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Refer to the problem of magnetic ball levitator given in the pages 4S8 and
216 of the text book. Also refer to Problem No. %.24.

233

a)

b)

c)

d)

e)

)

g)

h)

i)

426
Write the equations of motion for this setup, define the near ideal
specifications of your control system.

What is the transfer function from u to e.

Oof u = —ke+ud, Draw the closed loop control system block-diagran.
Where uy is some constant disturbance of one order of magnitude less
than u. »

What is the characteristic equation? Obtain the root locus for

varying values of power amplifier gain k. For what range of k is the
system stable?

What kind of a Controller Design/Compensator Design do you propose to
improve the stability and transient response? Prove your design.
Assume linear relationship between i and u, during the transient
state.

It is further desired that eSS(step) should be very very small (close

to .1mm accuracy). If the steady state error is not okay, design an
appropriate compensator. Is the Integral-Square-Error-Performance
Index (Is) optimal for the selected gain k?

Repeat the steps ’e’ and 'f’ using Bode-Design Techniques, in terms of
phase margin, gain margin and frequency response characteristics.

If f =ki+kx
2 1

Study the sensitivity of the overall compensated system with respect

to k1 and kz’ If the SE or Sz depend on the input signal frequency -
1 2
plot the same using MATLAB.

Use MATLAB, extensively for obtaining the root locus. Bode plots of
the uncompensated and compensated systems. Also to obtain the step
responses of the final designs to show that your design is meeting all
the necessary near ideal specifications.
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Consider the e(ementcu\\j mcgne‘cu‘c Suspension  gystem :

Réfev\ to eguation (2-48) on page 45 ., we hawe

mé{={icx,1)—mj s = - = = C})

Andl f‘rem the givens in Problem 4.24 on page 211, we Rnow

i = mgzo.ozﬁj 3
e = 100 X
t= K+ Vo g-.. 2)

fox, 1) = 0B+ 20X

g= 93 N/;ﬂ

o1
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@) Write the epuations of motion for this setup . define the mear

ideal gpecifications of my contvol system .

Subtitute eguafion (2> M to D , we obtain

0.02 X= 0.5 (U+ Vo)+20% — 0.02% .8

or

002 X = 20% + 05 U + (0.5 Vo — 0.196)

Select Vo= 0.392 V so that the ball & in epuilibrium ot A=

Then we heane

0.02X = 20% + 0.5 W
R
e = 100 X

A“& I: would «Q\‘&e ’73 closed— Q‘o@'b control Sﬁs'bem me)LYj
?o“@wi’n\? St)ecfffca:tt‘ons 3

1. Pevaert Ouvershot = 20%

2. geﬂ*\fﬁ time (£1%) S .02 sec.

b) What 15 the ‘tvanfsfer Lunction ﬁr@m w +to e |

qu{ij Lqp\ch Jtmmg%rm en both sides e{l the both @guaxidng m

0.02 -82 X(8) = 20 X(5) + 0.5 US)

% E(Y = |00 X

0.5
= eV . ER)) =
OR g X® ey ucs) ; € o0 X ()
Thus

=) _ 50
U 0.028% — 20

G®> =

(2,
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Q) Of u=- e + ud ., Draw the olesed loop centrol system

B\OQ&—*&QC&C)}Y@M. W here UL s some censtawit disturbonce

of one order e{} mc\x\t}ni‘bu&e less than W

wd

¥=0 o
t/‘z\ > K + w 50

7&_ 7] 0.02.8*—20

V(D

dY What 1 the charactevistic eeuation? Obtain the yeot locusg

{?m- ucu;(j' l‘nUQ values ei;— power a/mp\TFiev» gw‘m & Foyr what

mn&e e‘} K __ie_  the g&rstem stable ¢

Charaocteristic equation =

— ; 50
ARGE = 1+ K T ST

OR @) = 0.028% + (5oK—20)

T would Libe to use Reuthve table to <hock axtual mﬁ?
of K such thot the sgstem s stable. And to —heck

with the yeet locus obtained Fvem MATLAR  to veriPy

3> 0.02 50K - 20

$°| HK-20

UnFsrbmmth L tHhas system o!lmt;j Rog two polex on jeo ox

T‘f K>64 see veot lecus on next page .
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Fig. 1 : ROOT LOCUS FOR THE UNCOMPENSATED SYSTEM
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e) what gmd O? Gontroller De&ﬁv\ s Gmqugrmgg%n__&_@v%&g

propose +*o TrMpYoUe the eﬂb?({t& o transient m?cn&e?

Px‘oue Lrowy &QST@YL;
J (@

I uom\& Qike +o &ggﬁy‘ @ PD contvolle 4o m\j sﬁsfem:

D= K{(s+ %)

Select 2 sueh that m\T domived <lescd -QooF poles
will meet v‘r\\j sﬁec‘g{ircaffona 5
3: 6\8 MGQ gcon=300 = wv\:STS

P&,hz = —300 _‘——j 225

%‘j h\s?ec;%i:T
{ 225
\?'
: 316
Comru\t'eoQ we hawe
Q= (45.842° 8.= #40.02T°

O+ 02— 03 = 145.842°+140.027°- B3 = - 130°

= O3 = 105.€7°

ﬁ\en T I’\QNQ

Z= 236.03

See, Fig 1 1) for +the veot [ocus on mext puge for pres
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— ! | REAL! AXIS | !
100 T N S -
O Lo e ................................... ]
.._100 .............................................................................. e
_._200 | | I | |
-80 -80 —40 -20 0 20 40

Fig 1 b) : ROOT LOCUS FOR THE COMPENDSATED SYSTEM
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€) [CONT.I

Now v:j eontyol| Sﬁs’cem s

UL
¥ e \/Ji w <
: % Kl S0 i 0.02'.52- 20

We ave joinj te fond  value OP K such that +he olesed

QOOP Pobs at  desiredd Lecations : Peiz =—300ij225'

e ]

AR = 0.028*-20 +50K S + 11800 kK

0,02 ($2 + 2500K - S + 590000 - K - (000 )

= 0,02 (S*+ 6008 + [40625)

K=0.24

Thus y we obtain

TF\QY\ the Finadl  Gontvol Sd’sf‘em wifl  be

Ud
i w tory e
. 0.24-(s+ 2563;—9( > > 6.028%— 20




) Iris further &egmw&ﬁgﬂmn\z% .gﬁ__s&::&.smq»ﬂ

Colose 40 .1 mm &ccwmoj)' X‘F ergtga&d eyroy s vet OK

@8\'\ o Q,PPYQ\pIX\QiQ,Wg‘@m@ww.wwgg_ﬂgh,inte@mfz_%‘&@ -

Evvor — Pevformance ~Index  (Te) optimal e the selecked K ?

(?emlawt‘v‘yﬁ Css due to g&e}s Jn‘bwﬁ ‘%\{‘ the gﬂmm SEUQ“ iR
T exr006s - 286 ) Rl
B = [ ST+ 66008 +140600 J S
Csse= Lis S E)= 1 = 10O Z-0.00Tm = Tmm

But sur CQQST\“Q&‘ e{—e@fﬁ eLYoY IS

Css, /= O.| mm

Ccs,e” o-l [ iel}

* e see +hat Css.x e ?uﬁr )erem whoet we checon‘ Se

We need +o &93{7)1 a fo\uf eo'mPen&cc&of o Cmr.muiz.

S+E _ S+ 20
e+ 00256

Then +the corntol system e @wen. as

<S$’e F’B [ o on page 6 for woet locus for compensod

o)

A}

%eo{( 8&@)
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£) [cont.]

ud
Tt | S+ 20 +,C >+ 2500 % 5
) o2 =

|

600 (8+20)(8+236)

e (& + 028) (8>~ 1000)
600 ( S + 256%+4-720)
S?+ 0.258% 000 —250

Teay= 600 (82425638 +4720)

R34 €00.253% +15260054 2831750

E()=[1- T TR

B - 23+ 0.268*—(000S — 250 s

. SR 8
S22 + €00.25 8%+ 1526008 + 2821750 S R

250

~Css = T Zeaimeo

= + o.ooo_o? ™m =+0.0? mu< o mm

)GC"‘ the step mput , we see that the |Ces|=0.0¢ mm. Thus
Is =00

So we cn cenclude that owr selection @F k=o0.24 iy

met op-h‘mcd i qu Intejv\oi- Spuare — Evvor — Peme«mqm ce

IV\CQ@)( .




a7 pepeax the steps '€ and P’ u&h\(f Rede 'Deeic;n Tech., in

tevms of phace m\,&!‘n, goar m@gtn ond %reguene:j Response .

® ~ the ov?ginal open-— [sep sgstem we have

_ 2500 ,
G 3* — (000

Refor to Fio. 3 @) Rode plets this system, We =ee
< P 4
+hak “-"\e\’s ove No  Qain Yhangn cvwoc\ FMSQ ‘mo:@?n %Y +Has
Sﬂ&‘temA Thot means this adst—em coclddl net be <table wit

pve chh‘oncﬂ contyo { s whee K agrees, eP couree , wirth veot loc

@ [or the PD coertrolled 'S\(fgfem, but un ebm\»ensc&e&) +the

BOS+ 11800
0.028*— 2.0

G =

Refer to g L) for the plots . we sce that the
qu&e P\etfwm nover Cyosseveyr —IR0° . Thus Gain ’ma@?n

< Lu‘l\&@?in‘ai 5 But we can Mmeasure the PM = ?0°

@ For +he @m'benscd?e&, — PD contvolled %\kﬁ%‘fgm , the

Elmy= 2500 (S + 2568 +4720)
82 + 0.258* —le00&-250

Ref@v\ to F3 3 ¢) eon 'PQSQ' 13 fcr Redle Plets for thig

sgs*&em. We have
Phase m«:wj*m = §o°

Qain maﬁm = -4o0dBR?

Note * Tk;s ‘Sﬁ&'tém = wnnermal Becqus@ ?cw 'RSV\ Soo‘m K.
Sysrem i alwoys stable. (from vof Loeus )

US .
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Fig 3 a) : Bode Plots For The Original Open—loop System
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Fig 3 b) : Bode Plot For PD Controlled System
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b If f=k.i+ &5

SchQd +the &ens?‘hm‘g 5{3 the ouvevrall g@mFev\gcc%e& sﬂ&*\’e\m

with respest o R, ol ks . ™ the Sk or S Jdepend

on  the ;‘andc s{j‘»noﬁ ?ve@uemij — Ptet the =same US;CS MATLAR

Q@-\?ex\ +the [aejh\hﬁ of - this P‘rcjeci" > we haue
0.02 X = ‘??zi—k £, % -mﬁ
= 2{; (u+ Vo)“" &1”( - mﬁ

= kau +kix + ({Q‘V'rm:f) (vs

= m3/k=)
= heus b

o= E® _ _ woks _ oo ke

s uces) vozSr — &, i

Y =) 0.24 (842568 +4720) | . W [ g
S+ 0.25 5= ook, |
D
I 1
| l
TEg ) = 5300&2 DED

S + 5000 B, D) —50k,

) > B
S\I.: &‘. 84—5000&7,])(33 50%:

tooo QLD(%) » 8O
sooo R: D)

(s +seco k. D> S0k

_ 50 R
S* +5eco k. De) — 508,

L g* — 50 Q‘\
Sk = =3
3™ + oo ke Dty — 50 B,

ﬁe\‘j owe chfsz&ec&\ eon MFM:Q’ ejnc& ‘F&&%&@ﬂw




R)  ceont)d)
Subtitudle Q\IZO , &1‘:—0‘5 , we have
el o leoo 8§ + 250
= S3+ 600.25 L +I526608% + 283150
~7T __ S+ 0258 — 10008 — 250
OSKa

S> + 600.28 87+ 152600 &> + 2821780

Qs?ewr\ to plets on mext pege (On\’tj mq&w‘d—u&c plets are emtc‘
i) S{TEF Qe&‘ae«vﬁe Peri‘ &es{jn @ﬁsfemg-

FB .4 on next FQSJQ s the uwmt s{-e‘: YQ&F@\’\QQ

‘FO‘P YYU eortrol SSR'CQJM oI s GO»-S‘CS to =ee ‘H'\O'i

Percent Overshest = 20%

Setlipg +ime = 0015 secands
S-gea%j SIveY- = e.0¢ mm .

Eve& %8 (s perfect o -the &FQQLFF@:«:(:CQ'QG @\”UQV\ ok

bgginime of +his project -
) 1

O

Shd e% Pm\_f,ecﬁ‘ One !
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projecf no: 2

|
)
| Ben m. Chen

Contyol Sgstems

PYDUEQC‘C 2

RQFQT‘ to Problem €-13 on Paﬁe 428 n text.

Q) Check the &hbi[?’gj, controlibilily , O‘OSQWQJD?‘?E of the system.

And tmn&%rm this system to Jovrdan cancnical ‘Form.

A

b  Obtaun +the -{ja,ngfer Qu\cffor\ () /A(Q) .
C)  Design state feedback law . such that the closed loop
gystem Ras \g = O.ffofT omd  time constant T= | se<.
d) let Y=u, erSy\jn A switable oksewer.
©) OCbtain « step response of the combined plant and
obseryver - P[ot 8 versus é P € vs © .
PS. State cpuation for Problem 6.1%.

[ g} " 04 0 —0.01 {g 6.3
8 | = 1 0 0 [-16|+| 0 |5
| !
.| ‘
SR S 7% 002 (%, |48

[%
Y=u=[0 o 7~ @J

i
{
|

L

-
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Projecf N2, | Control Systems Ben M. Chen Q2

@) Eellewing ave the yvesults I ocbteained from MATLAB.

The eigenvaIue& o? makrix F  are:

A = — 0.6565 ; Az,3 = 0183 £ 0.3678 U = Systen unstable .
Con‘tro”a[;{[ﬁg maktix  of the system : -
63  —2.618 \,;374‘!
C=1lo 6.3  —2.618 |
!
.8 ~9.016  ¢5.5855

Yank (@) = 5/ im‘o\ies system is eomplete contyollable .

Qbeseva.k?\;’(g matyix _of the System »

i

N F B 0 1
(9’:’ = [!4“ S’\\% : — 0.02
L 10388 -ou96 0oL

yank (@) =3  implies system is complete cbgevervble |

W Jordan Canenical Form : Ccomplex  foxm )

A ,
> 2 ] 0.03¢ —0.0128+ 1-0.0091 = 0.,0128 ~ 10.0091 [x.
Let | ¢ | = |-0.0594 0.01234 1-0.03® 00123 — (00388 " | X2 |

/ \L(/’ Lo . 1 i )X3

Subtitute this inkto original state eguation, we hawve e

/ "~ Q 0 M‘L[%

—42,1262~85.22451 W

- e o o | = 0 083+ 036781 O - | |+ | 5
Wy NARE |
Lok 1) =] ! | o o ks o 367?%? | e [262+85, 22431,,‘

-
§
Sk
A
=
|
&
A
)]
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Control Sg stems Ben m. Chen 03

Y] T?om@{zer {Eunctiov\

7.8 8 — 4.9S + &1.94 /
3 2 _ 0.098
S* + 042 8*— 0006 S + 0.0F

T =
) 2

r—o‘qL Q —0.01 (6‘3
/— - _
FreF-gk= | s o l-1a

| _ | o0 |
ke 98 -o0z) (18,

(ki ke ksl

~

-

1 O 0
—14 - 98K, FE-TRK:  ~002-F8Ks )

04 —63K, —63Ka —0.01-63Ks ]
| |
| |
N

s \ . % 0. X
igl-_, F/ ; _— + 04+ 6.3K, 6.2K2 Of‘i‘égKg
—1 S @)

L4+ 78K, © 28K.-98 S+0\oz+?\8‘<3%

=3 ( S+04+6.3K ) (8+002+7% Ks) — (9.8K.~9.8) (0.01+63

— (14 +933K:) (0.01+63Ks) 8 +63Ke (g4 0.0z +RRK

= g%+ (042 + 63K+ PBK3) -S>

+ (0.02% K\ +6.3 Kz —49Kzs —0.006)s + (61.4Ks~0

. ; X g o
d&s»Ye& FG\@ 1acou€£oﬂ g —0\707’ .’t e S»—(;“ ::[ = Whn = {4

AM& T would like +o hove arothey Pc‘e ak &:-—’T /

e

C.E. = (s+7) (8" +28+2)= S §8° +168 + 4

So[ufn\j [rnewr eguotion =

Ks)

3)

698 K.+ 00y8)

By




Ben m. Chen od.
6.3K; + 0Kz + 78 Kas = 8.58
- 0.028 K, + 63K= — 4—? Kz = 16.006
O Ky - 007 K=+ 61T4Ks = 14
RH&L\'}U vesults are obtained ?mm MATLAR *
Ky = 10025 Ke= 27159 K= 0.2301
Control Joag » K= [[.6026 20159 0230 ] « -
d) T would like to fave Yij vhserver pole twice facter than
— .
the centrelfer: T =105 sec. = gwn=2 => wn=282%85
Assumin
\3 L ( & 9 L\]
| = %ka = =00 hy
’ Ls) ) L0 O L"S
04 O -—00I-L,
F-LH=1 1 o _
L — |4 9\3 —0.072 ~—'.ng
¥3+0.4 0 0.01 + L
\5~F+ﬂi4]=~ —] g L
L a4 -9.8 Q+o002+Ls
= & (st04)(S+ow02+Lza)+R8(0.01+ 1)
— & (00T +L1)S + 98 Lz(8+0.4)
= 53+ (Ls+042)8" + (- 1.4 L+ 98 L2 +0.4-L3 ~01006)S

iject nos 2 | Contvel &3Sk-ems

+ (98 L, +3.92L: +0.098)

=(s+14)(°+ 45+ @)=8S+ 188>+ 643+ 112

8.4353

L =| TorgT | \//

17. 6800 )

3
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é Contyol 83&‘(‘@:‘\& ; Ben m. Chen

o¢

Projece no:z

€©) We <an cembine both centvoller avdl shscver as egpuation
.31 ﬁtueh on ‘OQSQ 248 ™ +the text.
X X
HE M (R
LX) F-tH-gaK J. LX L&)
o X
y=ICH © ] [2 ]
y
0R .
2 " 04 O —001 —&B3I576  —IT0 14559
3 | 1 o O 0 0 o}
{tH: ‘ -4 98 -00Z  —7.8245 —266I58 —2.2647
é 0 Q B4 —6TI575 -1t -9.9012
|6 0 O  ToI87 l O  -T.oRT
ikﬁ}; . O 0 .53 —11.2245  —I63868  ~17.%648 )
4]
1 O i
|
+ | Py
63
o)
1y
Y=Lo © 1 oo o][ﬁ] R

o MATLAB, We can oktain the plets (RQFQ‘“N
hext Pﬁe>

+he

Note :  Since the @l-e': function 'n MATLAR assumin

initial cendutions OF— gtaxe variakles to be zevo |

Thus , we cant ‘Yﬁu“*& tell the dfereces beotween true

omcc egﬁmq}reci State YEchn&e‘& Pmm +he F\ete &tuen

on next e .
"3 0B

Ren w. Chen DA—28 = 87‘

R

SH® > @
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RESPONSE

RESPONSE

0.6

0.4

0.2

0.3

0.2

0.1

Solid—;-line == TIé'ue State Rfesp.

* * * == Estimated State Resp.

Fig. 1 : True & Estimated Responses of State q.

Initial Conditions for All States Are Zero

B Solid~line == True State Resp. |
............................................. * * * == Estimated State Resp.

.....
|||||||||||||||

2 4 6 8 10

Fig. 2 : True & Estimated Responses of State 0.



