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Control of Flexible Cantilever Beam under Base Excitation using

Piezoelectric Film
— Design in Hz and He Spaces —

Jinhyoung Oh’, Hoon Heo™

This paper describes the vibration control of a cantilever beam that is reformulated as the sensitivity
minimization problem and solved in He« controller that is studied widely nowadays. The result of suggested
controller is compared with that special form of H: controller, ie., LQG. Piezoelectric actuator is chosen and
disturbance is applied in the form of base excitation to match real aeronautical problems. Simulations are
given, whose results reveals the performance of suggested controller is better than LQG in many cases.

jZHel NFEAE o] g A=HAS EAZ 3”:!35}5}04 ?‘iZH go| Mt olglE HoAMol7I e &
&3ta] Pk, ol e Hlﬂ6}7l At} T4 S8 £4U LQGE 954t 2AEris ?hiikl
& AT, A4 39 So BAg AN Hatv] At suka Hele] de . meddel 4
AFF)en], AAE Aol7izt B& FHAA FL Ao E shvke el wE Ak

A2 0T Ewe] mz2 AZERe] HeH] Alza
AR gz olu] oMUY AN 2 AEr 2y
8 2 AHpiczoclectric  materiai= ZFsIA= AT v1E2HA % » SEAold] AHo 948 HES

AURNE 71AH Hgow vfolF= ¥42 2 o o  wogoul oF oasx H9oMe Fe 54
Gael ARG AN don, Ao TxEe Fga s @l MAHAL CrawleyEL 577 3
FAg el Agog, AgAold oM Fol Hbonded) sl = A4S Az} go] 23
AHEsl = 94357 (distributed actuator)s dhubelth  (embedded)d $EoN A9 #E TEEA AAsgn
ddrAE ZA MNPZT : piezoelectric zirconate  Bazs& IMSC (independent modal -space control)Z
titanate)? WE(PVDF X1 PVF: © piczoelectric 3t} ¢ARAE7NE A58 HE dALAe 7
polymer polyvinylidene fluoride) 2 o] R =1}, o] ZEA ol Ag39 FA AA AFe AojA old
-2 AT ZE(ntelligent structures)242] A}£-o] 4dag u Ao i) FRHoT AprPgoen ¥
7Fedtd, sl &A% 2 F3e] #9 LSFS(arge Kim$e TEEF 4R AF7] Alelo el
space flexible structures)%-vt Zol FE7|ut WAMe  (delamination)® lozg mdyie gzgu. o

]
71 BE g% PR AAN/FHSGY 42e  sdelw 7aze Yt ZWEg vstdes go
MEAA G W elA el °%°l golsith. 5 A A% 4 At ¢AWSe] WL o14¢ ChiangF
3 o] EEolM AHgsH: GAWES FEBo el o AFAFI ¥ 7Y, ave 4A AsrE
41, Aol AFED FA} mﬁw]. Aol AF  olgdsl, AnoYTE meld HHHE Eakod #A
b 34e 7HAT Al st =718 2% 47950 QA YA DA

@ g

aeit Al AR A% e AT ATAHE
2eAYRT A AZFHA ot & AgAo urke A FF7] A A7zA o

AR AN TS WAk AW, 1571 AMEAE AF LA @

—165—




24E 7Hn A £ AFAelY =
: 27l wajol wnT

| SR ECEEL T
%89 :%—8- 2R AT

maba E 1“-5_’—01]*1-'5 Be Mg Eol @
e dta, AEEAE g5 Has
AR 2 *ﬁ} 3lo] H @& ol2H go| AAH
1 AT He Aoj71E 3t AAF A7 & 443
A H. Aozl #4¢ T4 o ge 248
o] 7bsdiy, 2jd 2d B g& FAdA
ZAF 548 E4& HRBR AFAe Hggsd
a5 th

Ho/He A9 Aoj7]9 =

1980 kel A A= 7] A|AF Ho AMoEAT 1Y
g/029 oA HFZ Fag $99 ¥ A(peak)
g 43 3 Aol iz, #akge] g RMS
#& #HA3t 3= LQG(linear quadratic Gaussian) #)
o]7]¢t Wyl k. F Aore 7z A ()9 ¢

Aggse F xf(nom) : Ho =& Ho =SS 4
FALE g
1 : 1/2
1P, = ([ trace [PGja)" Pl o)
(D
|P| © = up Umax[P(jw)]

%, Aoi71& AHEE A9 AGEHTY x2S 2
gt & HAHA 7] A7 He ¢ Ho Aoly 54
o] drk.  olF st UMAQ oiql/bEd AE
a¥ 13 o] RS, AE A BFIE LA
A%t 3718 2T Ao7]9 2dd K92 UF
of NG AV @2 R Fojo: AE=R
4, 32 2 8050 XEHD S pe 44 HY
d Aojizet MMM FHoljrt T pi 2
2035 Zo] AdAA His ¥ diolztn B
g k. olgt & YHE HYEEWALFT
linear fractional transformation)elg} &, He ¢} H..

U] ———y

C

38 | MYSEuSio BHEE Ao BEME

P(s)

Aol BAlE B 5 x

o

) LFTIP.K)7} wedow ue
i) | LFTP,K) . 7} H4se=

W57t A s,
Ao} 7

i% n}. L_E}_ A

Aol7lg #t wAz Aoa 4 qn.
A7 B2 o7} 29 A5sh Faue] Feo Falz}
27 1o} 1L Ao} 247} ¥k,

I, ¢ H. #Ao|718 EA= 1980dth uko) 9} A
9] #7t "191 WHE F3ol Ezinoz A g7
A ez, B =24 M DoyleSo] dF8 Aelx
Lol A 9] 3}]’51‘%‘['] 7P ditdolm AFEANA 4
A &8 AT = de &9 HeY ZA(OF :
output feedback)$ AR&§c}

A4 a3 13 22 AdM FAE A=
B HEol gt

EEE

A B B
s = ¢ 0 D (2)
C. Dy 0
ey, HE St A ea e Ee nag
= RU-i 3=
ZIE 1. YuistE EMEof oidt 21y
1L (A,B)& <HAs7t 7453 (stabilizable),
(G, A= %] 7153 Hdetectable).
2. (A, B)& A7 7h5dH, (G, A A2E9
7V srh
3. ;
DplC, Dyl = [0 1

Dol] D = [9]

Hz 3 A479 &%
Azt M 18 BEHY, dey
o 7t A,

Riccati W34

.I A -BB
X, = Ric 2=2
g —cTe, —-AT
. . %)
Y, = Ric|] 4 GG
_BIBI ‘“A

bgd 2ol B, = ~B'X, L, = -G8 45
PP¢ Aoy, || LFTP.K) |2 A2 3= &
qd# AolrlE e e FRE A
A+B2F2+L+2C2 _‘Lz

Kopls) = @

=166~



ofi= WA WA 7127 @ Aolsle Feu
Ggst gel axAl% Aol Hael Atk ol
= LQGAA B
vreha ek

Bg] W H(separation principle)- T

A+B,F, I
G(9) =
C,+DuF, 0
)
A+L.F, By+L.Dy
GE(S) = {
I 0

He %331 Aol719 &

. Aoj718) AL Youla W53tol ojste WY
e QUHH el Fojl yRy &AL Ao g =
FAZ vye] Xn, ol dv AREST Q9E A
= Aoj7le Aoz Folad, A FEE He Ao
719 Ag-9k 2A 3] Aol A9E 022 U 3
&, o1& F4 Ao 7)(central controller)Ety 39, t}
&3 go] F3te] At

AZk 74 18 58, 9439 5 Riccati ¥4
o 7t EAe,
X. = Ric] A 7 °BBI—BB;
—CITCI —-AT
(&
v. = Ric[ AT _rCIC-CC
-BB/ —-A
®)9] = vhgel 2 NI
(XY < 7’7' (7)
°17]*1 o eigenvalue?] Hoigte ooj@tl. 45y

2 e 4 2ol Asd : Fo = —~B'Xe, Lo =
«Y(,,ca = (I — ¥WuX)!, AR o
9 wgol Tow yirh e FHH Aojrl thet

ge FEE AL
AL ~Z.L..
KS:lb(s) =
F. 0 (8
A, = A+7 " °BBi X +B;Fo+Z.L..C,

AgAA = 3 2dY

SEr e AFEAE AA FFd F9 =dd
2 2359, #2449 syt vy gy ¥ opus
rggddor wid o, H2Pde AMe AFIE ©
£33t A Be=d o A ETHEE
controllability)# - 7} #& A (TEAH : observability)<
SR 5 vk FHe] vk o] =EAA AU
oz 93 wo| FxE oy 28 oo 9P

o] 9= 9|&& 7147t 7(base excitation)® FE|2 W
A gk 95 24 A% AMe 1B Eipd F
ielo], 2A7|d 72 mudye] ARE FA Ha, A
% 9% ugA wel mgdd doligros
sk e ok
B2yl o9 owel mede leolMel shEE Ay
of2lie} #th oletd AREL AE PUE e Pd
of A Hyo] H&A|, e BEaAGE s
o} Hrh

4571

JtE 2 oH 3E0lof o JHd

L obd #57e anst gds, d589e &
(crackyoltd FW Ao FAgle] RE F ol
A AAZ #AEA R

gd =AE7IeE B Abole] A7
layer) 2 %8 o} olo g ActFAHL 7
Ag # Atk

3 4% #AEvis FEEE @

o

HatA AEE] 9

i, Afelell M AAEGel o Zede giviw
&l
4. "J‘* A57)e] FEe A9 Fe n{AF
wrl 23 waoy gt

248 3_2AYAMS| A D 21

1. Bel $%& 4d.¢%(transverse motion)3t &
‘ﬂ'ﬁ]'“i 4%, HEYS S FAE ¢ A

0. 2o FFAFS AUERHLR ‘%3]"11 A} A
wa vletsks o o FAAPETL ¢l
t}.

3 9FE% 2w A8dE FEe FARL
1A= nEAdE Wudd, & FABE SAs
A ghrh

)«

dA A7l 24
A4 gaazte] 4454 SRAE me dRREH,
AR E kel weh Hgse 2o B ZWE
Mi(x, D& F=T '
FAZ B FHEF
g7l doldger

A VD7t A, g
wyslel, e g 2

tip mass (accelerometer)

o]

cantilever beam (aluminum)

@ 2(t) : base motion

a8l 2 Be| Bx

-167 -




vebA At

o = —E5% da’ V(1) )

o714 VHe SHellA
c}.

Hol yHiQl b= yoll uhe} YAtz gl o3
¥ F(neutral axis)| 9 BREM(x, He 1L 2
o] Axd 5 Utk

o a}s} 2ol x9) §47h oby

My(x,t) = f,;y"-'dA = f a.(by)dy

—(hy b= D) i (10
= fﬁu‘_m a.(by)dy

2@z melde xigd 0@ ¥ FPAL A
9 FHZ9 149 DE 39, 4 (10)e ten ¢
ol Fzld}.

2

M) = —dub gt iy
—c, (9

A HolMsh ol MEE Aol 29 ¥4 oh)
P2 ol #UeA ARYS & 4 Ank
uu e AujgA2

NwALE A7 o, uel AAEAE e 2
o Belsa,

wlx,d = ulx, D+2(2) (12)
A¥tAH < Bernoulli-Euler & A}&-39, B xjuji}r]
AL olyel e HulRE WA a4 OB AAz
Hoz FHHT

0A 6i ulx,d + E!L4 w(x, )
at ! ax! !

2 (13)
= ()
x
for0 < x< ¢
w(x, ) = %u(x, H =0 (14)
forx = 0
8° |
EIB Tulx, ) = c,V(¥)
axa & (15)
Ef—ﬁ u(x, t) mi oz ulx, )
for x = ¢

ol& Aojo|&e] ALy SJsle], 7tFE A uhy
{method of weighted residuals : MWR)Z, 7} o}
ALR- 5] Galerkin®] WS A3, olefel re 7
A FulE gAAe 73 5 QA =Ha,

oD a, (1)
(s + (e
= [Mz(») + [F1 W
71X 7t Fegde i go] Hojgw)
Mi = oA [ 3 8L + ma(£)8(2)

(16)

K; = Elfolgfst,(x)f:ﬂ%(x)dx
P, = —pAfOI:zS,-(x)dx
T, = ¢, Lg(0)

oA sl YAE A AIYHL Vst sleal 2
2 s Al 9 & A AuNsl w(e,)E
202 golad, AN B2 PP oA g
wadew we ¢ 9 Wit

y = Cx+2z
e HAA B & ARol, o] Ak BE Auwgo

AAA Dol L #Zo] s, ¢
7+ 19 29} 4% D@,

ol 4 Ho #]o]7]e]

2949 2 A%

Sld T FlS Folo] moAYS Sgsy
Az 7lEtsbRloz W 4gS(white noise) WA 3
o AYE A% NE »e wlx,dst DY Foz &
ok @A sbY 19 13 30) whEE 3, H, 9 I
*11017]-- AHEES A A B3] Ho) HeE= Ha

3t tigol LQGS Aolr] Rl dojrel Fxrsg)
€2 oqnjz §X48 & gk A Y 49 59 2
o},

p disptacement in mm

338 3 2o/a¥ &} : Uncontrolied

Conrolled by H2 Optirmal Controker

p displacement in mm

25
WM 0 seconds.

28 4 2odH HR: H, XK 07

-168—



Conpotied by H_inf Subopsmal Controfier

p displacement in mm
P
e
e
=

05 T 18 2 25 3 35 4 a5
TMe N 5econds

a8 5 2odd M : Ho E3A Fof7|

Aol Holt A3 gol A Felo|rie] Mg
#4 EFE A9 Mxe How v ot 54
o9 A7k 25 HH, Tx FAAAe] sAshe A
ot ZEu H8 A4 Heol wisted nu 4o
wol Uehd e 94 Utk olt Mze 45 gjabe]
4 (AAMst 2ol thgel JAs, Fug J6lA
Mage 2A4E He Adrld 228 dguss
HERT. F, o AolslE A3 Agddelne o
g Folmg, oA et nF e Aol o
8 % uAE 9W, Ho Aol7ls A F34 gl
oM & 5L e 2oz P

a8
st go] ALAE o]8F AFTEANE W9} He
FAANM ) MZ g Aojrg Bate J5 & v}
o Bgith. B =8edMe /2AA ne Ao 4
Astsiont, Az HAdMe Zt e —e gy
Wog dAE + Aok el AL Aojrje W
BHEFE S Bde] AAY, A= Has B
AL 53 FoF dddd FHL Ede uizy,
A4 2PoX e A% FHE A A dAon
A7EA FHe ©E YFEol A ATFFo Jon,
°lt Ho FoMY ABEAE Fd AAHez 3

2% F e 9o €5 Ytk

a5

1. Bailey, T. and J. Hubbard Jr., “Distributed piezo-
electric polymer active vibration control of a
cantilever beam,” Journal of Guidance, Control, and
Dynamics, Vol. 8, No. 5, pp. 605-611, 1985.

2. Crawley, E. and J. Luis, “Use of piezoelctric
actuators as elements of intelligent structures,”
AIAA Journal, Vol. 25, No. 10, pp. 1373-1385,
1986(57).

3. Baz, A. and S. Poh, “Performance of an active
control system with piezoelectric actuators,” Journal
of Sound and Vibration, Vol. 126, No. 2, pp. 327-343,
1983.

4. Kim, S. and Jones, J. “Effects of piezo-actuator
delamination on the performance of active noise and
vibration control systems,”.

5. Chiang, W. and C. Lee, “Critical active damping
control of a flexible slender plate using a distributed
modal actuator and sensor,” American Control
Corference, pp. 700-705, 1989.

6. Devasia, S., T. Meressi, B. Paden and E. Bayo,
“Piezoelectric actuator for vibration suppression
placement and sizing,” Journal of Guidance, Control,
and Dynamics, Vol. 16, No. 5, pp. 859-864, 1993.

7. Doyle, ], K. Glover, P. Khargonekar and B.
Francis, “State-space solutions to standard Hz and H
« control problems,” IEEE Transaction on
Automatic Control, Vol. 34, No. 8, pp. 831-847, 1989.

8. Dailey, R., “Lecture notes for H. and u# methods
for robust control,” 1990 American Control
Conference, pp. 700-705, 1990.

9. Maciejowski, J., Multivariable feedback design,
Add- ison-Wesley Publishing Company, 1989.

—169 -



