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Reduction of Number of Actuators for Independent Modal Space Control

Jai-Hyuk Hwang ", Joon-Soo Kim™, Myung-Ho Park™"

Abstract

In this paper, a new modified independent modal space control(IMSC), which relaxes the fundamental hardware

limitation of IMSC, is suggested to handle the vibration and attitude control problem for flexible large structures. This

method has adapted a new switching algorithm between controlled modes and a novel design technique for modal

control force. The main advantage of this method is to minimize the discontinuity of the modal control forces and to

assure the asymptotic stability of the closed-loop systems. This process is shown to be simple and efficient in a realistic

example of vibration control of a cantilever beam. It has been found that the modified IMSC suggested in this paper,

which can reduce the number of actuators, is highly excellent compared to other previous methods in terms of the

performance and stability of the vibration control systems.

L. ME

g3 e FA4e AE FEEBY A
AR AB7A e Aol HEe] Ak
HAth1-5). 2 % A4 UEAY AL $E
A wEasts §aAle] Motk ol ZHe
57 Bt Avkn sHgaw FrAHew
HAT A AHpIelt A5 Feste] EAshA
Nadlo] BRE A 4 Yovw Fejajok vt
oleiet ==Y WA HY YACE Goh

9} Caughey[4,5]= ¥ $1 23 =¥ (Positive Position

EERRLEUE L]
LT L e
THANEU AFAFAR

Feedback) A o171"-& Astt. o] /P2 2%
7] 9ol ofd Aamlo] P AA Fon,
Aol Ao dejuete] ofEdtA gfonw
]9 g5tk o] 2R FHPE e FXE
A5E Aojsh: oy 7ol AAHAoH,
G HEEY A HEL AfA A7t
5 AA Ael7lE HEY W W2

S

271 4 SE
gol Ak 53 Aol A4t 2L Aol
ANE AN T Talol & AP AdEe WS
ZopshA BTk oelst Al EaHoR TR

¢
28!

38, Meirovitch®} Z5AFAH6~12152 5HE
g 7telA Aolr|E tastr A AT + AU
E¥r g2 7t A o] 7]*H(Independent Modal Space
Control) & A ¢stTh o] 7IHL nEydS HE
PYUE slo] FrE 2FLAHAE EFTA Y

rlr

- 166 -



WAooz ReEN F EEFTAA
Aol 718 AAFIY o A, Aejre] A %
vy 9g AEE olg3ted 5YPHoR £
oz g9 aAgx o BAQe] MA I
rasih & Akl wig AHA Atk o] Ao}
HolAe 2y AolYPs WA AABIY, HEHY
& 3 AA AAHE ALsHA

T3 S5YHREEZE Ao Aojstlal st
neo) o FHgro) ¢ ZoW spAolgol &
A sty Aol AW E 23 4 ok
2 Aoy HAE 4% 2y ¥ FHS
RYPE(ZET 59 ANE 88)2 ol&3shd
A2 E WiAY 5 Aok Iy o]HT W
AHE B35, o] AeisPHe SHE A
RE9] #ubE FE709 £7F gastthe Al
o] GHuEo EHRGFI Ao He 3§

LIk

.J;L 9 o e

B dAFaEe SHREE AlorHe sted
o] wHe AFrle £& Folv Wy did
AFstact ARt ¢RY HE 0 FF7
E Ag3tEd FAF 93 > (Pseudo-Inverse) < ©]-§
T AYL ALGIEA oflW A9 dEE
L o]g3te] AojnTF URE HAYsto Aof3}
W gk 2 =FME FHF79 w7 AlejR:E
ero Hg wdH HA AASIAY, T3 o
3 ot £ ), AA AFAA] P
e AsE fustA g EHo|L AT
293 dyEEE AAsAY A2 £ FAE7
T e 0] AR g AojstuA & uf, A9
Aol HAsIA ®3H oufAe MER Q& A
Ae o sHeAol &4 wAsty o o
gA 2993 dreEFS T WEAlA
A Mol wh=Al "Wzt B AFME
FEEo #HYE AFsA GIAT Aol
A= AT FUIA HEE 4 Arh

2. SEITEYE HIOZI-0M &ST| =2 3

A4 LEPBYL e 2L iR
Yoz 2AsrE 4 Utk

N(@)+Av(t) = f() ey

ozt
I8AFeY Ager FAHE udgd
(A=diaglo® ---0’])°1H. f)x Z717Fa gl B9
Aold wEjoltt o7]M n-g AR=Y NFE
Z3 vy AHolzlel AAAN ALEHE B
9 Wit =3 A& A& HAHAA F
o] HYL gle Aoz FIAY SHREE
Ao IHE AojY f(nE 7 REEHE T9A
HE olg3ld EHHoE £P3ug AojYy
A7 ¢ rasith 2y AejrEe] kg
5719 71 "gosiches 9HE A ArHe~9].
olglst SYPEEFIF Aoyl @& Mot
= A7t A8 +P=E A28, 13,14] vl ZI7E AE]
ok Ag7hA] ded A7THES s 29st
W g3 2ok Meirovitch & F5AFAH81e
A9y MdE o8t AEI|e +E £Y F
A& Bk T o] HY EAelA ¢
Ae 2 HAAY oA ole maHolA] Rairt
Lindberg ¢ Longman[13] #5719 7} Aolx
zo] Rt AL o RHHA ] /YPE ol §3tH
E-RGZ Ao E MAFEe AXE ALA
th o] WM E iyt fYskA gon, HED
Ao P BAEA RI}EE RI=A] HAHSE
ojof 3 ©o] 9t} Baz 9 Poh(14]2 %579
+7F AlejRee R Hg o, v $2ivig B
gofuiA Azl ¢ME upbA duiAt 3 B9
F571E AEAIE £3E SHEEGEL A7)
HE A o] Moz FAErle 2993
Wo] FA7E 9T, HFE Wy AleYol
Ao HA Foug HAYo] RARA ¢

A7A 1E ZI7 nR) Gl L, 4=

2ol

N g A
I

(o3

- 167 -



ok gEtA 2 droiME Aol e
g 7lo] A9ANME Muste] He $9 FE
12 w2 Aol 4 At H2e +3E
SHRGFL A & A3k

EURGEL Aoj7HeA FHFr) £5 Zo
 EY FARYE WS Baz o MPHe T
3] BEshd g3t o

gc s
_ g

21 SAIEE WY

EH2937 A7 2 olFol ut
9 o] BeAolY f(nE neIoIM 5HH
og 33 s E AABIE WH-E A A7)
HE uRste] o] AP A4z Reyt
of Hgste] MAZY 4 Utk FAo Yz]E o4
3t ZeAo]¥ WEj9} UA Aoj¥ HEH= vF
3 2 BAZ Z2¥dct

pot

3t

rlr

1t

S =BF()

i=12,..,n,

B=[¢,(x,)], i=12,...m (2
A71M F(n v AA Aol HEE, 4,(x)E x,
Aol i HA T{e gHE, 0 AolRE
o] Mg, mE #5719 A+E dehdo Y
oA AA Ael¥ HE FinE f9 ¥TE =
sty s B GYYL Faol Ik ol
Aol SYRGEZE A7 dHolth F #
5719 +9 AorEe] $71 dAY Wil (m=n)
Bo 9Y¥L T ¢ Yorg, of Ao/He
5719 £& Aorco £yE 2737 ok
SUEEEL Aore AAE HEY W, oY
3 DHol o] Aojriyel FHE YA v=&
A7t 3% 48T & Aok

U ARE R AL £ AFIE A
AL SHH(m<n), TSI Zo] FAMYNYE S ¢
ate] AA AojHE ALY 4 Urhs]

F()y=(B"B)'B"f(t)=B'f(1) 3)

o714 B'E= BY FAgHo|tt 18y A9
FY2 AA Qo] ohua iyt EAT}HA
Hel HA 2 Ay HAE s E WEA
234 @ oiebA Aol gde] 2 2
A7IA Eof AAjo] WA Y-S goly
g A7 ¢
22Baz 9] =JE SEZEIEZE HIG7[14]

Baz & Poht SHEREEF Aol7[HolA ZE
719) #& A3l Y8, FHE717b Aefstiat
e BEE of Agiuig 2EeUA] 3] A
et HA3] A9AAE $HE A4,
B E=FoA o] 7HE W4 Bazo 7ol
Re7|z gtk o] WY EAHE AHIs] 9§
3, Baz ¢} 7|¥-& siA3tnA}t dtoh WA ReA|of
Y e thya o] YT

SO=Ir°() @

o7lH HERIYY re ZEAY He &
AE e g8E ot 28y ro 2E g2
4Pl PER o]FRt e Mt
ol REAoly HEZA AoJdtH i e
2o Ao ¥ REvF eAMUE wgE
glo]t}.

10 "

d (')z{fum
A71M £, B f,(0% TF ARE B Ao
shA = mTol B AojY ot A
22 0% A adeud o5 YALE A
ool B AMolYP L AA AolYor zIY
& Qtd o]t THFFE FTAHE Ty WY

- 168 -



e BoA o Fo ALt

r ¢1(x1) ¢1(x..) i ¢|(xm|) ¢l(xn)
| £ ) L g #(x) [Fc(t)]
$on(%) 7 Bn(x) 18 (x.) < () FW)
L 8.x) - 4.0x) 1 8. o 8(x)
_[Bec j B [Fe0)
T Boe | B [ F ()

(6)

A7 HA = AREE, HA Uyt AofsA
Gt ZEE Jehdd @ FEole Al m
e Aolstez hE F (n=00°] =
I v gdo] ¥Et

(o]
rEvkS

't—B“Ft 7
f()—Bw (1) Q]

AA Aold HE s vEa g
F()=B /(1) ®

T3k AlojstA] ¢k R Aoy HEHe v
dt.

Jo(®) =By B fo () ®

olg} o] EHRGFZ AojHoME HLE £
o Ao s Aolg e JEFE Aofd}A
de e fnel dMBEE Al Adewrt
WA}

Aojz o RgAold el SURGE A
o} 7lol o3 ofg3 o] vehd 4 Uk

f@W)=-K,v.(t)-K,v (1) (10)

A7M K, K, v AAYL FE2AM ST

g dolct. 4®), 9, 1% ANl Hgsha
o 2 Ag g

() = _Kp —KV vc(t)
;0= g B1K, -B.BLK,|v.(0)

e~ ce

KP 0 - KV O ..
=- 4 v () - " v ()
BB K, O B, B, K, 0

9 e e Zol BRY 4 Aok

ST0=-Gy (-G, v () 1n
o171

o[ K 0 T K o0
" B[KTB(;éKP 0 ’ - BmB(;(l,'KV . 0

=3 HanY v oA7F B 2
ez A Aojstei e R AlojdhA Y=
Rort eMUE wdd Hejott

ve(r)

0k [v ®

} =I"v(f) (12)

3. M2 wAY SR Ao A

£ diHe H2 2o FA572 @& 9 A
Alojste AE2EE +4HE SHREE7
Ao ZIHE ALt He Fo AFIIE
REE AlojstAl H3ll, A A9 sHY H
FEA] P Ho] nAgE ofof Tt

B dAFeMe At ArHe vgn Z
ok WA AostuA sh= R tiE] Zk R=
2 2 uA(ev+v},i=12,.09 £H4E o
713 o] & E¥ oAt b & mAe REE
A7gste] Aojgict. e BEo] A9l Ao
oo, AeAIR ghel AL WIE A A
ojgo] Edgo] EATA Ho AaF] i
FA 42 JEE FA HEZ Rro 2936
Fosloiof Bt olF fF E AFME Ao

o g
AR =,

- 169 -



Al 3 REER HFVE 24T F 4 R
o NFPERAY AR ) dgE=
A7 Aloldt F gA AHAY BES KE
Ao ¢ME Aldste At oA HEVE

2 RER AHAT o AofstiA s HEY
TEss o] & o A =wE 2 AT
T REETIL go] @ w SeysdlE AN
Aok olGA F2zA AojAY HHPE FRY
+ At

=3 HFnAe gge FH] A8 5
EEE2E Aloizlge] Aol HE vEH 2ol
Hoted AoAYl G, ¥ G, 7t tF o] HEF
t}

4

fc(t) = —vac(t)_KV‘)c 3]
~K,BIB"v,()-K,B.l B

[olonunl 7 sy 44 cc UC\}U (t)

13)

o] A& wrAojrHeola EYRGFt Ay
2 AgA o] (coupled controh)?] ML TF B4t
Aoz 3d + Ak AHu3e oA Yol 4
439 53 Zot

[, () =—BBiK,v.(1)— By BiK,v (1)

- B, BiK,BIBI v, () (14)

e Pec cc Puc¥u
—BwB;éKVB;:B;‘}U(t)

Aandg A4HE o] gt FjF AR TEA Y
Y Hels oS3 Zo] Yeid £ Qi

. K K.BIB! .
S (r)=—[ 4 kBT ,]v @
BwBCCKP BM.‘BC{.‘KPBCCBUC
K K,B;lB,
1 g pa L e V@ (9
BUCB(;CKV BUCBCCKVB(;CBW

=-Gv'()-G,v" (1)

A7 Aze Aol G 9 Gk IR o
PP pasl HAw + Uk
oA AR Aelde Aol g A3 A

(15 @5 Aol HA}A ohF3 gk

F(t)+ Av(t) = f(8) = -TGv () - TG:v" (t)

. T M y (16)
= -IG;T™v(t) - TG, T™(t)

JHBR A HET LEyy4e vy
Zo] el + Atk
B+ TG IO +(A+TG. I =0 (17

A7IM IGr'd A+IG, I+ F3HET dAY
ot

4. BT OIEY oA

B Hox HFz AAake] ¢HF Ao e T
ga w2 s AARY HIEH AL
#3171 98 oS3 2 Lyapunov TR E 3

o)},

V(t) = %\3' (O v(t) +%v’ OIA+TG. TV (18)

9 AolA AMA g2 FNUAE Yetd i,
FHA &2 fAAE JEhdch =3 19
A+TG. " 7} &% Wz} YEolmg yrt &
A HE ¢ + 3tk Lyapunov FRI52]
A zke] i v o5 @k

V) =v (O O+ O[A+TG.ITI(E  (19)

215E Aanel tielsty Festd o gk

Vity=—v" (WG, I¥(t) 20)
vnd nj2e 293 e (switching time ; )5 A
%t BZE AzelA Wiz A3 ®HAdd o
' G,% G, 9 uEg g3ty FAUE st

- 170 -



A9 4% dth 28ER y,)=0°] 8 W IY

H9E ASA AJL, v,)=0°] @ o REEE
g A3 AR olEd Wil ot H gy
of Ax 4ol EAA A Ak 420y A
IG,r7y FHAstes ¢4 ve<o, 5 409
£ g2 RIgHY (negative semi-definite) 3t H T
vy7h A A gl AXAA FHF3 V)t
&9 g stER $9 Lyapunov FRI¥TE
Lyapunov &7} H 3, AA®Z Lyapunov 474
& Zed B8 v =v =09 W7 V)=0°]
E|B 2 La Salle 9 Invariant Set Theorem[15}°] <] 3}
NARLE HZH ABPE #5E ¢ + AH H
o] AoA B vie} Zo] E AtolA AU
Aol71HE AHETH AFA AL 293 #AAU
o] F4 HIZH ¢HAHl BAHE A& ¢ ¢ A
t}

5. 0l Al

B HoMe AF7HA o daE 4]
98] QYR (cantilever beam)E A ZE AF& 3Tt
JURE WEfol-24d8 B Rdz FE o,
A Al o5 3 g

74
&

é“w(x )

Fw(x, t):|

[EI( x) +M(x) =f(x,0)

Aolg Ao Agd 3H Ho Telde] 7
Al M=18, BAAE EI=1022, Qo] 1=
1022 7Pgsch =5 A579 AeeEm = 20]
o2 Aojnse Aek n=6 22 AQ3}A F
5719 fHE o Zo] HHR

x,=[055! 1], j=1,2

A71AM x, =
A% B e APFEHA A

#5719 S22 et =% &
TR )7t

ks -"s'i 2ediss 2
Erd A 5 4=

x=98 A Ao T4 YA R GE At
st2 A g#olH-g +39% AiE Fig 1~4 o YE
ulglet Fig 191-+ FAFISE W3 Baz o 7]
Wi, B AFelM AN ZjHy FAAHJA S5
2g37 AolZM(m=nQ A WS 4 2=
o] AjgE ujLskT) Fig 1 oA Yehd B9}
Zol % Ao A AAG A7 FAAHA 5
HrgEzt A7z Aol FARE Al &
@S P_°]J- Qon o ZIHEUYE 2E5A]
237t W 2P & Atk o] THAAME
H & 2= 370 ot A3E JeEded BE
gyt 3A% a9F 22 ) Fig 290ME 4
7}A Aojz|He] tis) AR A IS, Fig 3 oME
4712 Aojzel] Ws EEouAE ME v
stk AA AlolYe] B, Baz 9 7 AloY
2 BAgo] w e st §H Hsol wi¢ A
stEE AL A% = o, FA9YE s
o] Ajoj32 wjf Ho] FAle] Ayt Wi
B o ok gy 2 At A AR Ao
o} AjojY2 BHFo] A9 flo] F4T 2FA]
A5e 7| 4 Aok Fig 3 oA e BRe} 2
o] Baz 9] AoJ7|HolMe HoiHe] FHKHow
3 maduiAz 2FA o] YA AHEA F
A8 Aol ATt T3 Fig. 394 FAHY
PP 7Y FEAe] gt we HES A
+ Ao gy B AFA ARt AojrH-E
AAAQ =Yrgd3 AosH(m=n) Bue
Asol tha BolAAR thE Yol uls ¢35
AEAo] aarl A&HS HAY + Uk =3 Fig.
4ol - Ak UIT B AAY] WS YR
ot 2N B vReh Feo] AL 9 g7l
o2 Aojrt & o]FAI ALHE & + A
t}.

457t 247 9ol H:

- 171 -



6. 4B

B =2od: SRR Aol ©He
1570 48 29 4 gt ubHel dal A7
At WNEAY AojET suck B 49 FF
NE Agotd NEAE A Aol £ Y=
AL Adsigon], A9y AvdEe T
= WA HRzA WAL M =9
127k4 9o wEd FE7]e z9 %
= Aol T B AFA AAT Aol He)
Qo]

Fa=1
T=

o3 X

i
ot

Aol & wlAstgrt £ Aol
g gopstd e 2k

(1) ANEAJA] P dsol AtE st
A e mHpHolT MR A9Y dNEEE

A sk Tt

@) WVFAfAY HFHE Bt AofHgE 4
Adte 7S ALt o] e FYUEEF
ZF Aol AAY FHE BF B8T 7
Hog 25 + ok

(3) 293 dTEEFS TR HF A QYA
S At Hzp 2 AFolM AN A HL
A A2 FEEE ZL Ao

@) £ Aol A AT AMAZHE AL 5H
2dE2E Aol7IH(m=n)dl Hd 52 o4 E
oAAY, FF79 £E €4 + Ue 2
Aok 2y AF7HA HEE FARE A7l
Hl3E s A WA vl ¢ttt

A

H 1996 95 I &E ST (@A
HF ME96-D-23)2] AP wWol x| on] o]
ofl WA AA A= b}

B A7e

058

[1] Balas, M. J., 1979, “Direct Velocity Feedback Control

of Large Space Structures,” J. Guidance and Control,
Vol. 2, pp. 252~253.

[2] Balas, M. J, 1978, “Active Control of Flexible
System,” J. Optimization Theory and Applications,
Vol. 25, pp. 415~436.

[3] Chen, C. L., 1982, “Direct Output Feedback Control
of Large Structures,” Dynamics Laboratory Report
DYNL-82-1, Cal Tech., Pasadena, CA.

[4] Goh, C. J, and Caughey, T. K., 1985, “On the
Stability Problem Caused by Finite Actuator
Dynamics in the Collocated Control of Large Space
Structures,” Int. J. Control, Vol. 41, pp. 787~802.

[5] Fanson, J. L., and Caughey, T. K., 1990, “Positive
Position Feedback Control for
Structures,” AIAA J., Vol. 28, pp. 717~724.

[6] Meirovitch, L., and Baruh, H., 1982, “Control of
Self-Adjoint
Guidance and Control, Vol. 5, pp. 60~66.

[71 Meirovitch, L., and Baruh, H., 1983, “Robustness of
the Independent Modal-Space Control Method,” J.
Guidance and Control, Vol. 6, pp. 20~25.

[8] Meirovitch, L., 1990, Dynamics and Control of
Structures, John Wiley & Sons, New York.

[9] Meirovitch, L., Baruh, H, and Oz, H,, 1983, “A

Large Space

distributed-Parameter  Systems,” J.

Comparison of Control Techniques for Large
Flexible Systems,” J. Guidance and Control, Vol. 6.
pp. 302~310.

[10] Hale, A. L., and Rahn, G. A., 1984, “robust Control
of Self-Adjoint Distributed Parameter Structures,” J.
Guidance and Control , Vol. 7, pp. 265~273.

[11] Baruh, H., and Silverberg, L., 1985, “Robust

Control of Distributed Systems,” J.
Guidance and Control, Vol. 6, pp. 717~724.

[12] Baz, A., Poh, S., and Fedor, J., 1992, “Independent
Modal Space Control
Feedback,” ASME J. Dynamic Systems, Measure-
ment, and Control, Vol. 114, pp. 96~103.

Natural

with Positive - Position

- 172 -



[14] Baz, A,. and Poh, S., 1988, “Performance of an 5th Mode
Active Control System with Piezoelectric Actuators,”
J. Sound and Vibration, Vol. 126, pp. 327~343. /
[15] Slotine, J. E., and Li, W., 1991, Applied Nonlinear
Control, Prentice Hall, Englewood Cliffs, New

Modal Displacement
o
8

Jersey. -0.02-
[15] Lindberg, R. E., and Langman, R. W., 1984, ” On 0,04
the Number and Placement of Actuators for ooet - % - - s o

Independent Modal Space Control,” J. Guidance,

Vol. 7, No. 2, pp. 215~221.
Fig. 1 Comparison of Modal Displacement Responses
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