H

m‘t&l o
title{"Unit-Step Response of Compensated System (Problem B-6-22/"
xiabel('t Sec' - ‘ " : "
yiabei{*Output’)

WMGMW (ProblemB-5+22)

12
> N\ _
. \,___,/’*
Ji
[ as 1 15 2 28 3 3s 4 48 1
t8sc

The respanse curve shows the maximm overshoot of 13% and the time .of
approximately 3 sec. Tms, the designed system satisfies the requirements of

the problem.

B6-23. fThe first step in the design of the compensator is to choose the |
desired closed-loop pole locations. Considering the open~loop poles of the

S=-#Lj¢

.(Of course, other choices can be made.) With the present choice of the domi-
nanbclosed—]:ooppo;es.vemydnoeeﬂembortohaveamats=—4

~100-
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so that the plant pole at s = —4 can be canceled. We may also include a zero
at s = -l. Tlms,wemyclmsethetransferftmctimofthecmpensatortobe :

= (s+£)(5+D
G(5) =K PR

vheretleamensatorpoleats:—bneedbedeteminedbaseﬂmtheangledeﬁ-
cia:cy The angle deficiency is

Angle deficiency = 180° — 135°- 135° + 126.8690" 36.8699

'B:eempensaﬁorpolemstprovideanangleof-as.asgg’ . From the diagram |
'_givenbelairﬂefindbtohe-g.m S _

-;vf . =
-9.3323

. iim,thecmmamec(s)canhegivenby

s+ g)(s-:-/)
Ge6) = k St+83323

The open-loop transfer function becomes as follows:

VGh) = o KOS+ +r) . KCS+/)
Ge(6)66) = (S+23323)53(s+¢) s*(s+5.3333)

'mevalueof gainxcanbedebemﬂ.nedfrmthemgnitudeconditim.

' K(s+7) L
13'(s+f.3333) semptin =/
s=%1)

K=l$’+733338"
| | s+/ Se—¢tj% |
'mevameofgninxcanhedetenﬁ.nedeasuyhyuseofm Seethefol-_
mmm ,
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% **%** Determination of gain K *****

a=1[1.9.3333 0 0O}

b=1[1 1}

s = -4+j*4; -

K = abs{polyval(a,s))/abs(polyval(b,s}}.

K=
42.6665

" Hence, the compensator becomes as follows: ‘
' -(S+£)(s+7)
) = ¢2.46€$ , :
Gels) = ¢2.46¢ VYT |
The closed-loop tramsfer function of the designed system becomes as

6 . | 2.6665 5 + Q2.4£55
Res? s34+9, 3P33SE + $2. 46455 + %2.6665

mefonadngmMprogrammthemit—steprespamem, which is
shown below. _

% ***4% Unit-step m T Y 2T

numc = [0 O 42,6685 42.6665];
denc = [1 9.3333 42.6665 42.6665]; -

step{numc,denc) - . '
i%(‘l)nit-s:ep Response of Compensated System  (Problem B-£-23)')
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The closed--loop poles are located at s = ~4 + 4and}s —1.3333asseen'f
the following MATLAB output. =dxjiende = een trom

roots{denc)
ans =
- -4,0000 + 4.0000%

-4.0000 - 4.0000i
-1.3333 -

The wunit-step azzve"showsthat%hemximave:sboabiaappmxina‘hely:‘
Zsaandthesettungthe_isapptmdmhely3sec. Hence, the given specifi--
@tiopsa:emtandtmdesignedsystaisacueptamie.m -

B-6-24, m;clmed-lo@trangferfmchimfwﬂ:é stem is

®_ kK - £

_ RE) zs‘+s+l<l(,.s+l<'= .s-=-.,._l_+_l<_'§a-_s.,.£_
From this equation, we obtsin z 2

s . _ /KK
“=Jz , e=

Since the damping ratio ¥ is specified as 0.5, we get

2 .
K [k
. . 2 =z
The settling time is specified as

#e = ¢ = ¢.' = €2
_ P 3w T (14KK)/% T 1TKkK,
-Since the feedforward transfer function G(s) is "
Fl ) k .
o 2s+4 4 _K l
T TS TEe e
the static velocity error constant Ky is o -
) . L . . K . k )
K, =lins = Lo L=
TV T soe 6{’) P s 25+ 1 +KKy 5 ey I
- This value must be équal to or greater than 50. Hence, ‘

'mere'fore; we: have
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Thus, the conditions to be satisfied can be summarized as follows:

/+;I<‘ =\[§‘

/€ "
e s2 | | @

(1)

£ |
tik, 2% @

o<k <1
- From Equations.(1) and (2), we get

FE 1+KKy = \Jzx

22<K

Kz .svoo

If we choose K = 5000, then we get
/KK = =2k ""/00«

= o, 0/98

K =
Spoo
ﬂmsawedeteminedase!:ofva}msofxmﬁxhasfoﬁm
) K= S , Ak =c.0or75
Withthesevalnesctxandxh.mspeciﬁcationsaresaﬁsﬁed.

B-6-25, The closed-loop transfer function is

ce K : | K
A?(-ﬂ :[($+I)(s+z) +0.2 KI+K - S*4+35r25 +#.2KS+K

‘ szxt){"x
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sm:stitutﬁzg‘s=x+j&intoi;hedxambetisbicemntimf we obtain
0*3«";;5)’}3(1_ TWIX)" + 2 (2 H/Fx) +azk (x+ SO +Kk=0
—BA’- 6K +2x toz2k 24K + 2T (3 + X+ ok X) =0

Byequatingthemlpartandimagimxyparttom, respectively, we obtain:
' (1)

or

~8XP—bxr roex vo2px + K=o
3X*+xtoskyr =0 @
Fminequation(Z),mtingﬂatx;_eo,mget R
3X+/+0./Kk =0

K=—/of3x +7)

' aymuwﬁmmmﬁmmm»m, we obtain
ExX3+ [22*+30x+/p =0

ans = _

0.5622 + 1.73541 ]

~0.5622 - 1.
1.7354i

* The valne of x must be real.
closed-looppuﬂssageloatad
o - S=—o03rséEjossos
mm@xme&»d&immmmu%was
K=—ro(2x+s) -

= =/0(~3R0.3p 55 +/).= /. 265

ailtance. we take x =-0.3756. Thus, the dominant

-105-
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num=[0 0 O 1.268;
den =[1 3 2.2536 1.268L
t= 0:0.(‘)5:20;"6“ -

¢ = step{num,den,t);
plotit,c}

title("Unit-S 4 .
e Un s&t:g’p Response  (Problem B-%2-28)")
ylabel{'Output clt)”)

Unit-Step Response  (Problem B-5-2%)

L1/ IN
‘”"% / ||
5

12

. B-626. The characteristic equation is
k . |
(5+&X) ————e - ) =0
_ | " s¥s+2) o
In this case the variable o is not a muitiplying factor. Hence, we need to
. m;umcmmmmmxmamﬁmhngfm.
Since the characteristic equation is ,
| . S’t2es*y 25420 =0 | -
ve rewrite it as follows: )
| ' . o0
7+ =0
- 83p2styzs

‘_Deﬁ.nexca(.' -m;thecharacteriaucem:lonhem

-106-
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2K -
S(s*+25+2)

Aroot-locwsplobofthissysteumybeohtaimdbyenteringthefonoﬂng
MATLAB program into the computer. 'lheresultingroot-iocusplotisshaunbelow.

% *EQES m_m p’ot *tRERE

num=[0 0 0 2

den=1{[1 2 2 Ok )

K1 = 0:0.1:10; K2 = 10:0.5:200;
r = Howustuatnden ;|

r= num, H

plot{r,*-") )

hold

Cmre;gp%hdd {0 3464;
x=[0 -2;y= -464]; finelx,
v=1{[3 1 -2 25 axis{v); axis('sqgref}

gtdlg(' ot-Locus Plot
xlabelf Axis');
yiabel(*imag Axis’}

Fxmtheeroab-lomsplot.thedomimtclosed-loappolesﬂatcorrew
to the damping ratio ¥ of 0.5 are found to be ‘

S S==0.5%jo.8t8
mmueotxcurrespendingtoéhedmimcloged-looppolesisobbainedés

7 K= I $(52+2$+é) s | = ?.’S‘
N - M-iml’bt
i \ / |
\

- QK

TN
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B-6-27.. ‘The closed-loop transfer function is

: (.sw-/x. /0 (S+/0)
el _ S+S5 /) S(s+/)(5+70) +-/0ks
sS+4¢\  r0(5+m)

S+s ) SES+/)St+r0)+ 10k S

'ﬂns, the characteristic equation is
, '/+ (54-/.;!. so(s+/r0) - =0
st5 /) S(5+/1)(s+/0) + /oks

Sincethevaﬁablekismbamltiplying factor, verewritethecharacberistic
equation as

G183 (sH)( 509) + (S+$Dfoks + GHAR) 10 (5415 = ©

which may be rewritten as »
L0(s+5-) ks

GH+/0)( s’ +6s + /65 +/9D
or
4 10(5¢8) s —0 '
G+2Wstw)(s+21,32)(5+2~ ]/ 73?.)
Notice that the open-lo0p poles are at 8 = -2, 8 = <10, and 8 = -2 + j1.732.

A root locus plot for the system may be obtained by entering the following
MATIAB program into the computer. 'meresultingmcb-locusplobisslnm

P gy

on the next page.

9, venes Root-locus plot SESEN .

num=(0 0 10 50 Ol
den=[1 16 75 164 140}
auma=[0 0 10}
“jdena=[1 11 20]
_docus(num.dm

Cmrentplothdd
asdoastnuma.dena!

piotia,*") L :
v=[15 5 -10 101; axislv); axis(’square®}
;; [0 55y = [0 9.5263]; linelx,y}
title{"Root-Locus Plot").

text{-12, .'Asympmte‘) -

~ -108-
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N !

-15 ~10 5 0 . 5

nmsfrmﬂaotiginlaﬂnganangleofso?ar-so‘uth‘thenegativemlm
= -5.14 £+ j8.90. The gain value

2 | G+2)(s+/0)(s+2+ jroze)(s+2-,4732)|
_l 6s+3)s T Lo
= 7.08 - - ' | |

tu.th k = 9.08, G(8)H(s) can be given as
6) M) = (ZEAZY nocs+re) -
@ g {.) (s-r_-r) S(s+1)(s+/0) + Po0.8S

The static velocity error constant K, is E .
Ky = Letm 5 GE) HE) |

= Lin s g PP \ 1005+40)
e S+ / s[E+I)s+r2) + 5.8,

0029278

forum.konkur.in



www.konkur.in

e O = 3n s 1520y

(&)

N o shown by @ in Fy,
1 . f — (@ ), hrid
’ ¢ respectively, -
- - R pr- ' . . ol
. ne * - 3 .
<) .
110
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'mec.Losed-looptransferfunctionwhenK 10 and Ky = 0.1 becomes as

follows:
(6) _ /o0

5 , RE) = S*g2s +/0
The two closed-loop poles are _
The closed-loop transfer function K = 10 and Kh 0.3 is

céj /0
. RB) T S T+¢s+0
- The closed-loop poles are located at
- - . S=-2+jJF
Similarly, the closed-loop transfer function iﬂaen K =10 and Ry, = 0.5 is
: (<7 0 o
R6)  s*+Es+0

The clwed—loop poles are located at
| s=-3%j
ﬁ:emit—s&aprespmsecurvesfortheabovethreesysﬁausamswminthe
- figure shown below.

Unit-Step Response Grirves for Three Systoms Considerad

14 ' T
K=10,Kh=0.1
12} .
K=10,Kh=03
1 i N
o8t i
3 . : .
= K=10,Kh=05 -
C
08} i
o4} .
o2t .
% 1 2 3 4 s e 7 s
teec)
-111—
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CHAPTER 7

'~ _B-7-1. ‘The closed-loop transfer function is

) |

’ ke) — st/ o |
:::»steaanstase ocutpats of the system when it is subjected to the given inputs

@)
Cel®) =0. 9.5 2o (¢4 27, 2°)
) | E
- Cos(8) = £.79 coe (?21‘.f;ns;.342) ‘
(© “

| Gel) mo.to5 i (t12%58°) — 197 Coe (2¢-5%.3") ..

P

B-7-2,  The steady-state output Cgg(t) is
Crl) = RE [LERT 1 (it b B o — B i)
Niar/a ol 3 e ‘

-112-
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_B-7-3.
'  BodeDiagoam of G1ig = (1 + 1 + 29)
o Sy
' ':
H : -
I [ TT T
= _ /’ i
N / H A
N
N
" »* w' o
: Froquency Gedivec)
Bode Diegram o G20 = (1 ~a)1 + 29
, \\L -
]
g g
E —
Y L
- k \~
‘ ]
- e
- - - o w
Hﬁ-qndhé
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B-7-4, The following MATIAB program produces the Bode diagram shown below.

% ***2% Bode diagram ssees
mm=[0 10 4 10];
dn=11 08 9 Of |
tifle(Bode Disgram of G(s) = 10(2+0.As+ 1/is(s"210.8549)])-
Bode Diagram of Gfe) = 10(s%+04v+1)jets™+0.80+3]]
40 \_\ K
mL i \\ TN

8 84 .

. Phase (deg); Magnitute (48)
o
£

_B-7-5. Noting that

Glje) = 2
G aren G (,,,) mo 2
/ | [/
lq’%)l ,-H-zs -~y "".és
| -11a-
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B76. s+o.&
' G6) = S3+s*4/

- The fouowingmprogramproduces the Bode d:lagramofG(s) shown below. Notice
thatthephaseeurvestartsme‘andendsat 180°.

mm=[0 0 1 0S5}
‘den=[1 1 0 ~"1.];.51’ , v
title(Bode Diagram of G(8)= (S*O.SY(M‘H)')
BodoDlagram of GG = (a0 eaet) - -
. S
.' . ) .
. a0 ~f-
P
g .
i .
g . : )
P w /
/
100 {14
© sof- — //
e‘—// |
- ”.q g o 10' - ’01
Fraquency adlesd) -
To w .ihy'tbeplﬁseanglestartsfmo‘andendsatmo‘,vemycmpute

verify
angles /G(j0) and /G(joo). s:lnce ‘
'  sto.s

93) =
e (summg)( S—s232p~7 o 7726)( s-o. 232’“".1’ 772‘)

£469 = / 05 = /4 9‘6.5‘{ - f—0.2228 ~ jaoizl = /~o. 2.32}4-) 0. 7,’21

- Pl O — -t 0:7725 ‘ -t _O7926 . L.
| o G o0.2328 +§“ 72329 =0
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o ; -t e
- | G 169 = P0°— 90° G _,.2328 - G Ty
= 96° —90° + 90°+ 90° = /80"
- BT mmmmmmm(a)and(h)ammm,

) . T> R0, T?‘E>a L"f

h!

@ Ta>T>0, T>T>0

WMﬁMemwmmm(aLMw(b)mm
ow.

" 1 Nyquist Ploks:
L

o

o4

/\ _,
/

-

/
/.
M

- -

§

i
\
f
AE ]
P

L)
'
&

-1

_ 711§"
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B-7-8.

-me shbﬂiey W&ﬂamityfmmmﬂth-

= K(/-Jw)
=KL

isthat-!tbe:greg:ba:ﬂgndl.ec
" " " K</
sincaveasanetlablt)o, themnditimforstabﬂityis

/1>K>0

B-7-9 . Aclosed—lonp mﬁmmm@m-mmm@

GEIHE) = ,¢(§,+ D (7 >0)

ismsbaﬂe.nﬁileaclweﬂ-loopsysbmvithﬂ:efﬂluingwmm

] fmcbim is stzble

GIHE) = REZD  (55>7,50)
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- ist plots of these two systems are shown below.

— -
- " o Ke
Gy = LB (ot e

T (R>Tr0)

The system is stable for both K = 1 and K = 10.

_ B-7¥1 1. |
| ke W
J&J

GGeo) HGw) =

/va)ﬂw = /éazzw';'.j‘,?,;,é” — 2

—t --,?” ..?oo
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phase angle becomes egual to —l&O’atZal /2 . For stability, |
. the magnitude ]G(jw)n(jw)jat w= ‘1‘/4 mst be less ggn(s:ity. Hence, d o

noting that
|52 49] =

. _ we require that K < /4 for stability.

‘,;B'—7-172_. The following m pmgmiin produce tbequnisb plot showm below.

% ..l."l" Nvmm ..."'.

maﬁazo 0 0 1
=[1 08 1 O}

v =[4-4 -4 4] axislv}); axis{"square"} .
{'quuiitl’btofﬁts) = 1isls"2+0.85+1)I")

:l: mmumaw
i

_B-7-13. wote that G(s bas two open-: Ioop. poles - : right-hals ' plane; a
seen from the :Eollow:hg’m cotput. - .in the .é .8

p=01 0.2 1.1F
rootsfp}

0.2623 + 1.1451
0.2623 - 11451
0.7246

- -119-
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'mefoumﬂngMMIABprogramproducestheNmuistplotshambelw. _

‘ % SREESE Nqu pbt 45BN

num=[0 0 0O 1}

den={1 0.2 1 1} ’ '
nyquist{num,den) _ .
ve=[15 15 -1.5 1.5 axisv); axis{"square’})

. titie("Nyquist Piot of Gis) = 1/[s"3+0.2s"2+s+1)])

Nyquist Plot of G{s) = 1§s*3+0.28"2+5+1)]

1.5

L

«'\\ .-

g Al N

| T
a1

Fxmtheplotmticethatttacriﬁcalpoim: (-i-l4 0) ianot‘ench.rcied. Becmxse | -
therearemopemlooppolesinthedghb-lausjplaneandmanuemeof
the critical point, tbeclosed—loopsyseanismstabie. -

- B-7-14, .’me fonowingmgmgranm the Nyquist plot shomon tbenexl;

% SHEEN qu‘m m "il..'
|oum=p0 1 2 13;
den=[1 0.2 1 1)
nyquist{num,den)

title("Nyquist Plot of Gls) =(s"2+2s+1)/(s"3+0.25"2+-8+1}")

Since .G(s) has two open-loop polesintae W s _ ehe .
to Problem B-7-13) and the Nyquist plot encircles the c:itica:?:ht (-1+30)
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twice counterclockwise, ‘the system is stable.

.  Nyquist Plol of G(s}={e' 225+ 1I($'3+0.20°248+1)
1 >>< = g
-4 :
-1 A 1T
3= -1.5 = ;-25 0 @5 1 s
Avds

B7-15. e open-loop transfer function is
’ ) /
) = S(s-/)

'mepointscorrespmdingtos=j0+and‘s=j0—on~thelocﬁsofc4(s)inthe
G(s) plane are joo and —jeo, respectively. On the semicircular path with
. radius g (vhere g<«1), the camplex variable s can be written as
' s=gre’? -' - :
where © varies from -90° to + 90°. Then G(s) becomes
o ' g - l _~jotmo°)
)‘» L =

The value 1/g - approaches infi_nityassappteadxeszgro,andﬁ.variesfm
—m’m—ZW’asareprem&tiyemmtsmvesalmgthesemicirﬂeinﬂxe

senicircleofinﬂn:leeradiusintheleft-ln]fcplane. The infinitesimal
,_saniciraﬂardebouraronndﬂ:eoriginﬁntbesplanenapsiubottaephna
- as a semicircle of infinite radius. Figure (2) shows the G(s) locus in the
. G plane. {Figure (a) is shown on the next page.] : :

S:I.ncee(s)lasmepoleiz.zthe‘righb-!alfsplane (P = 1) and G(s) locus
the -1 + jO point once clockwise (N=f1)'vehave~_- o
B 2:—.”'}"?22_ ' : o
There are two 2eros of 1 + G(s) in the-right-half s plane. Therefore, the
system is unstable. _ _ < . ’ ,_,'
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ﬁ,wtt @) -

_B-7-16. Since 6(s) hasnopoles in theright—ha]f s plane, the stability
thesystancanhe'swdiedbydmeddngtheenclosumofthe~l+j0point' }

Nyquistlocmfcrt)(u(oo.-
If the Nyguist plot of G(s) is as shown in Figure 7—158(a),ﬂenthere

' no enclosure of the -1 + jO point. [See Figure (a) belov.} Bence, the -
-,sysbemissbable.!-_. h
ForthecaseoftheNqustplatslminFigure?-lSS(b). ~1 + jo

peintisemlmabythemuisumotofc(jw)foro<w<oe. [See
Figure (b) below.] Hence, the system is umstable. . -

E‘ER‘

Inié L _ Iﬂ'A

(®)

(a)

B-7-17., ccnsiderthecasevhetes(s)hascnepole mtlarighb—hufs
From the Nyquist plot of G(je«’) shown on the next page, the -l-t»jOpo:lnt:ls

axcircledhythee(jw)locusmceclodmiseandmcecmmmm Hence
=0. SinceG(s)hasonepoleintherighb—lalfsphm.mhaveP~1.

Sinae

Z=N+P= oH—-l "

the sys!:au is unstable.
~122-
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Nab,considerthecasevherec(s)hasnopoleintherighb—ﬁalfsplane-
but has one zero in the right-half s plane. The -1 + jO point is encircled
bythes(jw)locusaweclockwiseandmcamtemlmise. Hence, N = 0.
Smc:eG(s)hasnopolesinthenght-lalf-plane.welaveP = 0. Therefore,

B=NtP=0+0=0

The system is stable. (Notethatthepresemeofazeroofs(s)intheﬁghv-ﬂ“
_halfsp].anedoeswbaffecbﬂ:estabintyofthesystm) _ )

:A’e‘ ) |

_B-7-18. -
' _ K(s+2)
g6 = SCs+/)(s +r0)

Amprogramtoplotmstdiagmofe(s)forﬁ 1,K==10,anﬂ!€=100
issbmmbelow The resulting Nyquist ag:ansareshmmcnthenexbpage

R i%o’cttcwmcttcab

. . jmm=[1 2}
- jden=[1 11 1o 0];
*w*ﬂlﬂldﬂ&

plot(rel i
v-pa 2 2 2} sxis(v)

tﬂle('NqutDlm')
wm

ylsbel(Tmag Axis’)
text(0.1,-0.75,K = 1)
text(0.1,-1.25 X = 10)
tm(-l.s,-l.zs,x- 100)
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Nyquist Disgrams:

15

., /Y ]
100 / _ k=10

=) 45 4 05 o s 1 15

B_7"'1 9 »

@& = SCs+/)(s+2)

The Nyquist diagrams for G(s) and -G(8) are symmetric about the inaginary axis.

below. -

meresultingNyquistdiagmsareshmmenthenext'page,

% *%%%* Nyquist Diagrams ofG(s)mfl-G(s)?‘“

ol =0 0 0 2}
jdenl=[1 3 2 0];
on2=0 0 0 -2k
den2={1 3 2 0}
| myquist(mum]1,dent)

V=4 4 4 4 xis(y)

gaid
tex1(-2.6,-1.5,'G(s))
wz.“l-s."G(S»
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Nyquist Diegrams

Imeginary Axe
o

\
I
TR

B-7-20,
—— /0

() = —5 '
_ G S} 652+ (St JoR)S _
AmﬁABprogramforplbttingnyquistdi‘agransofG(s) far k= 0.3, k.= 0
and k = 0.7 is shown below. 'meresultingNyquistdiagramaresl;ommfl;e '

%".‘.WDW.‘Q‘«‘

mm=[0 0 0 10];

denl=[1 6 8 Of %k=03

jden2=[1 6 10 O} %k=05
den3=[1 6 12 O} %k=07

Axis)
text(-0.25,-1.5,k = 0.3")
| text(-025 25 % =0.5)
text(-1.25,-1.5%=0T)
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Nyquist Diagrams

-

‘N

k.u—-—%

t— k=03

45" 4 ~ s
B2,  Tme following MATIAB program produces two Nyquist plots for the imput

qmmﬁmm_mwmmmmqn

A=[1 -1;65 0}

Ba=[1 11 ok -
C={t 00 1}

D=[0 00 O

%Q'.-QQ “mt m..l;.ll

9% ==+ Wi shall fist obtain Nyquist plots when the input s
% ul. Then we shall obtain Nyquist plots when the input ks

‘% =++** Enter matrices A, B, G, and D #+s+s

-126-
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% ***** To obtain Nyquist plots when the input is u, enter
% the command ‘nyquist{A,B,C,D, 1)’ s¢++ -

M&M.B.C.DJ)
title{"Nirquist Plots : Input = ul (u2 = 0))
text(0.1,0.7,'Y1")

text(0.1,2.5,'Y2") )
% ***** Next, we-shall obtain Nyquist plots when the input is
@WMB.C.D.Z) ' -
title('Nyquist Plats : Input = u2 (ul = 0})

text(0:1,0.5,'Y1Y)
text(0.1,2.2,'Y2Y)

The Nyquist plots obtained by this MATLAB program are shown below.

Nyypolot Plots : put o ot b2 =@}

_ \K’
S -
D
4 s [ as < [ 15 F J—T 3
ek
s Niyquist Flots 3 bngt =2 Gt = 0
2 ;/’ ‘; o~
g p
1 )
e
4 //”—. A -
4#~ ‘\; i f”f/
B R R ¥ T is 2
Rt ke
~-127-
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B2, e following MATIAB program
U1(3®) for & >0. ‘e plot cbraiceg mw plot for y(jo)/

o reaan Nyquist plot *¢see
A=[1 -165 o ‘
B=[1 151 ol;
C=[1 00 1];
D=0 00 o
[re,im,w] = nyquisi{A,B,C,D,1);
rel = re*[1,0];
im1 = im*[1,0};
plotire1,im1) -
ety
; ist Piot for Y1Gw
xlabel('Real AxisY) WMM
x’abel(‘ﬁnag’hdﬂ
Pyl Pt for Yiuttd
N
&
o~ e " es 1 12
ok Aods

10 plot the } locusj ' . M“
Nyquist for - co < o replace plot .
plae(tel.iul) :in the above MATLAB progr.a; :; pl'.ot(rel th:el iml)

” F 4 [ £ > A d

- B-7-23
Nty

o2

|46%)| - --—--.._.““’-'-’ . [qqa) = baw — /50°
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Thus, we have
22w+ =&F ,  ady =/

Solving for a, we obtain

.d =(_sz/‘)% .;-=-0, 5L/

B-7-24. A Bode diagram of the system is shown below.

%
a\‘\\
- N :
. N
of Nokos
‘\\\L M
~fo J P M\‘. ' -2
t ‘\\\ \ _
» P\ 3
451 N -2
AR

61 02 o346 ;7 2 £ 4 X 2 wé m

FrcmthisBodediag‘i'am,wefindthephasem:ginandgainmrgintobe 27%and

13 6B, respectively. » ) .
The phase margin, gain margin, phase crossover frequency, and gain crossover -

frequency can be obtained easily with MATIAB. Use the command

[Gm, pm, wcp, wog] = margin(sys)

See Problem B-7-25.

B-7-25, '

GE) = 20(:-:—/)_ _
S(s*+2s+12)(5+5)

. mplnsemtgm,'gainmrgin,phaaecrosswerfrequency,‘andgaincrosswer
frequency are obtained by use of the command _

. [Gm, pm, wep, wogl = matgin(BYS)
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-A!ﬁMprogramtosolvethisproblanisgivenbelow. The Bode diagram shown
below verifies the phase margin, gain margin phase crossover frequency, and gain
crossover frequency obtained with MATLIAR. ’ ’ ‘ ! ' .

% **++** Bode Diagram *++++

gn={ooozozo1; ~
=conv([1 2 10 OL[1
sys = ti{uum,den); - ML 3D

- tifle(Bode Dingram of G(s) = 20(s+1)s(s"2
o o )= e 220101615

99293 103.6573 40131 04426

mm«e@-w.wm
50
or ! X377
| : 3i3dl
i -
£ = : =
H L
- ;
f o ‘ '
4 R R 1 -
| A
100 - N
- _ 4 A
-"“} E%"B A
200 4 -
- 250 ‘§ ‘~“
0 i : B
10* o226 5 10713 w0 : 10’
K - 0.258°K

S(s2+5+¢)  S(o.285 4 o255+ /)
The quadratic term in the denominator has the undamped natural frequancy. of 2
rad/sec and the damping ratio of 0.25. - Define the freguency corresponding to
the angle of -130° to be @w;. . ‘ o

-130-
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ZGQ@, = —/[jo, — [/-e.25w+ jo.z2sw,

==90°— L' "z"*"z = —/30°
/~ 0,25, T

Solving this last equation for 43, we find @y = 1.491. Thus, the phase
At this frequency, the

angle becomes equal to -130° at ¢ = 1.491 sec. , ’
nagnitndfr;mxsbbeunity, or lG(jwl)l = 1. The required gain K can be deter-

. - o285k
(291)| = =
lCi_(}/ I), !Q /Fﬂ)(-—msrr-r‘} o.3725+/) 250K

Setting |e(41.491)| = 0.2890K = 1, ve £ind

o K= 2 %6
- Note that the phase crossover frequency is at &= 2 fad/eec' since
[6G2) =~ [fiz_— [roesxatrorsxizt] =90 90" /xo

 The magnitude |et32)] vith K = 3.46 becomes

0.F65
‘ql)%), lchz)(;'/'f"J:D‘*ﬂ’) = 0.P4S = —/.26 dB

Thus thegainnarginisl.zsdn. ‘IheBode -am of with K = 3.

R\ .!
. : -
-3..
:
i E ""-J d
&l &2 st eaf / 2 G.IF'IO X0 ﬂl‘ln’”
& srelfse0
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B-7-27. Note that
Jwtel o _ - 2k(lfosw +1)
JEHOS JuCwtlD) w250 +/)(jw+l)

We ghall plot the Bode diagram when 2K = 1. That is, we plot the Bode diagram
of R

6(}")): - 'j +/ .

- J@ (250 + 1) Guw+1)
The diagram is shown below. The phase curve shows that the phase -130°
- at - W = 1.438 rad/sec. Sincewerequirethephasenarmntobeso?gl:r;smglnag_

tude of G(1.438) must be equal to 1 aor 0. dB. SmcetheBodediagramindicahes
tha:bG(l438)isS.4868.wemdtod:|oose2K--5.4868,

K=0. 264

\\*

°
Z

¢

—~fp - - . »”
' \i\ -
- il B o =
- - il
9] a2 &0 O/ 42 g 06 7 4 2 4 & p

o A-l/ac

,s:lncedghepinsemnesabovathe-m‘nneforauw thegainmtgin:la
+ 00 dB.

) K 2K
G6)= S(st+s+os) S(2s*+ 2s +/)

weshauﬂrseplobaaoaediagranats{jw)wmxao.s. That is, we plot
‘a Bode diagram for ) o '
/

Gw) = — —
éﬂ) JOl2(jw)+2jw+1]
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It is shown below. By reading the magnitude and phase angle values at each

frequency point condidered, the log-magnitude versus phase curve can be plotted -
as shown below the Bode diagram. By moving the curve vertically, we can shift
the curve to be tangent to the M = 2 JB locus. The vertical shift needed is 9.3
dB. That is, if we lower the curve by 9.3 @B, then it is tamgent to the M = 2 9B

Jocus. Therefore, we set

Solvingthiseqnétionforxéeteminesu:edesixedvalmofnas
/(zﬂa./?/?‘

N

T N

o N
I N
- 15
ﬂT\ _
_ \'\
: : =29
OOl 4er 828 orf 43 4f / 2 £ 6 /fo
& A /oo
] I N | g
1 !‘\
RS
-w-ao’.' Y
"-ocax‘-

.fv-o-a &\ !

O

W - G.a K= O 17L4 o
L/
w- 0.7 " .
a . & - 0.4/ R
W 2
- :
-0° ~90° 0°
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B=7-29. Referring to Figure 7-9 and examining the Bode diagram of Figure
7-164, we find the damping ratio T and undamped natural frequency (J, of the

guadratic term to be
$ = 0.1, &n = 2 rad/sec

Noting that there is another corner frequency at #/= 0.5 rad/sec and the slope
of the magnitude curve in the low-frequency range is -40 dB/decade, G(j&’)
can be tentatively determined as follews:

(#r)
Gy = 2T L
| (J“’)z[(é;—l-) #a,/()'w)-r /‘J

Since, from Figure 7-164, we find fG(jO.l)l = 40 4B, the gain value K can be
determined to be unity. Also, the calculated phase curve, /G(j%) versus w ,
agrees with the given phase curve. Hence, the transfer function G(s) can be

determined to be
#(2s5+1)
;‘ ==
GE) 3*(s*+o.est 4)

B7780, | | - Gp—pTT S—
:" ’f E \
k4 ‘ —— : ' >..- ‘
. i -
g) = 51 + -
Gels) ( ——)Zs | ] %__,.
/,——",
.»./ -”

aof oA - &l 0T G067 2 ¢ & p
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*

A

AN

P —

L _’__g*%//

Go(s) = 5(1 + 0-58)

6l a3 8067 X F 61N 2 B 6 /n
«( Ao/ o

_B-7-81. mwmmmmhw 7 0.4 rad/: -
,_mmm,mmnmu"wysmmmmﬁe@inq pto

having the slope of -20 dB/Gec’ to cross the O dB line at about &= 0.35 rad/sec.
mmmfreqmtobecazsmd/sec.. nmthelu-&e@acyasm-

.

N
dB'_ D
~20]-
T
' il
o €F ¢/ 42 & (4 2 £ £ p
) 0#“/3&
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'meaceuunagnittue
e ryo mms;ssglzeomumatm&-o.umdlmm‘

»mmmmmm&mwwo.zs:wm,m@ -

Ti= ¢
- mmmdediam Kdmbbedxoatobe-a.«lda.ot

Kt =—2/ 2 4B

= s,08cy

Ke(1+Tqs) = 208s( (1+ f“)

ﬁm,theopen—loaptransfermumbem

a.ets-/ {7+ ¢s)
6[: ) - Sg

céz_ = 0095 (/4-5:)
km..» - S%+0.025/ (1125
- gs+/
MPS5) Stgs )
6 gjwi/

| Rpw) - '(M_r/o})*f o+/ -

i.ss!mm.t:hemrage ?zmthisdiagruieseeﬂntﬂnmnm
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_ . /ﬂ
. o = J
a5 IR} d
o g
| N
- e \ ; _ 0'
NN
. \ u. af
oof = L LA 1. z» 4 3—10”
w W/rec.
. _B-7-32. letus usethefouaungleadeamamms
Ts+) S+
(5 = #
G‘() k * ZTs+l oeTs—-w =K s-+_zT_
- Since Ky is specified as 4.0 séc-l, we have '
| k"”‘_{f,’:‘_ e & otTr-f-I :(4/:-:-/)(5-}-}) k"“k 4
Let us set K = 1 and define Koo¢ = R. Then
o : | K=¢
. Next, ylot;aﬁ_odediagmof
% | #

| S(o./s+1) Cs+7). T oSO tAIE S
mrmmetmmﬁmMmﬂem”

A
_ =PI 11 1 0}
ttle{Bode Disgram of G(g) = 4/[s(01sH)s+1)]).
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- Bode Diagram of Gis) = 4a@.te+{s+1)}
100,
m \-.hn
I 1‘*\_“____ f
o T —
, g o =
£ o
2 50
4“ =% oy
450 X
<200 \\k :*4
250 T~ .
R w W W |
_ ; . 10
. Fr l"‘ ! .

_ qunthisplab. theplaseandgainmrginéa:eﬂ‘anda.’ld's. respectively. -
sgme-bhespedficaﬁonscanforaplaaem:ginofﬁ‘, let us ¢hoose -
P = B8t /2 = pp* |

(This means that 12° has been added to Compensate for the shift gain
crossover freguency.) ﬁe@&hp;aaem_'isaﬁo‘. Since inﬁ:e i
. - Lol 7

| At = (B=w). |
: : is determined as 0.2174.  Let us choose, instead of 0.2174, & to be 0.21,
' & =02/
Next step is to determine the corner frequencies &= anded = 'az'r of t

lead compensator. mwthemﬂmptase-ladﬁe ou:tﬁlgat)ﬂatye.

~the modification in the magnitude:curve at &= 1/(V& T) due to the inclusion of

the temm (Ts + 1)/(xTs + 1) is
""').;"T : .'--....L
| swjeeT =g VX

Y AR S | :

Aw; o et e JoZ = =2./822 = £.0278 AR _
We need : ] point where, when the lead compensator is added,
themlmgﬁuuamo.@. The magnitode G(jcv ) is —6.7778 @B corres—
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ponds to = 2.81 rad/sec. Heaelechthisfreqnencybohethenewgaincmss—
over frequency &/o. Then we obtain -

=R, =oal x2.8] = 1.2297

/ .8/ _
Y A Wcz 2:8/ =4r3/%

TSRS Ve

S+,2807

- GeF) =k° S+&./319
. E . ’z
ke = o = .2/
Thus ‘ :
Gy = B _Sth2rry _ , 0-P0Es+ 7
02! St6./3/9 O. /53085 - ]
- The open-loop transfer funciion becomes as
| | r0066s+) ]

6) GE) = )
:»67} ) G6) = £ — #3085t/ S(o./5+7) (s+7)

R JOEES F &
90 0/F3 et +0.20985% + . 26 3/ 8* +S

™

This open-loop transfer function yields phase margin of 45° and gain
margin of 13 dB. So, the requirements on the phase margin and gain
margin are satisfied. The closed-loop transfer function of the designed

system is
£6). _ _BL06F S+ F
RG)  0.0/637 ¥ +0.2792 5% + f263/ s+ % fosgs +F
next page. : ' ,

% ***%% Unit-step response ***=+

| nimc=[0 0 0 3.108¢ 4i
denc = [0.01631 0.2794 1.2631 4.1064 4I;

el Unit Step Responss of Compensated System  (Problem 5-7_32) )|
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Unit-Slap Response of Compensated Systee  (Proble B ~7-~22.

TN

. / AN

o5 t 15 2 25 3
Tiown {vec) -

Similarly, the foll MATLAB Yamp
, s owing M pmgramp:odnwsthemitvrammmﬂem

%,..”.mmwl-ii;G- B
o = st Q23510% 2 41008
= I0. 1 4.1
t=0‘0.°1.5’ t’ . o
&'?é“"""“ o ' 5
of BT 2511
title(" .ts.?;mpaesponse CompensatedSvstem ~ {Problem B-7-32) 1)
ym('unit-nmzpluputam SystemOUtPnt') |
UsirRemp Responss of Compenssted Systen [Prodbiem B - 7-72
d
>
.. T //

g o - // =

4 4

'é ' : //

E e

g .

: Z
g 4
@ ©5 1§ 15 2 25 3 35 4 45 5
. t8ec

-140-

forum.konkur.in



www.konkur.in

| B7-33.  fhe plant transfer function is
o Gy =—22to/
- - S(s*+o./s+ %)

meplantimlvesaquadraﬁetemvithg 0.025. This
= 0.025. temisqnieeosc_:l-
uamM_u,_mMngranslmhexowpmdmtheBodediagmatc(s) as -

smﬂodamm .
: | um=[0 0 2 01
dem=1 014 0F
S bode(m.da.v); - '
Cg) = 2s5+ao/ |

: R() .ﬂ+onh+5:+al
mecloaed-looppolesoftheimmensatedsyseaare

' 5= -0.0417 + j2.4489
s = -0.0417 - j2.4489
s = -0.0167

Bode Disgram of Gis) = (22+0.1)els™0.10+4%
- . ) 1 A \\‘.

Phass (deg); Megnitude (d8)

{ I I
%

5
!
3
3
g,
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% (L X2 2 3 !m 3 m response 'l'l'l."li

num=[0 0 2 0.1}
den=1[1 0.1 6 0.1];
stepinum,den)

) o [T — —
"
JL ]
RN
1
o % wW . _®w W =
Time fonc)

. To.design a compensator for such a system, it is desirable to cancel the
zero of the plant, since it is located very close to the origin. It is some-

. | 12 s+q
Gl = F (5t} 2s+o.]

;wheremhavedmsmtbedoublemaks=-2anddwhle§oieats=-10.
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SDe

K= lon sG.6) 68

=L sk G+t siq  2stel
sPe (G ) 2ste.] s(s*to/sik) -

=Ko 705 = #

Hence, - .'
Kea = goo

By.severalm‘musvefﬁdazéﬁugiveasaﬁsmmum '

‘fore,.uednoeea.=4_andxc=mo.
| :
, G ls) =sp0 LSt _sigp
o el : s+t 2s5+0,!
‘The open-loop transfer function becomes as follows:

Gl Gfs) = —L20L(5422%(s+8) -
' (i'l'/ﬂ)" 5("{-0./3-}-’_)
- J3+J'aa;‘+ 2000 +1boe

Then, the transfer function of the com-

3 MATIAB : de- i - '
mm&mamﬁm&%@)ﬂsh The result-

The following :

% *+*++ Bode diagrimn *4+¢+

nam=[0 0-100 800 2000 1600}

-den=[1 201 106 90 400 O}

w= 0(-1,2,100); :
fitle(Bode Diagram of 100(s12)"2(+4) s +10)"25(s"2+0.1s+4)])

- From this Bode diagrim, it is seen that K, = 4 secl, phase margia is apﬁnaui— o
. mately 50° and gain mergin 1&-«-»&8. gg, all the requirements are met.
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| Bode Disgram of 100{e+2)(e+4)iis+ 10 ss%0.19+4)]
0 -
T /4\
: N
o T
g = ~
g o
- g &H ._ /’ ey
-100
150 A ]
T @ W , «
-The closed-logp transfer function of the compensated gystem becomes as follows:
) 7003% 4 £oo s* + 2000 s + lbo0

. REY — 55420/t +20653+ 8905t 4 2400 5 1 /600
The closed-loop poles of thecompensated systemcan be found as follows.

denc = [1 20.1 206 890 2400 1600l
| rootsi{denc) »
ans =

| -7.3481 + 7.2145i
" -7.3481 - 7.2146i

| -2.2424 + 3.3761i
-2.2424-- 3.3751i

-0.9189 '

lbefouwinqmpmgramprodwthemit-steprespmeofthedesignad

% ****& Unit-step response = ****

numc =[0 O 100 800 2000 1600L.
denc = [1 20.1 206 890 2400 1600]; - .

m(m.denc) , -
| titlet"Unit-Step Response of Compensated System (Problem B-7-33) ) |
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The unit-step response curve is shown below.

of Compensaied System (Problem B-7-3 )

mmmmmﬁnmmmvmmofﬂem—
- pensated system. |

9, sssae Unitotatﬁp response ****e

numc =0 O 0 100 800 2000 1600J;
‘Jdenc = [1 20.1 206

t'= 0:0.02:10; - 50 200 o0 o
= step(nmnc.lgeﬂ&ﬂ? ’ ‘

title("Unit-Ramp Response

Xabell't (Sec)] of Compensated System  (Problem B-7-33)*) |
e —

The unit-raup response curve is shown below..

» dﬂ _wm mav‘?‘ 23
T oo
-7
g.
§ Conpenssled sysien
: .
2]
st
‘o :
% + 3 3 4 3 [ 1 7 8 -4 0
1{Sec)

-145-

e g - forum.konkur.in



www.konkur.in

It is noted that there are infinitel mnypossible,cmpmsa‘ : »torsf
system. A few possible compensators areyshmm below. _ or this

-64{5) = {po (S‘,‘/)z
S @E+asr(2s+e./)
G.() = 320 — (517
o Gtz0)(25t0./)
= b0 L& S+l
%2 ‘ St+3¢ S+4o0./223
Gels) = 1212, 12 ZL2:8L

Storp32

_B-7-34, Iebmasmthatﬂ:emisawcc(s)hasﬂnfmm

oy mi o DTse) (ot ENorf)
@) e )
Since Ky is specified as 20 secl, we have - )

K =t s A . |
Hence . 598 s Ci-(r) S(s+1)(s+8) ke—‘L; azé. A
| kc"-..- /oo
"G,6) = (00 G(s) = V.l »
Stst1)(s+s)

g&fwmmmmmmgﬁ(s)um.mm

j om={0 0 0 100}
den={1 Gszgki-x

w=logspaoe(-2,3,100

bode(umm,den;

w);
titlo(Bode Diagram of G1(s) = 100s(s+1)(=+5)[)

. =146-
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Bode Diagram of G1(s) = 100/afe+1)s5)]
100; : -
m‘“ﬁng_ - ; |
© T |
%0 : e~ L
g || ‘ i
150 ¥
i
g 50 H -’
e s S
- 150 '~.
200} <\\\ 1
- IR -
00 —i= ; - - i
“10% w' 0 . 10 1° g

Fmthis diagmwefindthephasemfreqnencytobe w=2.25rad/‘.
zfzstad/secsottattheptasezleadmletequ:edatw= 2.25 rad/sec is 60°.

compensator. Iet us choose the corner frequency 1/T,
_ ﬂtl:newgaincrwsov:rfrem, or 1/Tp = 0.225. For the lead portion of
¢ cmmﬁr.we.irstdetemimthamueo:pthatpmidesﬁ.=ss'.(s°
-4 | |

Mfs" = I-!--é- B8+/

mfwﬁ=mmw6¢.79 °. : o phm
- Ps-m' ' 12 Sinceveneedssphasemrgin,ve

m.thamtmﬂ(fm)oftheptaselagporﬂmbmufmz

- . o.228
£ 4 =228 oo/as

£hz 20 % Shs %

'Hence.thepiaselagporticnofthemmsaﬁorhecmsas

St 0225 _ oo BKEEEESH/
. S+o.0/128 8L 3EETS ]
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For the phase lead portion, we first note that

| G(j2.28) = /0,35 dB
If the lag-lead compensator contributes -10.35 dB at & = 2.25 rad/sec. then the |
new gain crossover frequency will be as desired. The intersections of the ’
line with slope +20 dB/dec [passing through the point (2.25, -10.35 dB)] and the .

0 4B line and -26.0206 dB. - 1ine determine the corner frequencies.
intersections are found as cw = 0.3704 and & = 7.4077 rad/sec, respectively.

. Tius, the phase lead partion becomes - .
: . S4+0,37% % 4 f =2.£798 s +7 \
St+pres7 20 \ O/3svst) )

R ¢.¢¢¢¢,§-§;/ (2.69985+/
- = J00 :
e = 10 ( )_(ﬁ./?fp_s +/

885589 S + )
-..-.:/ao( stoizes ([ Svo.3706 )
\ stoepze / s+7.2077

‘Then the open-1oop transfer function Go(s)G(s) becomes as follows:
A . AR2EEST/ )( 2.6998s+1\ ___/
_ q‘..m f%") _..._/00 §5.58875%1 J\ o350t/ SCs+/)(s+5)
..”,”"0 S L s g2s /00
1257+ 16£.023F 5t + 955 1234 S+ 451, /195 S =+ S

-fer functiom. - o : . ) .

% *%*¢ Bode diagram **+**
mm=[0 0 0 119990 71442 100} -
den=[12 1610239 - 595.1434 4511195 5 O]
w=logspace(-3,3,100); : -
bode(num,dea,w); _ -

| !hetesultingaodediagfaism@‘“thenmbpage.
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Bode Diagram of Compenssied Sysiem

100 i r

- 1l | i

Phase (deg); Magnitude (d8)

88 .8

" 150

200
250
e P w
' Frequency (radieac)
Toreadtheplasenghanﬂgainnarginprecisely,weneedtoexpaudthedia-_

gram between @ = 1 and o = 10 rad/sec. This can be done easily by modifying
Yy change the command w = logspace (~3,3,

10* 1’

the preceding MATIAB program. [Simpl.
'100)71;0 w= logspacetoglfloo) ] The :esulting Bode diagram :ls shown below.
. m 3 - .
° ~——
-10 \\
_ ~d
- L
g
f e
T e B
—
200 " \\\ -
“10° ) o
) Fraquenoy (radiesc)
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From this diagram we find that the phase margin is approximately 60° and gain
- margin is 14.35 dB. The static velocity error constant is 20 sec-l,

The closed-loop transfer function of the designed system is

(€] M9 9.90 8% 4+ pE. 42 S + /00
RE) /2854767 s*+ 395/ s>+ /657 52+ V9.5 + /0C

MfollwingmMm‘theimib-steptespmse. The resulting
nnit-s!:epres’ponseamiss!mbelow.- _ _

o snuse Unit-step response craes

numc=[0 O O 1199.90 714.42 100}
denc = {12 161 595.1 1651 719.4 100}
step({numc,denc) ’ :

_grg('t!nit-Step Response of Compensated System’)

Wmdwm

°ozcse'iosz'uaw_a
Thns fonc) )

ﬂieclosea-iooppoles-m%eobtained w entering thefollowing- MATLAB program

roots{denc)

9.7022 .
-1.6110 + 3.0494i
-1.6110 - 3.0494i
-0.2463 + 0.1076i |
-0.2463 - 0.10761 |

- -150-
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Noticethattherearemzeros (s--0.225ands=—0.4939)neartheclosed-
loop poles at s = -0.2463 4 j0.1076. Such a pole-zero combination generates

a long tail with small amplitude in the unit-step respounse. .
. mefmoﬂngmprogzamﬁupmduce-ﬂamvwxesmeasshom'

% L2212 Unit_mm fespOﬂSB HREEY

numc =10 0 .0 O 1199.90 714.42 100
_denc = [12 161 595.1 1651 719.4 100 O};

t= O’O.(‘JS'ZO denc,0

€ = step{numc, A1

grl?:(t.c.' > & AN Y

title(*Unit-Ramp Response of Compensated System }
xlabel(’t Sec'}

yiabel(’Output and Ramp
text{11,7,"Output"); text(1, .‘Ramp Input’)

’ damaiqu-umm
T T T T
§ mmf -
: ]
¢ 2 4 6 & W 12 4 . 38 20
18ec
- -1s1-
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CHAPTER 8 -

B8, referring to Byuation (3-37), we have
ECr+ReC)
b= BT RC) 500,
%= Ze, + R0, = 3077

Tim —ReC®eCs  _ 0. 2592

First, notice that
FicyGucs) = 5.077 |
: (R,c,_)(&c’,,) = OJFFCX 3,097 = 2,2468 --
Hence we abtain ‘ ,

. KRG =1r5385, Rl=lSssis
Y. Sowechooge C; = Cp = 104F and one remaining varia-.

?mtheequatimforxp,uem .
. Ry ReC, +R:Ce ____‘37‘ ez

K3 K Cx
i . 39pzxt =197/
K3

We now choose arbitrarily Ry = 10'k.fl. Then = 197.1 k. The PID cont~
rolier obtained is shown beioy. * R4 -k'u )

] R Fra |
35510 e—1. -
4 - ) L SIS .

- ~-152-
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For the reference input, the closed-loop transfer. function is-

E <6 2K (as+1)(bs+()(st2)
-RE) ~  S(s+/)(5+00) + 2K (a5 +[)(b5t)(5+2)

Noticethatﬂemmratotisapolymialinsofdegreeaandthedenminator
is also a polynomial in s of degree 3. In such a case, it is advisable to

reduce the degree of numerator polynomial by one by chocsing a = O. Then the
closed-loop transfer function becomes ) .

k) 2k (bs+)(5+2)

R -~ S(5+/)(s+00) + 2K (bsH)( 5+2)

Let us choose the value of b to be 0.5 so that the zero of the controller is
located at 8 = ~2. Then, the controller transfer function Gu(s) becomes

oy K(esstl) _ o.Sk(s+z)
'cic(}) = < - s

: B-8-2.

c6) - - k(st+2)*
RE)  sCe+ls+re) + Kk ( H-ZJ"

The cldsed-mop trans_fer function for the disturbance 1npntbecon’es_as -

Gf) 25 (s5+2)
D> J‘(S-f-/)(rf-/o) + k(s +z)‘

ﬂerequimntmﬂlerespwsewthestepdismxbanoempntisthattherespmse

should attenuate rapidly. ILet us interpret this requirement to be the settling.
time of 2 sec. ByasimpleMA‘lIABtrial—and—errorapproad)mthevalwofK,

we find that K = 20 gives the settling time to be 2 sec. So we choose K = 20.
with K = 20, the closed-loop transfer function Cp(s)/D(s) for the d:lstm:bance inpnt
becomes : .

: o) L 2824+ ¢&s : :

' P T sP+3/s:+ Post S0
ﬂefonmingmnABprogmmprodwestMrespmsetothemit-sbepdiswmance
input. The resulting response curve is shown on the next page. »

% *%*** Unit-step response (Dlsturbance inpug} *o4%e

numd-[024 ]'
=[1 31 90 80

: ﬂﬂe('Unlt-Step Response {Disturbance lnpu‘tl’)
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WMM&M

0.07

£

seshen
5

‘lhisrespmsecurvecorrespmxdstqthesettlingtimeonGec. This may not
be obvious.  Therefore, we plot the response to the unit-ramp disturbance
input. The following MATIAB is used to obtain the unit-ramp respounse.

% 44548 Uﬂft-l’alm) response (Dlsu “bance input) LA 3 2 1]

numdd = [0 0 2 4 OF
dendd = [1 31 80 80 Oj;
step(numdd,dendd)

title(*Unit-Ramp Response {Disturbance Input)*)

The resulting response curve is shown below.

0.04
002
a0l

© & 10 15 2 2 % B 440 & 0

ﬂxesetuh&tipEGanbes&ntoheapprmdmtely23ec.
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' For the reference input, -the closed-loop transfer function with .K = 20 is

ct) _ 205+ 8os + 8o
CR6) T s34+ 3/s2+ 905 80
The MATLAB program below produces the unit-step response curve for the refe-
rence input,, as shown below.

% ***** Unit-step response (Reference input) ****+

nuny = [0 20 80 80];
denr = [T 31 80 80}
.stgp(nunw,denr)

grid L .
title('Unit-Step Response {Referernice Input)’)

(1] 1 5 -
Time {soc)

From this plot, weseetlatthe éettlingtine forthereferancemput is 2 sec.
The closed-loop poles for the system are shown in the MATIAB ocutput shown below.

.

roots{denr)
ansg =
-27.8742

-1.56628 + 0.6537i
~.-1.6629 - 0.65371’

s

The designeddontroller is
S oy = 20(0:5s+1) _ [0(5+2)
CGls) = = =

-155-
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B8-3. The closed-loop transfer function of the system shown in Figure 8-

72(a) is

) & (1755 + Tis) 46
RG) '
| _(r R /+I<,,(/+§-_‘% +7;s)c;,(s)-

shown in Figure 8-72(b) can
Then,

(1)

The closed-loop transfer function of the
be obtained as follows: Define the input to the block Gp(s) as U(s).

V&)= kp (14725) RO + = [ ROV= )] — K (14 T3 5DCE)

Also, Vehave

k= 6, 6) U1s)

a2 | |
oo ke (13 1 Tis) RO) - by (1+5+T25) co
from vhich we obtain

) .- 6,(/4‘7—!}' +7;5) 6,[3')
RE) vk, (14 ;.i—n;,s) %6)

This last equation is the same as Equation (1). Thus, the two systems are

. equivalent.

'-1;:8-;; We shall first obtain the closed-loop transfer function c(s)/R(s) of
the I-PD controlled system. Intheabsenceofthedistnrbamen(s).

minor loop has the following transfer function:

€6 _ 39, #2 - :
U6) — s(st1)(sts) + 39. %2 (/+0.76925)

vhereu(s)istheinwttotheminorlgop 'I‘heopen-—looptransferfunchim '

6/) _ 38,42 |
B A 0775 s(s-r/)(s-i-y) + 37.42 (/+o0. 7(?2-’) :

- 12.8/7/2
.s‘"-a- 6s3+ 357, 32/9 s*+ 35 92

-156;
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The éiosed--loop transfer function is
Cc6) _ /2. 8//2

Rls) = 5*+6S%+ 35.32/95%+37.425+/12.8//2

The followmg MM‘IAB program produces the unit-step response.
response curve is shown below. )

% ***** Unit-step response *****

num=[0 0O 0 0O 12.8112};

den={1 6 35.3219 3942 12.8112];
t = 0:0.05:30; . '
step{num,den,t)

grid
title('Unit-Step Response of I-PD controlled System’)

12 e e S
1

Hf

. i

doddp

The resulting

'Noticethattheresponseisslowmtshowsnoovershoot Theclom-loop

polesamsmmﬂmefonovingmmmm

roots{den)
ans =

-2.3514 + 4.8215i
-2.3514 - 4.8215i

© -0.6486 + 0.1568i
-0.6486 - 0.15681

Since the dominant closed—lbop poles are 1ocatéd'very close to the jW axis,
the response speed is very slow compared with that of the closed-loop system ]

shown in Figure 8-73(a).
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B-8-5. For the PID controlled system shown in Figure $-73(a), the closed-
loop transfer function between the output and the disturbance input is

Co) s | L

DE)  s*(st/)(st5)+ 35 %2(s+o. 3250 +0.269258) . - -
3 s o

St 6534353209 S+ 38 425 +/2.8/1 2

For the I-FD controlled system shown in Figure £- 73(b), the closed-loop = .
transfer function between the output and the disturbance input can be obtained

as follows:
e 'S - ,
D6) SESHI)(5+5) + 28. 42 (s +0.3250 +0.76925%)

St rosi+3532/9 5% + 28,025 +/2.8//2

Since the two closed-loop transfer functions are identical, we get the sSame
unit—stepresmecurvesforthetwnsystem. The following MATLAB program .
produces the response to the unit-step disturbance input. The resulting
response curve is shown below. - L

% ***++* Unit-step response eees

num=[0 0 0 10; -
den = [1 6 35.3218 39.42 12.8112);

step(num,den) |
| title{’'Response to Unit-Step Disturbance Input’)

aoel ||\

aor |\

0.012 ) - \g

o
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 The closed-loop transfer function C(s)/R(s) of the system of Figure 8—-73(a)
is obtained as follows: [We assume that D(s) = 0.] :

- -/ ' : /
Ct) 3% 42 (/+ 3.077.5 - "'5'7/725) SCSH1)(s+S)
= — _ y ;
RG) (+37~¢z (/-f-—-L-—‘i"o.?b’?ZS) S 1) (D

30.32/5S%+ 39. 425 + /2.8/(2 -
S¥+ £534+38.32/88 St 39.925 1 /2.8 2

The closed-loop transfer function C(s)/R(s) of the system of Figure 8—‘73(b) is
obtained as follows: [We assume that D(s) = 0.]

2992 ]
L6 _ _S(s+/ Y st5) +29.42( /+0.76925) 3-0975
S( st/) (s+$) t 37.%2 (/107692 =) Foo7s
12.8/72

i

s+ 5.9-‘-1-3: 32,84 s*+ 35 ¢2S +/z.3//2- -

Note that the characteristic eqvation (dezminator) for bot-h systaus are the A
same, but the numerators are different. o . 7

For the reference input, the closed-loop transfer function-is
6 _ @ns) G:06) e
RE) 1+ G)GE2HE)
For ‘the disturbance input, : '
B _ %6
| - D(s) !+ Gils) G, (s) HE)
For the noise input, ‘
6 ’____ _ __G6) ) HE)
M) A+ G,E)G(5) HB)

Notice that the characteristic equaticns for the three closed-:l.oop transfer
functions are the same; .

Y G5) GulSIHE) =0

_ That 1s,theclaracberist1cequaticnforthissystemisthesaneregard1eesof
whichinputsigmlisdnsenasinput i

B-8‘6 -
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B-8-7. The closed-loop transfer function C(s)/R(s) for the reference input
is , .
‘ ql 63 (7.1 oo
) - /16, 65 H2 _ G G2G3
RE) o _Gi6Gsth g, + o,
1+G.G,H, ‘iz€%4ﬁa GG Gs 114 _

The closed-loop transfer function C(s)/D(s) for the disturbance input is ob-
tained as follows: _Noting that the feedforward transfer function is G3(s)
and the feedback transfer. function is [-Gy(s)H;(8) - Hy(s)1Gy(s), and that
the closed-loop system is a positive—feedback system, we have

Ctx) - Gs i
D6) /=G [-G14,—H:]6:

v D3
/+. (7/62@3 ”[ 1'.6‘63 ”g'

-

B-8-8.  For the system shown in Figure % —76 (b), the closed-loop transfer
function for the disturbance input is

@) _ _—KBKE)

- D) 1+ kG(s) Hz)

‘I'ominim:lzetheeffect:ofdisturhances, theadjustable gain K should be chosen
as small as possible. Thus, the answer to the question is *“no“.

B-8-9, ' .
@ = - X6) __ GuGr
RE) { +Gct Gea @f
YUs) - Gp
‘INS) 11 Ge, ﬁkz.qap
- Y6) - Get Gex G '
V)~ 7% 6o Gex G
Hence

Gyr = Gy Gyd |

q,” = 424 "4£
%
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If Gyg is given, then Gy, is fixed but Gy, is not fixed because Gy is indepen-
-dent of . ‘Thus, two clesed-loop tranhsfer functions among three closedrloop :
transfer uncticn:e%, Gyar andcynareindepmdent. _ Hence, the system is a
two-degrees-of -£ri system. : »

(®) , __Yé') - Cey Gee Gp
- Yb) Gp

be) 1+ G G,

Y6) __~Gea
N(s) I+ Gea Gp

:677 = 6&7 6¢16’4

) G,d "‘6)

Gy =
12 G

If Gyd is given, then Gyn is fixed but Gyr is not fixed because Gn1Ge2 is in-
dependent of Gygq. Thus, two closed-locp transfer -functions among three closed-
loop transfer functions Gyr. Gyd, and Gy are independent. Hence, the system
is a two-degrees-of-freedom system. ‘

@ Y6) _ _Ga G,
: 'X(s ) /+ Gez 6,
Ye) @ -

D6 (+GcGp .

) __—%aG
NEs) ot F Gez Gp

Hence |
Gyr = Ge1Gyy
= C?vl"‘ﬁk
Goyn = - %

Ifcyaisgiven, thenGYn:lsfixad. Gyrisnotfixedbecauseeclisindepen-‘
dent’ of Gyg- Thus, the system is a two-degrees-of-freedom system.
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B-8-10. Define the input signal to box Go3 as A(s). Then, for D(s) = 0 and

AC) = Gez R1) + Gy [ RIS~ Y(57] = G)Ges AGS)

Y6 = Ge3 G; G, AL)
Eliminating A(s) from the above two equations, we get
Ys) = Ges G G (Gt‘l ""6:‘:) RG) — Ges Y -
/t GC‘3 Q,

(1* 636, + 62, Ges G, G:)YE) = Ges 6,64 (G +(m)1’{3‘)

Y6O) _ _ (Geut Ges) Ges 6162 W
_R(’ ) 'tGe3s G + Gy Ges 6/_ G2 "
For R(s) = O and N(s) = 0, we have

‘o £ind Y(s)/D(s). we may proceed as follows.
AB) = Ge ["‘l (G )] - G, [ D6 1‘ Ges A(’)]'
Y6) = G, G [ DY + Goy Al)

Yo = ‘;"/ G, [P(ff—!— Ges = Ger Y6) -G, Dé‘)] |
. - AR X

Simpllfm: we have ’

( /1 @c; 7) t Ges Ges 6162) Y{:) 6, G2 DE)

Yf’j . G G ,_ ' (2)
p{’) 1+ Gy 6,1' C'ic/ (5 ci/"ia _
Next, we shall find Y(s)/N(s) For -R(s) = O and D(s) = 0, we have

AE) = = Gey [Y6r+NI9)) — Ges G, AB)
Y(’) qcs G,G A(’) -

ﬁ:erefore' ' - . .
—&e, YG) — Gep N5
/F fe_a q,

-162—
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. | : (I * 6(‘, 6/ + q“ 663 91 qg) Y{’) = = C7‘g/ chlc?,' G2 ”{S)
Hence, : : : . ,

YO —GaGe GG | 3)
NG) ~ /+Ge3 & + Ge) Ges G, G, S

éfa = - G.cf Ges qy(

Gr == Gy + Gea Ges Gyd

If Gyq is given, is ixidépendent.of because is ‘independem: -of‘

. Gyd- Gyr is ind%ﬁentofeydandcy:ydbecausesc:g::cgsindema% .

. and Gyg- Hence,anthreeclosed-looptransferfmticnscﬁ,%,ahdsynﬂ '
are independent. = Hence, the system is a three-degrees-of-freedom system. .

B8-11. ne open-loop transfer function of the system is
K(sta)2 sz
G6) = = 2 -
(0.35¢/)(s+/) (1.251()

/[2Ks*po gias+/r7.2ka>
O3E5 + /. 865+ 2.55% 4 S

P~

Hence, the closed-1oop ‘transfer function is- . ' )
- C6) [-2KS 2+ 2.4 kas + L2 Kat . -
RE) — 7.365%¢ .86 + (2.5 1.2K)s*+ (/+ z.fo()S"" /-2Kkar
"The requirement in this problem is that the maximm overshoot in the umit-step
response is that . : .

wl)eiebspistlnemsdmmoverslioot.' Intemsoftheoutputytotheunit—step
input, C ‘

m< Il m >/ 02

A possible MATLAB program to obtain a set of the values of K and. a that satisfies

the requirement is given on the next page. The resulting unit-step response
curve is shownalsoonthena:bpage. o . '
f163-
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% #4%++ Search of K and a Values for 0.02<Mp<0.10 *++++

t=0:0.01:8;
for K = 4:-0.05:1;
fora=4:-005:04;

mm=[0 0 12°K 24*K*a 12*K*a"J];

den=[036 1.86 25+12°K 1424%K*a 12°K*a"2);

- y=step(pum,den,);
m = max(y);
. fm<11&m>102
break;
end
end
ifm<Li1&m>102

break;

ead
- end
ploi(ty)
grid

i it-Step Response’)
KK =

aa = num2str(s); :
text(5.1,0.54,X =), text(5.6,0.54 KK)
text(5.1,0.46, ‘a =), text(5.6,0.46,a2)

~al)l.=[K a m]
;d= ‘ .

- 40000 0.7000 1.0846 .

12

K= 4
a=s 07

-164-
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The selected set of K and a is
K=¢, a=o;
The maximum overshoot is 8.46 %.

B-8-12. The féedforward transfer function is
, [-2k (s+a)?
GG =
76)= S(o:3s+/) (s'+/) (/-25 1)
The closed-loop transfer function is
| ct) _ /-2#:*+2.5¢/<4.r + /-2 ka2
RE) = 0-36S¥+/.805%+ (2.5+/1.2K) 5%+ (/+z.;¢/<4).s'+ /-z2kat
The requirements in this problem are
: /[03 <m< (08 , Ix<z2sec
where m = maximum output. The search region is
' 25Kk<%, o5~ £L£a 3

- The step size is 0.05 for both K and a. AmnABpmgramtoobtamtm first
setofKandathat satisfies the requirements is shown below.

% #4+%* Scarch of K and a Values for 0.03 <Mp <0.08 and ts <2 sec *eo+

t=0:0.01:8;
for K = 4:-0.05:2;
for a=3:-0.05:0.5;
mm=[0 0°12°K 24*K*a 1.2'K*a"2];
den=[036 1.86 2.5+1.2*K 142.4*°K*a 1.2"‘K‘a"2],
y = step(uum,den,£);
m =max(y);
. =801, whiley(s)>o.98&y(s)<102, ’
s=s-1; end;
1s=(s-1)'001 -
. 1fm<108&m>103&ts<2.0
break;

end _

end :
ifm<108&m>103&ts<20
break - '
end

end
plot(ty)
;-;:(‘Umt-&epl{@mse)
i sec)
solution=[K a m ts]
som=
26000 08500 1.0774 1.8400
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The first set of K and a that satisfies the requirements is K = 2.6 and a = 0.85.
ThemaxinnmovershootMpand settling time tg are 7.74 % and 1. 848ec, respectively.

The response curve with K = 2.6 and a = 0.85 is shown below.

14 Unlshpm
1.2_
1 . ———
/)
b
1]
L
02 /
00 1 2 3 4 S ¢ 7 8
tesc

Next, we shall obtainallposs1b1esetsofKandathatsatisfytherequire-
ments. The following MATLAB program produces the desired result.

%‘”“chhofal!po@eSetsomedaVMfu003<Mp<008
% andts<2$ec“‘“ :

t=0:0.01:8;

k=0;

fori=141;

K@) =4.05-i*005;
for j=1:51; '
-a(j) = 3.05 - j*0.0S;
mm=[0 0 12°K@) 24*K@G)*a() I.Z‘K(')'a(j)'a(i)
den=[0.36 1.86 2.5+12*K() l+2 4“K(')*a(i) 1.2*°K@)*a()*af)];
y=swp(nmn.d=n.t);

=max(y);

s=&01 whiley(s)>0§8&y(s)<102,
s=s-1; end;

ts= (s-l)‘OOl
fm<108&m>103 &t5<20
k=kt1;
table(k,)) = K@) aG) m ts];
end ’ _

end :
cend
table(k,’) = [KG) af) m ts]
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22500 08500 1.0507 1.9200 -
23500 0.8500 1.0585 1.9000

2.6000
2= sorttable(13,2)
.-
0.8500

mm=[0 0 12*1( 24%K*a ll‘K‘a"Q]
den=[0.36 1.86 25+12°K 1+2.4*K*a l.z‘K‘a"2],
y=step(mum,dent);

plott) S

hold

_ -167-
forum.konkur.in




www.konkur.in

0.8500
mm=[0 0 12°K 14'K% 12°K*¢2}; ~ - .
dea=[036 186 25+12%K 1424%K%s 12%K%2"2};
¥ = step(num,den,t); , -

text(22,1.1, K =26, a=0.85)
#xi(2.2,0.9,K = 2.05, 2= 0.85)

- There are 12 sets of the values of K and a that satisfy the requirements. All
sets produces similar response curves. The best choice of the set depends on -
the system objective. If a small maximm overshoot is desired, themn K = 2.05
and a = 0.85 will be the best choice. If the shorter settling time is more

inpqrtanttlnnaanaunmdmmovershoot,thenx=2.6anda=o.85vﬂlbethe
best choice. - The unit-step response curves for the two cases are shown below.
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B-8-13. ¢.)= 3CEH5D |
P )= S(s+1)(s*+ 45 1/3)

The. closed-loop transfer functions Y(s)/D(s) and Y(s)/R(s) are given by
Ye) Gp6)  _ Gr

DE) /tGey(s) 6/(5) It Gy 67‘/0 _

Yf) . [Gat) + @e!(’)] §F6> - (66/ + Gcz) Gp ‘

R(’) / “" Cic,(s) @,o(-‘) ] /1 Gt G 7P
Assume that Ggj(s) is a PID controller with a filter and has the following form:’

K (s-m)z SE+ ¢S+ /3

and

. @C’ € ) - (st+5)(s+27)
The characteristic equatlon for the system is
_ K(sta)y: S+eS+/3 . 3(st5)
+ =
I+ Gy [+ s (sts)(s+27) S(Sf/)(s’“+¢$,+/3)
3k (s+a)?

=/* s2(s+1)(5t27)

mthatrial—and—ermrsearchofxandawzthmm,wefindapossiblesetof
K and a as follows: N

K=3%, a=(# |
With this chosen set of K and-a, the controller G'cl(s)'heccniles’as follc_ms:
SECs+L#)?2 S+ est/2
é‘t" £) = S G+s)XCs+27)
 sg sty /;2. £5 +//2.68  SEHESTH /3
= s (51'5‘)(5 +27)

'me closed-loop transfer function Y(s8)/D(s) is obtained as

: 3(s+5)
Y6) _ LTSSt (sEH 45+ /3D
o ’+ 3xSE (stA#I*
s*(s+7)(s5t=27)

- 353+ 95t + oSS _
(s3+ 45473 )(5%+28s*+20/s*+ 48725 1 3%/, 0#)

ﬂlerespénsecurvewtnenn(s) 1samit—stepdistnrhance is shown in the next page.
Next, we consider the response to reference inputs The closed—-loop transfer .

~ function Y(s)/R(s) is

-169-
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S

< _

/ ~

% 1 2 3 t.4.c 5 ) 7 s
Y6') (Gt tG2) G, "’(@a‘f’(‘cz—) ;ﬁ;

RE) ~ T 6G4G,
Define Gcl(s) + Gga(8) = Gu(s) . ~ Then
| - YB) 6 Yo d
R6Y =~ ¢ D) I1+Ges Gy

G 353+ 965 -f-f‘o_ﬁs'
¢ sregs+/3

s“-:-z&s’-t-zols + 4«-4*7 25+ 3¢/ 04

gc

-msatisfythermiremntsmt}erespmsestothermreferminputand _
"acceleration reference input, we use the zero-placement approach. That is, we
choomthemmeratoron(s)/R(s)tobethesmofﬂ:elastthreetemsofthe

~ Genominator, or -

353+ P65*+ goss -
Ge T iy g5 73 = zo/s’t-r 4$7.25 -+3¢/-€%.

fram vhich we get

(2005 + 457.25 + 3%/.0% D (55 £5 +/3)

6‘5? = 3(s*+325+/35s5)
_ 67 S H+/82. 95 1+/13.68 ©  SEt¢s+/3
s - (5 t29)
-170- E |
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The closed-loop transfer function Y(s)/R(s) now becomes |
NGB 2015+ $37.25 + 34/.0%
RC) =  5%+2853+20/s>1 ¢87.2 5+3%/.0#

The response curves to the unit-step reference input‘runit#-ra@ reference input,
and unit-acceleration reference input are shown below and on the next page.

- _Fenponwe o Unk Sip Finforence gt

N\

12./\

:mom
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¥ 8

It ang Sjstom Outpyt

No!:icethatthemximmovershootintheunit—steprespmeis y25%
andthesettlingtimisapproximmyl.ﬁsec The steady-state errors in the

ramp response. and acceleration respmseare zZero. 'merefore, the designed controller
Ge(s) issatisfacbory : _ :

Finally, we deteminescz(s). Notingthat _ |
6&'2 [5') = 6:(5' ) -~ @c[(:)

where .
- 4:(,) — _f75e'+/52-5‘$ +//3.£68 _sz+¢$+/3 .
| s - S5+ 27)
o - - ¥ : - (5t (s+27)
R - S*+¢s+/3

écz(g) = 7.5' (S+_s~)(s’+2‘7) |

'imeblw!diagramofthedesignedsystemismalthenexbpm Nobethat_
SE+ &3 +/3 ' : - -
(5T5)(s5+27)

isafilﬁarandisapartofthecmtrouer.
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- 75

RE) '
: ———4@—* i2¢ + ",;”’ t+18s

Y6)

S*tgs +/3.
' ' Grs)(st27)

B-8-14, ’ 2(5-_{_/) )
67‘/‘(5) - SCs+3)(s+5D

The closed-loop tmﬁsfer functions Y(s)/D(s) and Y(s)/R(s) are given by -

Y6) = Gp6) - G, -
and D& /1 Gps) [Ge16)+ Gpr (D] I+ (g,c, + G ) 6,,
Yos) _ . Gy Cs) Gpls) L Gy Gp

RE) ~ 11GuI [6e,6) +Gex()] ~  14(6.,+6.2) 6,
IBtUSdefinEGcl'+Gc2=Gcorm :

Yb . Sp
D) T 1HG-Gp

let us assume that Go(s) is a PID controller and has the following form:

) K(s 2
) qc(f) =:.. Sfa')

The dlaracwristic equation for the system is

K(f‘f‘d)z Z(S'f‘/)
/'/‘é’c 7p =/+ K SCs+3)(5+5) -

Inwhatfonows,weshauusethemot-lomsappmachtodetemiuethevalms
of K and a.’ Aftertrial—and-errormlysisvithmm,wechoosethedminant -

closed-loop poles to be at s = 4 & jO.2. '
The angle deficimcy atthedesired clwed-looppole ats--4+j02is

obtined as follows: .
192, 1398 ~ /97 /3 76° /1;. /fa/' -t 3059 +/7f 259 +/80°

=—f8.0893°
_(Notethatthepolesareats-o,s—o.s--:i, '=‘-Sand'the;zero:lsat-s=-1.‘)
'medwblezeroats--amstccntrimna.m%‘ (Each zero must contribute -
89.04465°.) By a simple calculation, we find.

A= 40033
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The controller Go(s) is then determined as
: K(st+4.0033)"

" The constant K must be determined by use of the magnitude

condition. 'This condition

is
. [ GeB) Gpls) !sé-#f-j._az =7
Since . v
» K(s+40033)* 2(s+/) =
4 - - S(st3)( 54‘42) S=—ptjoz
we obtain _ _ ‘ |
- 5*(s+3)(sts) - N -
k=}( ~ 3)2 z(s-f)/) . = 679333
S‘f"ﬂ’ﬁg _ $‘=»»$-;';)‘A2 .
4 _ 6%.3333 (s+ 4, =
G.6) = .;_’.? , g $0033)*
Then the closed-loop transfer function Y(s)/D(s) ‘can be ocbtained as
- 2(s+/)
Yo /A _ S(s137(stS)
oE) ~ I+ Ge Gp I+ é29323 (51 % 0033)*® 2(51/)
' s CS(543) (s15)
| ‘25t +2s o

. T SOt/ FEEE SO 1263 H¥E. 5P+ 3332. 57595 +2222.3279
The response curve when D(s) is a unit-step disturbance is shown below. ’
- Retpoes sk Dttt o

”e

2\

‘20 1 2 3 4 s .} 7 8
“tese
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Next, we consider the responses to reference inputs. ~ The closed-loop
_transfer function Y(s)/R(s) is ‘ . :

PRSI X 7 = 6., Yé&)

R&) ~ [+(4e,t%2)Gp ' DE)

o - (25%+25) G _
SHL/2h 666657 +/26 3. 7/ ¥E 5%+ 3332.57595 + 2222.3279

—
—

ibsatisfytherequiranmtsontheresponsestot}kraxnprefm input. and
acceleration reference input, we use the zero-placement approach. That is, we
choose the numerator of Y(s)/R(s) to be the sum of the last three terms of the

denominator, or ' ,
(25*+25) Gy = (263 9136 S*+3332.875¢ 5 +2222.3279 .

from which we get

E3/ 993 5+ /666.2880:8-4 (17/. /6 %0

| | Gey = _ TS
. Hence,: the closed-loop transfer function:Y(s)/R(s) becomes as S
, j’ﬁ) L 12£3.9/%6 s* + 3332.5759 5 +2222; 3277

RE) ~ Sta/t6. éa¥6 53 + (263, 7/96 ST+ 3332. 5759 St 2222.3279

The response curves to the unit-step reference input, unit-ramp referewe'input,
and unit-acceleration reference input are shown ‘below and on the mext page.

14 taapbnee fo Uik .'!j"".-'-"'u. wice bt .
12 \
. ‘s [ PN
i.
ot
02
% T 2 8 4 s e 7 )
S tese
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Response $o Unik-Ramp Referoncs laput

Systom Output
b

‘g .
. E_z- J
py .
5
1} J
oS5} J
o //| '..
() [T 1 15 2 25 3 35 4
tesc
8 e ool fnten Sput
7} J

System Output
0 -]

Inpit end
T

The maximum overshoot in the unit-step response ‘is approximately 19 % and the

. settling time is approximately 1.3 sec (2% criterion) or 1.0 sec (5% criteriom).
ﬁasbeady—stateemmthexamrespcwemdmlmtimmpmsemm..
Therefore, the designed controller Gu(s) is satisfacbory
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Assume that G is a PID controller and has the following form:

K (st+a)>
G.6) = L)
'1‘hé dnﬁctéristic equatio_n for the system is

r4
1#6.6, = [+ £ L

In what follows, we shall use the root-locus approach to determine the values
of K and a. Iet us choose the dominant closed-loop poles at ‘

S=-74j1 S

Then, the angle deficiency at the desired closed—loop pole at 5= =7 + jl is obtained - -
as follows:

—/7/. S’Jff x3 + /80° =—33$‘.o’a g7°

The double zero at-s = -a must contribute 235.6097°. (léach_zeromst contribute -
167.80485°.) By a simple calculation, we find a = 2.3729. The controller G.(s)

is then determined as
K(s+ 2.372?)

Gc (5) = <

 vhere K is determined as _ ,
" | L s3 |
Grz372 707 | sepejt 4

IS 9067 (s + 2.3727)
G.6)= 5 ——

Then the closed-loop transfer function Y(s)/D(s) can be obtained as

YE) G - =
DE)  1tGe G 757767 (542 9727)1 {
o 1+ . p

_ S .
- SIS 7675 1+ 74873/ 5 +88.833/
‘The response curve when D(s) is a unit-step disturbarce is shown in the next page.

: Next.ﬁecansidertherespmsetoreferminputs "~ The closed-l ttansfer
function Y(s)/R(s) is - .OOP

——

RE) ‘ /+(Ge, ‘f'.@n)qp' ) _
S Gey ‘

it

S’ + /s 976'73‘ + 7% ?73/.5‘ + EJ’- ?33/
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Response io Unit-Siep Disturbance lnput -

lbsatisfytherequirenentsmtheresmestotreranprefermeing:band
acceleration reference input, we use the zero-placement approach. That is, we:
choosetlamatorof?(s)/k(s)bohethemofthelastthreetemsofthe

denominator, or
SGey =/ 77675+ 94 873/s + &F. 833/
from wvhich we get ' : '

| /5 ¢ 74 £33/
G (5) = 5 TPET7 s + 7.{:. 873/ s + &% :3"3/ 4
Hence, the closed-loop transfer function Y(s)/R(s) becomes as

&) | IS 7767 S+ 748731 s + 888337

RG) ~ S /57967 S +74.893) S+ 85,8324

'merespasewrvestothemit—stepreferencemt unit-ranpreferenceinput
andunit—acoelerationrefereuceinputareslmnmthefouwingmp@s

Nobicethatﬂ:emximovershootinﬂxerespmsetothemit—shepmferminput
is 18 % and the settling time is approximately 0.7 sec. The steady-state.errors .
intheranprespmseandacceleraticnzesponsearezem ‘Iherefore,thedesigmd

controller Gu(s) is satisfactory.
Finally, we detemine Go2- Noting that

GeC) = Goy () + Gex )

150067 s* 4 7 #73] 5+ 88. 833/
Gc(’) = - ' s )

where
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~and /87767 S 2+ 2¢.8931 5 + 35, 5’33’2_’!
Gt = : s

we obtain Gop(s) = 0. This means that we do not need Geo(s) toget the desired

Response to Unit-Step Reforence input »

12

i
Nﬁl

U

éﬁ!hphulmm

g .

-180-

forum.konkur.in



)

www.konkur.in

mnwn»bdﬂubghuﬁnﬂdhunahﬁt .

i

input and
»

K7767S*+ 74.8731 5 + OF, $334

S

%)
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' CHAPTER 9

B, A .
(a) Controllable canonical form:
‘2.',‘ e 7 X 0
= . + o
I:. "J ’q x; o ,

. N x,

y=[¢ /]
ot

(b)' Observable canonical form:

x’ 4 -& X, ‘
=1 ,_ <+ A
X / ~& Xz} /]

B-9-2. .~ The transfer function representation of this system is
X® _ & e~ &
T S+ 824 //5+E T (s+/)(s+2)(5+3D
The partial-fraction expansion of Y(s)/U(s) is '
R | X9 __3 .~ ,_s3
_ TE) - st/ 0 s+z2  Sst3
Then, a diagonal canonical form of the system is

_r'- " p= - ;p - - ﬂ

X =~/ o oallu] |1t

Li=| o -2 olla|+|/|a

}-'J o o -3 134 /
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B-9-3. We shall present two methods to obtain the controllable cancaical
——form of the given system equation.

Referring to Equation (2-29), we have .

. ™ :
= sI- =17 7 ,
: @)= = “’) w ] € s+3
/ J1s+r3 2 /
= —tr 7 . :
S*+25+S [ ~& s=s112
35+ 7/ bys* 4 brs+by
s34 2s5+5 Stta;s+ae

=2, q,= s, bo =0, b =3, Aa‘_“‘-/ -
Then, referring to Equatiens (9-3) and (9-4), the controllable canonical
fomofthestateandoutputequatimsareebhameaas

Ll o 1 lx] o]
: o] e
X -5 =2 X2 /

: X
| yte. %

' The method presented

below is a useful appfbach to obtain the controllable
canonical form of state Space representation not presented in Chapter 9, but
is given in Chapter 10. [Refe

r to Equations (10-4) through (10-9).] Transform
the original state vector X to a new state vector X by means of the trans-
formation matrix T such that X = TX, where w

. a
e 8 AB
I=uw =0 243
- -183-
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S

wa c. 3 O. 385}

The controllable canonical form of the state at-:loﬁ and out ut equ
equ atlon
- are glven by 2 p

2 =T'ATX+T78u

",

. AN
§=CT X
A WA WA

0. “a‘

A 7 1|3 ot -aes||s
'S - N + o d€
xi. -3 0133- #‘ “3 "‘ 2 xﬁ. : 0-3 O 2
0 / ,
= +| |«
A ; - z
f !
# = [’ /] al =L/ 3] A
.

B-9-4. Referring to Equation (2—29), wve have

G6s) =C (sI-A4)"'8 |
: -1

st{ o -~/ o

=I/ / ,DJ -/ sS+2 o 0

° 9 s+3 /
_ [‘, / - G583 o stz o
(st1)(st2Xs+3)] S+3  (s+))(543) 7 0
s .. o (st/Xse2)l’

St3 - S+3

I

= (s5+1)(s+2)(5+3) S3tE&st+ s+ €
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Although this is a third-order system, there is a cancellation of (s + 3) in

- the numerator and denominator. Hence. the reduced transfer function becomes

of second order.
The transfer function expression can be eas:uy obtained from the si:ate-

' space expression if MATLAB command

[num,8en] = ss&f(A;B,C;D)-
is used. See the following MATLAB output.

A=[-1 0 1;1 -2 0,0 O
B = [0:;0;1]; o
C=[11 O »

D = [0);

[num,den] = ss2tf{A,B,C,D)

-3

num =

0 0 1.0000 3.0000

1 6 11 6

This output corresponds to the transfer function
S+ 3
Sdt+gs* /st

Noticethatthemonbputdoesmbshwtmremmdmfer functionvhan
cancellation occurs. :

Ar= =/, Al“'"’z ’\’gJ’ A""".J.
'mefonawing ttansfonnationnatrix?vingive P‘llP diag(/\lﬂ\zu\ 3»/\4)3
N AN B VAV o

'?a M A A M| Ny~ S

ol BSIPRIREPY I IR

N MM |- S

This can be seen as fouowg; rsj.ncethei-nvers'eof'nétrixais
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/Il
.?-I_.___._L /- "‘/ / —‘/ |
R O R Y A
! J =7 =)
- i
we have )
(vt v tWoeroo0][ss
-t - /I =t /| - oo rtollr-1j -
Ak =31, .
" waw ;,—) "/) OO0 0/ /) =) =
.I J‘,-Ji-lﬂaa_]_/-l-jj
T, o o 0-
— o ~f © o
o 0 jo
0 2 o]
Method 1: ‘
) _ . | ,
. d"— -t sI-A -t =£_' -7 1
© s [( "".‘“) J ' 2 543
F}Z ] y _ ,
= I"' | _
| -2 2 N 4 + 2
s"'l S+2 s..i./ 5+2
2e-t e3¢ et o2
—2ef+2e™* _etirzei
) - Method 2: Referring to Equat Im-(g;—lést_;é_ha;e__ _
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' eM® 0
eﬁtzfeyz" =f z-/
Since ﬂxeeigetwaluesamxl=.1andA2_=_2'weom
R - '
edt _ [+ 1][e oll2 ¢
=l -2llo e*|l-r -1
ety 2e? ety ze”?
M’ ‘Referring to Equation (9-47), we have
| / ,\l eo\lf
/I A eME| = [
I 4 et
ar :
| ( ~1 et
-2#] =
/I -2 e =0
y At}
I A e~
" A .

vhich can be rewritten as

et

i

i

=(4+2I)e"-e"I-e

ot _m2f 7 — pe-tt

Pz- i ’
-2 =/

r Z-er"’_ e-"zt

e ?-

g -

—2e %42
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73'.9'7- The given state matrix is in the Jordan canonical form. The eigenvalues
Ar=2, Aa=2, Az =2
Since . | -
| e¥* pe¥*  Ltle?
) edf - 0 ezf + er
o 0 e 2¢
we have
<
2@ = e ¥ x(o)
or .
. - “r -
X16e) [ et zex Frie™ (%)
Xaft) |= 0 et z‘e‘_“ X(2)
6| | o 4 e® ||%e)|

S+2

=2 [62 —g)‘f] - f’{ [f

sS+2
-3 .

= A
=< ? S(s+2) t3

St+/+/
(sr)*+Jz*
' -3
i (s+2)*+V2?

- _188-
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= st 25+ 3 =(s+ /vq;)(_:-:-f/._j{z) ‘

-/

' $~l~2] } :
?I

s

_ / .
s+1)*+yz?

_ s+/~/
(s+1)* +v2°
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s+/ / EY / vz

i,
o " (t1)*Z V2 (sH)*40T" VZ Cs+1)*+VZ*
g R S/ S st/ 1T
= (s+1)24JZ* (s+1 )%+ {Z° v:z‘_(sw*-,.fs]
e YTt +—{§-_~e“*44:.\{z; | ket anzr
3 o ¢ . - s
. -7—;6*%\/_7:{ e qc,[z-t_-v-é.-eﬁuuﬁt _

' |7
X@) = eﬁt&c(a) = eft{gl] ,

!

e covEL .
—eFen Tt ~JZ e Tk T T

8—9'-9,: Define

~6 [/ o 2 L
A=l o 1], B=|¢|, C=[r 0 2
' -é& o 0 . 12

- Define also the transformation matrix as P such that x = Pz.
Pir Pz Pall g
2‘. =ff. S1Pu P Psllta
Par P Pis)| &)

Then with this transformation the state equation and output equation: |

can be written as

forum.konkur.in
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7

*A

-6
—~17
"y

= .
/2t 4
2242

—/2

~ www.konkur.in

it is specified that
e o0 -6

’ /

';Z: /I 0o |- PBB=|o
“wa WA

o

o / -6

Pu Pz Pull? 2y

SR = e P Bslffo]|=]rul=]é
L2 L pepiflo] |2y |2
2 e b -
P=| ¢ 2 ps| -
-2 f,n F3l|
To o -4
dz ='.‘E'/ o =y
o 1 -é]

/' olt2 /. Fs r‘z ' flz PIJ o ¢ -
o / ‘ ’g; fa ;— ‘ fzz :,u / s =/ 7
o Ol2 P Ayl -Z Fz |l @ d |

tathe ~tpurpy| (B b -r-tpa-sp
Ml ~tiparp|= b By —3-tip-ip,
=r 6P | (P P -rz-1p-sp)

lro=—&, Pu==20 2 =tz

—épn T"/’l; =/

~épPi3 + Pz = -"/é — (7126 Ps
—_,//,)3 +pPs: =fu
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.—/A//” th = —31—///,,_ o'y

- € Fr =Fs . |

—EpPs=—/2 --l///ﬂ,z ~&fas
Solving the last six equations for p3, pp3, and pag we Find

- . Py = = =3¢
= | c / ’23 5'7‘, ’}3 2

. &
I=CPe=C2 ~ /58]
23

Alternative approach: An alternative approach to the solution of this pro-
blem is given below. Since the. characteristic equation for the system is

St £ -/ o S _
lS{-—dl: 70 5 =yl =5*+E5ps + 4
é o st

- S’-{- 4, $&+ﬂ;$+43

we find _
. 4= 6, Az =1/, Qs =¢
Define
| | 2 g /6
u=le gz 48l=|6 -20 =
2 /2. 36
Then |
? -3 o5
“M."_. /3.5~ -$ 15
- ¢ ""/'f ﬂ\.‘-
e
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Itl@nbesmwnthat
, . |o o - o 0o -6 /
M AM =1 o —ap|l=iy © ~//| M 'B=|o
MmN o s ca| |lo 1 -] ™ o
' ' : 2 -6 /&
cM=[r © 0 6 -20 s¢|=[2 -¢ /5]
v - 2 =/2 36

Hence, by use of the fblloaing"‘trans-fométiom
2 -6 7€ Z,

X=M2 =|6 -20 svl|ly
2 -2 36||g

=M AM 2+ M7 BL

g
San WA Sea “A
Y=CM=
or - V
é’ ¥ V4 -é 2, ) /
g|=| 1 o ~w|a|T|e|«
?}. o [/ -6 23 0 -
- ) - -
Fz‘l‘
- B-9-10. A MATIAB program to obtain a sbate-spaoe representationﬂ is given

-192-
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Tnum= [0 104 47 160
den=1[1 14 56 160];
[A,B,C,D] = tf2ss(num,den)

A=
-14 -56 -160

1 0 O
o 1 0

10.4000 47.0000 160.0000

D=:
0

The state-space representation is

X,
%

y=[ro.¢ «7  r60]|%:| + Ou

~/¢  -S6 —/6ol|x;

¥
/ 0 o ||a:|*|0]«
o / 2 1% 0

A=[0 1 0-1 -1 O;1 O 0O}
‘B = [0;1;01; - - )
C=[0 0 1]

D = [O0]; .

[m:“n] = SSZtﬂA.B.ch)

num = ) _
0O O 0.0000 1.0000

den =

1.0000 1.0000 1.0000 0

o193
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The transfer function representation of the system is

Y(s')= /!
U6? . s+ st+s

B-9-12,

A=[2 1 0;0 2 0:0 1 -3k |-

B =[0 1:1.0;0 1]; .
=[1 0 O}

D = [0 OL

[NUM,den] = ssth(A.B Cc.D,1)

NUM =

o 0o 1 3
den =

1 -7 16 -12
[NUM,den] = ss2tf{A.B,C,D,2)
NUM =

0 1 5 6

den =
1 -7 16 -12

The transfer function representation of the system consists of two equations:
Y) _ S—-3 '
Uis)  s)—ps 416572

XY6) ___ s*—ss +&
Uasls) ™ S3—psta-fbs —/2

B'9"13 The controllability and ohservability of the system can be deter-~
. minedhyexaminingtherankcouditionsof

[ 43 48]
| . [gt . d{gj ’ (é:.)lg#] ‘
rémwtiwly. o .
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A=[-1 -2 -20 -1 1;1 0 -1];
B = {2;0;1];
C=1f(1 1 0}
D = [0}
rank(IB A®*B A~2*B]))
ans =
3
rank(fC' A'*C' A'“2*C'))
.ans =
s .

Since the rank of [B AB A2B] is 3 and the rank of [¢' A'C' A'%']is.
also 3, the system is campletely state controllable and observable.™ ™

B-9-14.

A=[2 0 0;0 2 0,0 3 1;
B=[0 V1 0;0 1]
C=[1 0 0;0 1 Ok
D=[0 0;0 O
rank([B A*B A"2°B)).
ang =

.
rank{IC' A’*C' A'"2°C'))
ans =

2
rank({C*B C®A*B C®A°2°B))
ang == -

2

From the rank conditions obtained above, the system is completely state cont-
rollable but not completely observable. It is completely output controllable.
Notethattheconditionofthemtputcmmuabinty is that the rank of

- [eg cas cau]
be m (the dimension of the output vector, which is 2 in the present system).
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=[0 1 0,0 0 1;-6 -11 -6l

renk(iB A*B A"2*B])
S

3
rank{[C' A'*C' A’~2*C'])
{ ans =
L_s3

Since the rank of B AB AZB] is 3 and that of [C' atc’ A'ZC'] is aiso
3, the system is ccupletely State controllable and completely obsérvable.

B-9-16.
- 0o 1 o P
A=lo o {;,§=o ,g=[¢l Ce CJ.__\,
-6 1t/ -6 /
The observability matrix is ~ ;
. r~ : -
€, —écs @ —E(C:—4C)

x- A i a2k
[e* ac* aicfl=le. ¢ - ~/1 e+ S0 0,
€s Ci—gcy . Cr—6cs +285€]

‘meteareinﬁnitelynanysetsof andrthatwiumalnethesystan
observable. E:mnplesofsuchasetcl'o‘fzz'.cz?andqware ‘ -

C=[r + 2]
.9_____,:, / ?’.]
e=[s s /]
c=Ls s #]

\WithmyofﬂasematriwsCtheram:oftmObservabiutymtdxbemless .
than 3 and the systembecanesmwbservable '
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B-9-17.

(a) 2 0 o
A=le 2 o, C=1/ s 7]
o 3 g
The rank of ;
. / 2 ¢
[cx are* arset)=|r & 1
T ' ! 7y
is two, because : v : ‘
r-2 ¢« 4,
/! & 73l=p ’; 2 =
/ ! 7 s

I-Ience,thesystenisnotconpletelyobservable
{b) If the output vector is given by

) 17 77 A
. = , X, =Cx
| l %
then the rank of _ |
/I 1 2 z ¢ g]
A _
[0 a2 a7 4 854 5
e t 3 1 3 [ 2

isthree,becausethedeeerminantofastmtrixconsistingoftheﬁm.
-fwreh,andsixbhcolmnis _

{r 2 ¢
/13 34| =-¥2
/3 3

'sincetherankof[c* A*ct A*zc*]is3,aamism1etelyobservable
Amn.aasomeiontothisprouenl’sgimonthempage -
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E

A=[2 0 00 2 00 3 1}
C=[1 1 1 -
rank{[C' A'*C' A'~2*C'])
ans =
2

A=[20 00 2 0;:0 3 1];
2 3

lc=11 1 11

rank([C' A'*C’. A'-2¢C'])
ans = ’
3

BT
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CHAPTER 10

.‘?.‘_1.9:1'@5 " Referring to Eqp_ation' (2-29), we have
| : st1 o -~ ]7[o
GA)=C(sI-A)"B =[1 / o] -/ stz e | |0

o 0 S+3 /

(&+2)(s+3) °o s+2 o.

= [17 ) - s¢s3 (s ) / |
- Gri)(st2)(sez) VT T > +)(5+3 0
E 0 o (ste3)|| 7]
= - 4‘»’+-3 - — St . o 3
(H1)(s+3)(st3) ~ SPvéstapstg S

Comparing this transfer function with -
 beS by St t ke s+ 4y
S Fa st 45+ qy

we obtain _
@A=6, a,=/, Ag "'-""‘,
bo=0, &=o0. ba:/; by=3 |
(2) Controllable canonical form: Referring to Byuations (523) and (6-4),

-y

%] "_o r ol[x] [o]
2.'3":. o o / Xz-l-b_@ ' o 2)
AN A
- S P 9] . i :
7=03 7 o]= | @
T ] 13 -
-199-
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Note that because of the cancellation of the terms (8 + 3) in the transfer
function, the systemdefined by Equations (2) and (3) is state controllable,

but not observable.

- (b) Obsgtvaﬁle canonical form: Referring to Equations. E Qig)maliri& --“(9-6 ) we
4] [e o -dfx] [5]
|l =1 o —yllx|+|t]a (4)
.72,-1 Lo 1 —€f|>] |0 |
| L
7=10° o /]x (5)
R x‘, = .

Because of the cancellation of the terms (s + 3) in'ﬂze_ttansfer functién given
by BEquation (1), the system defined by Equations (4) and (S) is obeervable, -but
- not state controllable. _ . L

- It is important to. note that when cance.uation of the numerator and deno-
minator of the transfer function occurs [see Equation (1)}, the system becomes
’ controllable depending on

: - s+/ o -1 7o
G6)=_C ({{—é}"’g:[/ 1 1| -1 s+2 o | |1}
| ' o e o s+3| |/

o / . (3.;.2)(.31-3) "0 | s+2 llol
= (v 7]l sisz G+i)tse3) - 1 i
(st+1)(s+2)(s#3) : .
o | o o (stpbsr)l/
25+ 954 & 25+ 9s+ 8

(St1(s42)(5+3) - P+ gst 11 5+8

Comparing this transfer fﬁnction with
b0 4+ b5 4 bes + 4,
S+ q,s*+ ars+ay

; 200
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~ we obtain

ql ) az:/// 43 =£

bo=0, b=2, h5==18 s b3=8&

Referring to Equations (9—5) and ( 9—6), we have the state-—space equatlon in
. the following observable canonical fom

- Fe 7 | ] N
1% ’- o o0 <-é rz, 8

Li=l 1 o -uilt]|+

o

:?_,J a'/--é.x;".z

L SR | Rl By AR
‘ %
y=[e o 1]z

B-10-3. Referring to Equatim (10-—18), the state-feedback gain matrix K can
be given by

K=lo o /llg g &EHW
¢(A)—A’+°<,A"+°(1.A"'0/3I- o
ﬂxevalwsofollcxz.ando(3aredeteminedfmtmaesireddaracberisbic
_equatign: :

|sI- (A~ 80| = (s+ 2+je)( 5t 2=58)(5+0)

)

5 + ¢ + o5+ 200

I

St ot s+ ote s+ o

_ 0{;‘:—"-/4‘,, '.N'z."':"{”)

oo [

e 101> [o 1 0] [o 1 of -[r00]
EA)=lo 0 1| +r¢|0 o 1| téo|o o 1112050}
"y -5 =4 -] -5 -6 =l -5 -6

-201-

forum.konkur.in



www.konkur.in

o [ |
[g a8 asl=| s/ 1 -
- I —11 &o

ve have the desired state-feedback gain matrix K as follows:
o B (o 1 ('[ree s 5
=10 - - ,
5 [ o 111/ J A {I .9 459 7
i {. =11 60 =7 =3 /7
o I-9-739-9' 0.855¢.  o./%x&|
=[o o 1 Ho2see 0020 —0.2/20
| 0 I%%E  —0v.s720  o0.p/20 |

/97 s @
Xl -3 rs9 7
L=7 -#3 27

. (/30,3926 170.2069  2$.283)]
=[e © 1) 170.2/6%  4pu,

_ ° 170- ¢P. #2/ 7 SsvE )
207831 g2, z2.4rs9

== [2&-?{3/" - XXV ¥ 4 2-“&/"]

B-10-4. MATIAB programs to obtain the state-feedback gain matrix K
_ useof
...thecmnd“adner"orcamnd'place'areslmmthena:bpage by

-202-
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| % **+** Generating matrix K by use of command “acker” ++++*
A=[0 1 00 0 11 -5 6] -

B=[O;L1};

J=[2+* -24* -10}

. } K=acker(A,B,J)

K= ‘

t 27831 ssis1 24819

1 % ***** Generating matrix K by use of command "place” **+** '

A=[0 1 00 0 1;-1 -5 -6];
B=[0;1;1}; C
J=[24%4 -24% -10};

K =place(ABJ)

- | place: ndigits=15

K=

 28.7831 55181 24819

_EiQ-;S.a" . Substituting » |
wmtg -4 e3[]]

1 .
z . -

- into the state equation, we obtain

X., - 0 l Y 4 r, .
= + |«
i‘ ’ 0 2 xz o - -
£ ‘.P’l. X
o .
= -1 & 41|
o . 2 lx| -

The d:aracb’eristic'—}equation becomes

~203-
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S-"'ti, - "’+£‘3
4 S-2

= (s+k, s-2)=0"

lez-al |

Because of'the-presenc‘eof one eigenvalue (8 = 2) in the right-half s plane, the
system is unstable whatever values kj; and k; may assume.

B-10-6. Since

Ys) .10 o /0
53} (s-:-/)(s'-:-z.) (s+2). "'. S+ st 41/ + 6

we have

.08

3+Kg+//g+[g=lou~

Usingthestatevariablesasdeﬁmdintheproblenstatement. thestateequ-
. ationheccmes :

21 . A7 1. T
4, o [ ollx] |0

o0 0 tlxd+lo]a

A -6 =i ——6 X3 | _/a;

o
i

=] - b -

0 / o 0
A=|lo o .1}, B=l|o
-6 —/f 6] (0

‘Referring to Equatiqi (10-18), the state-feedback gain mtri_x 5 can be given by
K=le 0 /QLE g2 AE] 4@

CPA) =A%, AT NaA-!- oy L

"mevaluesofulyo(z. and°(3aredeheminedfmthedesireddxaracterietic
equation:

ls;- (A-BK)| = (s+z +J 2/ )(s+2~y zJ’)(s-l-/o)
' = s’-f-/?tr‘-rﬂ’:-l-/&a |
| =S¥+, st taest oy
¥, =/F, or=6E, O =/60
- -204- |
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Hence, ) : . . i
1 o]? o | 0o ¢ -/ 0
45@):: o o 1| *H¥# o o ¢ t5%lo o
] -// -6l - |~é =4 6| -6 =/ ~€|
/ ¢ o
+éol o 1 o]
o ¢ /
5% ¢ &
=l-¢® 6 -3
/& /5 ¢
Since S
' : o o0 lto] .
[8 A8 ABl=le s0 -é6o
‘ 10 =40 zsv.

| A’q 0 /of"/’s'-q zs sl
=00 o 7)o o -éo ~%8 46 -3

LIO —60 zyp LI? | -'/3" 2%

4
- 0.6 o7 -

o Jur s oflfree ks #
=[o o s)|é o1 0 ||-g¢ s -3
ler o o || @& -rs &#

| (102, 8724 /¢
._-_-»[_a- 4 2 ]] 92 ¢ 33.6 . gs
- | s% «s o8

=[#¢ #s 28]

_BA0-7. . "A MATIAB solution of Problem B-10-6 is givenion the next page.
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% +44%* Generating matrix K by use of command "acker” “"_"‘—
] A=p 1 60 0 16 -11 6},
B=[00;10;,
I=[24]2%6qrt(3)) -2*2%(sqre(3)) -10];
K=acker(AB,))
K~ |
| 154000 45000 0.8000 -

B-10-8. From Figurg 36;35 we obtain

l; ??1?1‘;. 1%; 1@*:] 

. Noting that the rank of . :
- o o ./

— 2 = —
u=L5 28 gEl=|o 1 -4
/-6 31

is three, arbitrary pole

placement is possible,  The characteristic equation -
for this system is ‘ :

s =/ o0 .
: 'sI-—-Al =|2 s -t |=s3+s52+55

o S St6

=53 +q;5%*+dL S +a3 =0

o ﬂ’ =[} 43=$, 4"—':0

Since the state equation for the system is already in the controllable cano- .

. nical form, wehave"g ==.:£. . The desired characteristic equation is

(C+24)¢)(s+2-¢)(S5+/0) =S* + /¢ 52+ fos + 200
' s BN . fE - AP
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=[200 s& 2]
The state -eduai;im for the designed system is

£ =zt gu = AL+ BOLEhE)

:—(é"ﬁﬁ)&"‘gkl)’ .

| o 1 ol |o 3 o / .0

- A-Bk=|lo o ~lo|(200 ss x:]-_-.o-.' o !
o o -5 =6 |/ |00 -0 -I¥
j;. | 2 / 0» 01 0
Ll=loe o 1 |jx|r] |V W
;’r,J ~200 ~60 —{¢#||%s 200 e

The output eguation is N

o 1% : : o
y=Lr o 2llx| = @

~ (1) and (2) by substituting r = 1(t) and finding y(t). A MATIAB progrem $o .
-obtain the unit-step response curve fy(t) versus ¢t curve] isgivnfqn-a;emg_' :
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% ***** Unit-step response ****+

=0 1 0,0 0 1-200 -60 -14];
8 = [0;0;200];
=[1 0 0O
D=0} -
steP(A.B C.D)
grid

title("Unit-Step Response of Designed Svstem')

The resulting unit-step response i:urve is shown below.

Unit-Stap Rasponse of Designed Syslem

12,

RET

B~1 0—'90

Derivation of i:he state~space

59 is given by

(M-l-m):t +M(0 = «

mdil*

& +ml X -'"7/61

which can be modified to

ML
M

. Since the state variables-are defined as

we get the following

o = G‘I«I-M)gﬂ-—x

x = l»(--)’li&

‘ - h
) = B, Ng=X, Np=

state space equations:

-208-
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3 r -
PR 7 0 offy
_ Mtm -
7, ML T O 0 0Ol
. ;’ - o 0 '0 / Xs
[ ___M_. - -
_X,ﬂ . M 7 g -0 0_} Xy
| rx’r
W |1 o o oflx
b [ ¢ 2 7 oflxl
| a

. (1)

(2.

sm:stituting the given numerical values into Equations (1) ‘and (2), we obl:ain
-the fouow:lng st:ate-space equations for the system: ’ ‘

% | ", /o ol

.| _| 122625 0 o0 ofjt

| %, o o o (||x%

3| |~24525 o0 0 o %,
| o [ x|
19, /! o o ,
2 o o | ollxn
| ‘_x,ﬁ

‘Determination of the state-feedback ggin matrix
this system are

N /! 0 O]
- /2. 2628 o0 o o] .
4= | ’

T o e ¢ /

~2.4828 o O 0_4

' and the desired closed-loop poles are at
-209-
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S=-2+j¢, S=—f—j%, S=—20, S=-20

the following MATLAB program can be written for the detendnati.on of the state-
feedback gain matrix K.

% **+++* State foodback gain matrix K +++++
A-=[0100°12.2625000'0001-2.4525000],
B = [0;-0.5;0;0.5];

| I=[44j%4 ~44% 20 -20;

K =ackes(AB.3)

K=
1.0e+003 * _ _
-4.1381--1.0094 -2.6096 -0.9134

: i ] sponse to initial condition: To obtain the system se
to the initial condition, we first subetitute - rofpante
.; -—Kx . o

intothesystanequation
Az+3u

. M
and get the following equation:
Z=(2—BKIX .
which, vhen the numerical values are substituted, can be given by

%1 [ o - o |
] ] / o %
X, ~2056,8  -s0¢,7 -/30%8 ~#55.7||% 3)
% o o . o / 3
5| |2edc ey s30%5 wETy
g ‘ . | JU7

Iet us revr:lte Equatica (3) as

N
' SR - A |
. T o, -, o p
2 |-zestr  —son7. -s308.8  -tsey
2.046.¢ so4.7 - /3028 “S6.7
~210- | |
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P -

Define the initial condition vector as B, .or
| , _

Iy
I

o
o
/.

Then, theresponseofthesystemtothe Mtialcaﬁitimcanbeobtainedby
solving the fol:l.owing equations:

o A A
2=Ag+Bu«
= +Bu«
| | x=Az+E
The foll MA'I!ABpreramwiﬂgeneratetherespmweofthesystantéthe
- initial condition. In the MATIAB program we used the fonoving nobations:

)

A=AA , B=pBs

A

} % —— Response to initial condition —

" 9y s**#e Thig program obteins the response of the system
| % xdot = {Ahat)x to the given initial condition x(0} *****

9 HEEER EntermatricesA.B anthoproduoematrix

% AA = Ahat +3%8¢

A=[b 1 0 0:12.2626 0 0 0:0 O 0 1::2.4525 O O o%

= [0;-0.5;0;0.5);
= [-4138.1 -1009.4 -2609.6 -913.4);

AA = A-BK;
% ***** Enter the initial condition matrix BB = Bhat *****

BB = [0;0;0;1);
ix,z,t] = step(AA BB,AA BB);
>x1 = [1. 0 OI*x';
: = [0 1 0  01*"x";
3 =10 0 1 O]*x";
=0 O 0 11*x’;

gy #sess piot response curves x1 versust. vaersust; x3 versust,
: % and-x4 versus t on ane dlagram sssne

" ylabel("’x2 = Theta dot’)
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[ subplot(2,2,3);
plot(t.x3).9ﬂd
title(*x3 (Displacement of Cart) versus t')
xlabel('t Sec’)

- ylabel{'x3 = Displacement of Cart")

. ‘subplot(2,2,4);

plot(t.xﬂ‘?m f Cart)

o t

xlabel('t Sec’) versus ,
yiabel( 'x4 Velocity of Cart’)

“The resulting response curves éreslmn.bel'ow. ‘

. x1 (Theta) versus t .+ ¥2(Thetadot) versist_
0.2 L T §p—
11/ Krn
22 W 1]
"-0.4LV : 2 ®
o o5 1 15 2 0 YMTes s 2
tSec i tSec
3 (Displacement of Cort) versus t "“.’ %4 (Velocky of Cart) versus t
go.s A qst n
/A 3
ad \ i g -
02 .
. Y r
a2 : : -
o 05 1 15 2 0 05 1 15 2
tSec tSec

B-10-10.  We shall preserit three methods for the design of the full-order state
. Method 1:. We shall first transform the system equations into the cbservable
canonical form. Define a transformation latrixg by .

Q =(wN")"

~212-
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vwhere aj is a coefficient in the characberistic equation of the or:lg:lnal state :

equation.
' -s+/ -/

=/ s+2

'SI A': =S5%+35+/

st+qs+Aa,

4, =3 , @az=/
and 3' /
v=l3 ]
| /
3 /{17 o
~-1_ * , -
8 "‘.‘.‘fﬁ{ “‘[/ o][~l 1] [/ a]
and
o 1
8f' / =2
Defineanewstatevecbotgby
' Then, the state and output equations become
E=e748%
v=cef
where - i
2 /U~ ANe ¢ o -/
S-Img-l oll 7 <2ji / -2| ¥ -
AR | /=3
o Te A
C‘Qz—'[l o}l =[0 I]

lheuevsbateandoutputeqmtionsareinthaohservablecanonimm. Re-
fe::ringtoﬁqtntion (10-61), thesbateobservergainmerixgecanbegimby :

k Q x;"":
. . e- o« ~Ay
where of 1 andxzamdeterninedfmthedesiredd:ambeﬂstic equation.
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'( S~ )(S~pM2) = (s+8)(5+5) = S*4-/05 +zs~ .

=S5+ s+, =0

Hence,-

[e Afzs- J7
Method 2: Define D
' ' ‘Cl
Ke =
- [&J

Then, the characteristic eguation of the observer is.

paseel | ke )

_/1-&’" -S-’P_Z .

=S+ (1+ ke, *2)’*/7'_2‘691 + y

= s*'-g. ps +25

Athke,t 2=10, [+2ke the; =25
. . ’ ic‘ = 7 y . ket =/a
Thus,

[
(]

ﬁh_g_g__:_ Nm,veshauohbaintheobservergainmatdxxehynseofmr—'
mann's fomula givenby Equation (10-65):

mnefS]]

. where l!(s) is the des:lred characteristic polynomial, or
$6) = Cs=prs)(s~hta) = +5H se8) =S “toostzs
-214-
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¢4) = A+ /oA +25T

A1 A R

/>‘2A+/o ,
A7 o
sol[~1 ¢

/

2'] +2%'[a' ;
il

[
k

o
/
/7 /

71

/7

ke =
°7

Lo

[z 7
"'_7 10
olfe _|?
/! 70

The equation for the full-order state observer is given by Equation (10—60)

o x (A- kem)x+B«+Keg
vhere3=01nthisprobm Hence

e o | i
Z, - 1] Jql. Nl |7
| 2 ot 5
il rg; -2 =].[7 y
& L-7 -2l%] |

This is the equation for the fuu-order state observer.

:

B-10-11. A full-order stateobserverforthegiven sys!:anis designed by use
ofm mmmnprogramusedforthedesignoftmstateohsermisgim

below.

% *#++%% Design of full-order state observer *++++

A=[0 1 00 0 ;-5 -6 O}
C=f1 0 0 .
L=F10 -10 -15); ,
Ke=acker(A'CLY
WMMmmﬂmle%mm

Ke=
35

- 394
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Referring to Equatim(lO—GO), the full-order state observer is given by
gc’::=(A KeC)Z +Butkey |

FARE) 385

x'°, | -3s / o0
%|=l-302 o /|%|t|o|4t]|39%|Y
% [=r2te -6 of\%| |/ 1285

B-10-12. We shall present two methods for obt:ainingthefull-order stateob-
aexvergaiamatrixxe.. Am'l‘masolutionisalsogim .

Method 1: ReferringboEquat:lm(lO—Gl), thestat:ecmservergainmtrixxe -

canbegivenby : :
. d""dgr
: % —a;|
mtrixg_isgivenby
A , ., v
~ {=(wAar)
vhere :
‘ ' | - / o0 0
- o 0 /[ :
N kz 4, l
.‘.‘!""’ 4, .,.‘a. .
’ o o

'meva].uesofalandazaredeteminedfmmthecharacteristicemntionofthe
originalsystan

| s -1 g
'S'.T-'AI-‘:' o . s Y A
. Poviy A —- S R
I ~/2g% . —03958  SHI/EST

=5+ 3 /e85 0. 3959 S—/ 204
=8+ q,5*+ 4.5 +a,
' 9 =3./%s, @ =-0.3958, dz=—/) 2%
| 6 |
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s . —0395°6 - - 3¢5 [/
W =| 3./85 / o
- 4 0 J
Therefor | ‘ : -
e  Teoagsé 3495 ] o © 1
a=wWN ) '=|suks 1 ol=|o ! ~3/¥5 |
- | o| |/ -drs rozstt)

- » . / o,

The values of & 1, X', and & 3 are determined from the dgsired‘dharacterigg c

o (s= ) (s (S M)
= (s+s-js0E)(S +5+jSN3 ) (s +100)
= (s2+ o5 + 100 ) (5 +/0)
= S2+20s™+ 200 s + /060
=8 +oySst+ ot Stoly =0
thms - _ _ L
- [ws=a] [o o / so00 + 12598 |
Ke=Q s —acl=l0 t = =3/ks || 200 +0.3956
R 7Y ;3045 (0:2866|| 20 —3./85
[6:85S
=|/27.387
S¥g. 387
Method 2: Define the state cbserver géih.gattix:as :
' _ kes '
Ke = | kes
(Y
kes

The desired characteristic eqﬁétidn becomes
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‘ S sool Je /7 0 e
|sI-At+KCl= [o s o]-[o o / ] [ ][/ o 2]|
oW e oo s| lrzex o0.385¢ —-3‘/#3‘ kes |
| s+éke - -] Y
=1 Aes ' S B
~12¢9 thkey ~ —0:3756 St /P8

I

534 (he T3 /;s) st (3./;-9(, +k¢. o-.m'é).r
t (~h28% +hes T 3195 ke, —0-395C Key)

=83+208%+ 2005+ /d0¢ =0

 Ker 3 /¢3~ =20
345 ke, 'I‘ke; —o. 395 = 200 |
—L2%% ¥ ey + s 65 ey — O 3?‘5’1&,, =/(000 :

S fmvhichveohbain :

ey = EFSS , hey SET.387, hes =SPEZP/

or | _
. /6 ESS | _
" Spg.38/

Referring to BEquation( 10-60), the full-o;dér state observer is

%= (A-tec)E+Butles
T2 [-#ess 7 o 9l 1o | /6. 355}
2|=| w7307 o 1 3'3 +| o |u*\repss7|d
. :"'?,- —5‘9-3./37 a395E —~31uS” % r2¥¥ m::/f

.MBsei =7 Ammnprogratoobtainﬂesiabeohsetvargainmtdx.
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% ***** Design of full-order state observer *++++

A=[0 1 00 0 1;1244 03956 -3.145};
C=[1 0 O}

L=-5+j*5*(sqrt(3)) -5-1‘5'(sqﬂ(3)) -10];
Ke = ackes(A'C LY

Kom

- 36.8550
3473866 -
514.3809 '

B-10-13. o - - ;
- > 4 g /) X 0 e
i .l = + u
R - 9 0]i% /
g=[s o]

The desired closed-loop poles for the pole-placement part are -
 S=—=0.707r L 50707/
and the desired observer pole of the minimm-order observer is at
S= -4

Mfmmwmimaommllaistemmfm
gain matrix K and the observer gain matrix Ke. By using the MATLAB program given

' belowwecandeteminexandxe.

% %***¢ Determination of K and Ke #*%¢¢ 1

A=[0 10 O}

B={0; 1},
J=[-0.707147°0.7071 -01011.,*0 10111;

K=acker(ABJ)

x= .

10000 14142
(A

L=[S;
Kc-udu(AW,Ad;‘,L)
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The feedback gain matrix K and the observer gain matrix K, are obtained as follows:

=[/ r¢s¢2] , Ke=¢

. . Next, we obtain the transfer function of the observer controi.;_g. . Noting
that the minimum-order cobserver equation is given by Equation (10-89), we have

"é’:(A& “’keﬁdb)g + [(Abb"/(c Aei ) e +Aspa ’KeA«]g"’(ﬁ'(,fkg B.‘)a

.Forthepre@system

Aw =0, /b =/, A =0, \Aib""’o) Ba=2?, Bl"/:

K}=/, ky=/t%#2 , Ke=85

By substituting these numericzl values into the minimum—order observer equation,
we get
7 :-.-(p-;x/) 7t [(o-sx7)5 t+0-5%x0]gy + (1-sx2) &0

H=—sf 25y +u

Taking the Laplace transform of the last equation, assuming the zero initial -
condition, we have

sHE) = -8 9s) —25 Y& ‘I‘_ZTZS')

7€) = 5”_ [-—2.s~w:>+mv)] . 1)

Referring to Equation (10-104) we have
l{=-*kz -—-k., (kn -erKe)g

=—/¥/82 5 —~8.07/ 4
Taking the Laplace transform of this last equation, we obtain
TC)=—/. 4722 56) — 5.0/ Y& @
“ Eliminating‘z(s) from Equations (1) and (2), vehave . N
VE) = —4¢/¢2 3 —= [-25Y6) + ms-)] ?.57/, Y&)

‘simplifying .
(18I UVE) =~/ #/%2 [—-z; Yts) + zr()] —(st5) 827/ Y6, )

franvh:lchweget
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S+0.6/9%8

=YE) T st é6#/42
which gives the transfer function of the observer controller.

St E - «/¥2
The same - observer

controller equation can be obtained by use of MATLAB. - See the MATLAB. program

" given below.

% **++* Desion of Observer Controfler #+%%¢
A=[0 10 O;B=[0;If =

1 Asa=0; Aab=1; Aba=0; Abb=0; Ba=0; Bb=1;

Ka=[1]; Kb=[1.4142)}: Ke =5;.
Ahat = Abb - Ke*Asb; -

Bhat = Ahat*Ke + Aba - Ke*Ass;

Fhat = Bb - Ke*Ba;

Ailde = Abat - Fhat*Kb;

Btilde = Bhat - Fhat*(Ka + Kb*Ke);
Ctilde = -Kb;

Diilde = (K + Kb*Ke);

ftvam,den] = ss24 Atilde, Btilde, -Ctilde, -Diikde)

80710 5.0000

.
1.0000 64142

A block diagram for the designed system is shown below.

r

st+ad/9s |4 | 1 -

S.o07/

St+E.4/42 - S*

‘Notice that the observer controller. is a lead network.

B-10-14. We shall use the MATLAB approach to solve this problem. |
given in the next page determines the state feedback gain matrix

S —————————

Kandtheohservg_rgainnatrix‘lse, 'meobserveri;obedesigned_is a full-order
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A=[0 1 00 0 1;6 -11
B=f0;1; -

jc=f1 0 0
I=F14 -1§ 5
1 K=acker(A,B,J)
K-
4 1°1
L=[6 -6 6 -
Ke = ackes(A\C,Ly
K=

12
2 .
-2

%“‘“DeﬁumimtionofKandKe‘““

-6,

. The state feedbadcgainmatrixxandtheobserver

- as follows:

57—-‘[4‘ / 7]
/2

Ke=] 2
=72

meseccndmnABpmgramgivmhelowdetemimsthetransferfmcbimofthe
observer controller. ‘

% Obtaining transier fmotion of observer couroller — full-order obscrver |

A=[0 1 00 0 1,6 -11 6}
B=[00;1};

“lc=f1 0 o

K=§4 1 1
Ke = [12,25;72];

AA = A-Ke*CB*K;

BB =Ke;

CC=XK:.

DD=0;
zm.dm]-wmcc,nm

DR =

0 1.0000 119.0000 618.0000
den= ,
10000 19.0000 121.0000 257.0000

-
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The transfer function of the observer controller is
U6) S + /P +E/8
—Yt) T s 4 /95 4 j2/ 5+ 2857

The transfer function of the giv,en system in state space form is

- /
Ge = . St s /s E

A block diagram of the designed system is .shown below.

st/ 5+ E/8 “€§ /

et

S"+/?.s"-_r/2/.s +257 SPH s34/l +E -

" Notice that the designed system is.of sixth order-.

- B-10-15, | 'me transfer function of the plant is

Y6 . _ s 2+ 25+ 82 '

U6)  s+/0s> t 2¢S

© The correspmding differential equation is

g +/éy+2$‘y 44 +2a+.5‘au—

this plant diffa:entia'l equation with the standard third—order differen-

‘Comparing

tial equation R

» g-f?;g-fdag.-rdgg=b,_¢'2:+’b,z7+bé+é_,tc
we find : » :

Define the state variables as follows:
X, 27-,33 a
tamd—p
X3 =2, — i
. ﬂ; = b» =0
| B = 514"4:,34=/
| -223-
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Pz ;"‘I’z “4/,5,-41. bg = 2~/ oxX{ ~O ==&
< _ : _
- ,53 = b3 “"4/,5:: —dz_ﬁ _4,/‘, = 5‘0-1-/0_)(3

gx|— 0 =108
Refering to. E_duation (2-36), we have '

Z =Xt U |

X'z = 2’3"'2% : _ ) - |
7 = =2 - rga

= =3 Xy — A2 X2 — 4 Zs T 4= 2FXe — WXz 174

* The output equation is
o g=% |
Hence the state-space representation of the plant is

-~ - -~ -

y’(,-_ro /7 o 1% '-l
Li=1o o /7 ||¥%|T -8 |4
Ll o -2 .'-*-/o_ | %3] 1y é-
- I=]
y :::[/ o 9]1z
A3

System with é fulléorder observer: We now obtain tl}e state _.feedbadc gani)n;mtrix
Kandohsetvergainnattixgevhentheoheerverisa‘full-grderone. ‘MATLAB
- B shown below produces K and Ke. ‘

K= |
0.50000000000000 -0.09040074557316 -,0.03_9'84155510363

L=[10 -10 -10};

Ke = acker(A',CLY

Ke= R
20
76
-240
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The transfer function of the obéerver controller can be obtained easily with MATLAB.
The MATLAB program given below produces the transfer function of the observer cont-
rollervlmtheobserverisoffullorder : _

% Obtaining transfer fiinction of observer controfier — full-order observer |- -

A=[0 1 0;0 0 1;0 24 -10}; -
B =[1;-8;106];
C=[1 0 O}
K=[0.5000 -0.09040075 -0.039841566];
Ke = [20:76;-240]:
AA-A—KB"C-B‘K,
BB=Ke;
oC=K;
DD=0; _ :
format short . -
'[m,dm] WAA.BBOC,DD) '

0 12.6915 163.6626 500.0000

den=
© 1.0000 27.0000 218.3085 554.8695

The transfer function of the observer controller‘ obtained is -
TE) | (2835 5S>+ /636626 s + sv0. 0000
-Y& S3427, 0000 S*+ 2/8, 30855 + SSH PL IS

System with a minimm-order observer: We next consider the case where the state - .
‘cbserver is a minimm-order cobserver. (The state feedback gain matrix K is the -
same as the case of the full-order observer.) ‘mefollawingmmapmgramproduces
theobservergainmtrixxevhentheobserveristheminim-orderobserver

%‘““DmaﬂmofKefnrﬂnmmmmdﬁm“‘“

Abb=[0 124 -10}
Asb={1 O}
Le=f10 -10;

Ke = acker(Abb' AsbLY -

g00°
24
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The MATLAB program shown below produces the transfer function of the observer
controller based on the minimm-—order observer.

% Obtaining transfer fonction of observer controfler — minimum-order observer

A=[0 1 00 0 1;0 24 -10];
B=[1;-8;106), :

‘Asa=0; Asb=[1 0}; Aba=[0;0; Abb=[0 1;24 -10}; Ba=1; Bb=[-8,106],
Ka=0.5000; Kb = [-0.09040075 -0.039841566]; Ke =[10;-24]; -
Abat = Abb - Ke*Asb; '
‘Bhat = Abat*Ke + Aba - Ke*Aza;

Fhat =Bb - Ke*Ba;

Atilde = Ahat - Fhat*Kb; -

‘Btilde = Bhat - Fhat‘(Kn-i-Kb"Ke);

Dﬁldes-(Ka-i-Kb'Ke,);

fmum,den] = ss2tf{Atilde, Btilde, -Ctilde, -Dtildc)

amm =

05522 126915 50,0000

den =
1.0000 164478 52.7260

The transfer function of the observer controlla: obtained is
Us) _ _0.5522s*+ /2, E9/55 +50.0000 .
~Y&) S + /8- $278 5 + $2.7260

Unit-step response: -The closed-loop transfer function when the observer is of
full order is
YY) - 12.69/85 s "+/a’7. a;enr.: + 1447 90025 >+ 7/4’3-/3: + 25000
RG> TS HB7STF S25 S+ FEOSS3+ J2250.5 >+ 22500 + 25720
The clwed-loop transfer function when the observer is the minimmm-order -observer
is given by ) _
Y5 0-65%+ /3.8 S>3+ J035*+ 7345 + 2500
L RE) T st + 27s5%+ 25553+ f0255 >+ 20005 + 2500

‘Ihetmit-steprespmsecurvesforbothcasesareshcwninthewcbpage Notice.
_ thatthemib—sbepresponsemrvesforbothsystensarealmstidentical .

scnofbandwidthsofboth s Bodediagramofbothsyshemsare

shovn:lnthenextpage._ The bandwidths are almost the same for both systems.
The bandwidth fortlzesystanuththefuu-orderobserveris 2.4771 rad/sec. 'me
" bandwidth for the systenwithﬂ;eninimm—orderobservar is 2.4201 rad/sec
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Slep Responae

12 /\ » by

%3‘ V
I N = = = P
150 - ___ \;:\ y/"/
e — T‘- \—/ '
Frequency (adieec)

mmprogranﬁoobtamthehandwidthsofbomsysmushmonthémt‘
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%"‘“szpmmofbmdwﬂﬂns“‘“ '

| ouml=[12.6915 189.0456 14619002 9183.13 250001,
- denl=[1 37 525 3575 12250 22500 25000} -
| sm2=[06 138 103 734 .2500];

“den2=[1 27 255 1025 2000 2500}
[mas.pbm,l w] = bode(mum1,deal, w);
n=
while 20%log(mag(n)) >=-3;

n=ntl;

B-10-16, The transfer function of the plant is -
| ) -/

g - T&)  s(s+/)
‘The corresponding differential equation is

' - f*'y' = 4
Define the state variables by .

o X, = g
- A
'menthestatespacerepreeemationoftheplanbbecmesasfonowsz )

HENX W MEHE v
y=1s 03[ ]

- Nowveobtaintbetransferfmcbimoftheomervercontmnerﬁthmw The
. MATIAB program given on the next page produces the desired observer controller.
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[[ %6 #*+++ Obtaining the transtee fimction of observer comtroller **++
A=[0 L0 -1 ‘
B=[0;i}; ~
T=[242 2402
L={8 -8
K = acker(A,B,J)
K=
1 &3
Ke = acker(A',C,L)
&-
15
.

‘AA=AKe*C-B*K;
BB=Ke; -
CC=K:
DD=0;
{oan,den] ~ s2tA A 8,00y

=
0 267.0000 512.0000

den=
1 19 117

. The observer controller obtained with MATIAB is
o 26 7s5+37/2
) = S2+ /98 +/7/7

mod:diagramforSystas(a)and(b)cannwberedrawnasstminﬂenext
page.- InSysten(b),wedeteminestothatthesteady—sbateoutputtothe

‘ unit-step input is unity.
" The closed~loop transfer function Y(s)/R(s) for System (a) is -
Y6) - 2675+sv/z .
R T st 20534736 ST+ 3845+ 572
The closed-loop transfer function Y(s)/R(s) for System (b) is
Y) | %328/ 5%+ 82./9575 + S/2
Rs) ~ St+aos® +/36 5%+ 3845+ 572
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'2175-1'-5‘/2 /
o > : P
S2 4+ /9s+1/7 s(s+7)

(a)

- sz 7 .

—_— —p] - S

. 77 | | S(st/) -
2675+ $/2
S *+/9s+I/T

| (b) , |
tlntproducedtheseunit«step‘responseamvesisgimmtﬁe‘mﬁpage. .

12¢ ®

o2 4
° es 1 15 2 25 3 35 4 45 5
tesc
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% **+** Unit-step response curves **44*

saml= [267 512};
dend =[1 20 136 384 512];
mom?2 = [4.3761 83.1459 512];
den2=[1 20 136 384 512;
1=0:0.01:5; )

y1 = step(aum,denl, 8);

y2 = step(uum?,den2 t);
plof(tyL,“2)
title(Unit-Step Response Curves)
ylabel(Outputs)
 gtext(System (a))
gex(System (b))

B-10-17.  To determine the parameter a in matrix A, we first determine matrix
P from . - : :

ATR+PA=~T

or
le o =1 P Pe Ps Pue lrs Ps llo 1 0 /00
/0 =2 WP P ps |t |\pp, p, llo 0 i|==|oto
- o ! - P Pas P P P;z Pl -2 —4 oo/
The result is C ~
[ a*roa ~/ - 2a*+ 3 !
2(za—1) 2(2a~-1) 'z :
P = | _28+3 atat+at+y  at+aty
- 2(n-f) 2(2a~1)  2(2a-1)
v a*+a+| = a+3
N C2(aa=) 2(a~r) ]

Muecﬁnobtainﬂaoptimlvalueoftheparameberathatminimizesﬂe~
performance index J for any given initial condition 35‘(0). Since 3&(0) is given
o -1 €y
5(0)-": o
. the performance index J can be simplified to
T=z20)F xt) = . &*
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Therefore, we obtain
‘ a*+sq —~
J= L2
| . ‘a -2 4
To ‘minimize J, ve determine a from di/da = 0, or
4a* — ¢a —~¢ |
(42"

=p'

from which we get ) )
a=/,823 = —0.723

Since a is specifiedtobepositive,mdzscardthenegativevameofa. ‘ﬂms,
we choose a = 1.823. Notmgthata-18235atisfiesthecmditionforthe ..

minimm (d23/daZ > 0), the optimal value of a is 1.823.

B-10-18.

C‘(sg - 25K

RE) T Si+ipss o5 +2.5K

" From this closed-loop transfer fu;nct:ion, we obtain -
28wy = /- wa* =ﬂ.“$ “+2. 5K
Sincegisgiveuasos,weobtam ' ' '

=4S .-:Jo..s‘+2..s“_/<

from which we get K = 0.7, @Wn = 1.5. Then we obtain

ck) _ /.75
R(S) st S5+ 2, 25
E(s)/R(s) can then be obtained as :

EB) : RO)~C6) _ _S*+/.5Ss+o0.5
R T R5) SEH+ASS +2.25

8 + /.re + 2.25‘8 = r-!-/sr-:- o,sY

Sincer—Omthisproblem,wehave
€ +/.5€ +2.28€ =0

Define e; = e, e2 = e. Then we have
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Lo -] ‘

Cemar = [“eTwra e ar

4 : : 4 »
e N A
o eaft) e o
Let us solve é§§14-535==;§&1xu-£? Using this P we obtain
T = S“e‘(ﬂdt’- = e %) 7&(0)_
e M Lo IR ]

Note that for a general._case of

- Y v
A= '

he

we have -

. . / + = Y A
P= A3wn &), 2
w / . s
' 2wy . eyewR

Thus, .ue obt:ain ,- | I : :
' 1/
S e’ﬂ-)di- [e,(l) e,(o)] P[ {J [ 2]1P

(] Cals) “l0

— S AR »
=Py = gt wn * &n

.'_Bysubstitﬁting}'=0.5and0n=1.5intothislastequation,weohtain

S“e?t)‘#--

"~ B-10-19." 'l'heoptiml control ‘signal uwinhavethe form u = -Kx. 'mere—
fore, thepetfomance index J becomes

J=S (Z7x +rudt = S i_CT(ItKTk)xdt'
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Since R = I in this problem, Equation (10-115)becomes
(A-BK)TP + PCA-8K) =—(I+ KTK)
and Equation (10-117) becames
‘IBTP = BTP

7 where P is determined fram the reduced matrix Riccati equation-
AP+ PA —~ - PBBTP +I=0 |

o M4 A LW

Solving for P. requiring that it be positive definite, we obtain

e

o , 2 /]
k=8'F =0 /] »[, ,] =[/ /]

Thus,  the optimal control signal u is given by

wWA gy - -

B—10~20_, We first .solve the reduced matrix Riccati equation:
A +PA P.Bk"B*P-r e@=0

Nobingthatmtrixaisrealandmtrixqisrealsymnetric,matrixp is a real
symmetric matrix. ~Hence the reduced matrix Riccati equation can be written as

| ”4 FPu /’n_ + | # Alva
/ 0 Fr P&Z_ P ,22; 0 o_ 7
o Piz P22} /_ - L/’R Pzz_ o M o 0
_.This iast equation can be simplified-to - |

| Pu prz} |2 pr _}”l'fzz pz ] o um o o

from vhich we obtain the following three equations:
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M+ 24, -/ozzz‘-.-_-a

‘Solving -these three simultanecus equatnms for and nequiring.' P
'bo be positive definite, we get Paas Faz b2z e

-~ Pz par] ™ / ,/,ufz

'Iheogtinaifeedhadcgainnatrixxisobtainedas
K=K"B*F —[1][0 /] [f’" Pn—]

s (N Pzz,
2[,72 ‘fu]‘: [/ J/H‘!'Z]

M.theoptihalcontrolsignalis. o
U=~Kx =_-4-—X,--‘//u+z 7>

B-10-21. A MA'JIAB program to solve the g1ven quadratic optiml contro:l. pto—
blen is shown below. - )
' % ***** Quadratic optimal control *#*+* |

1010020601000-0001-049050001.'

[0"1 0006]'
=100 0000 1 0000 1 0000 1};

R = 1;
lqr!A.B.O.R)

K==

. -54.0554 -11.8079 -1 0000 -2.7965

The state-feedbad: gain matrix is obtained as follows:

= [-skosse —11.5075 —t.0000 -2 Py f]

gicb. weshallobtaintherespmsetothegiveninitialcmdition-

We sub-

—-5‘5'.

 into the original state-s;:ace equation and obtain the following equation:
X=Az+Eu=dx- Bkx =(4-BK)x
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The MATLAB program given below produces the response to the given initial condition.
Note that A - B*K is written as AA and the initial condition [0.1; 0; O; 0] is
represented by BB. The resulting response curves are shown below and on the next |

page.

% ***** Response to initial condition ***** ]

AA = A -B*K; :

BB = [0.1; 0;0;0L : _
ix.z,t] = step(AA,BB,AA, BB);
x1=[1 0 0 0]*x% i

gﬁe(‘ﬂésponsa of x1, Theta')
xiabel{"t Sec") T
yiabel{*x1 = Theta') .-

%(t.xm ' _ :
title{’Response of x2, Theta dot')
xlabel{'t Sec’) :
ylabel(’x2 = Theta dot")
- plot{t,x3)

rid

g .
'] title{’'Response of x3, Displacement of Cart')

" | xlabel{'t gec') ’ o 1
vilabel{’x3 = Displacement of Cart')
plot(t,x4) ' - -
grid )
title(’Response of x4, Velocity of Cart')

xlabel('t Sec’)
ylabel(’x4 = Velocity of Cart’)

Resporise of xt, Thels

. a1

gm

e .

; .

W \//.'

motzscscrcoao'

1Sec .
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Resporws of 32, Thels dot

tSec
‘ Response of x4, Velacky of Cart
1
B
; \ [ |
P
o1 '-/
) 1 2 3 4 § s 7
: 1Sec
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