3560 g 7iAS sl =3 (A) #1207 411 &, pp. 3560~3572, 1996

(= =

Ho

ilﬁi* o 7104 A **
=S (=

(199611 694 27

Robust Vibration Control of Smart Structures via
Discrete-Time Fuzzy-Sliding Modes

Seung-Bok Choi and Myoung-Suk Kim

Key Words : Smart Sturcture{4v}E72%), Robust Vibration Control(74zls#ef), Pi-
ezofilm Actuator(OLZJ F .2 2271y, Discrete-Time Fuzzy-Sliding Mode Control (o]

Abstract

This paper presents a new discrete-time fuzzy-sliding mode controller for robust vibration
control of a smart structure featuring a piezofilm actuator. A governing equation of motion for
the smart beam structure is derived and a discrete-time model with mismatched uncertainties such
as parameter variations is constructed in a state space. A discrete-time sliding mode control
system consisting of an equivalent controller and a discontinuous controller is formulated. In the
design of the equivalent part, so called an equivalent controller separation method is adopted to
achieve faster convergence to a sliding surface without extension of a sliding region, in which the
system robustness may not be guaranteed. On the other hand, the discontinuous part is construct-
ed on the basis of both the sliding and the convergence conditions using a time-varying feedback
gain. The sliding mode controller is then incorporated with a fuzzy technique to appropriately
determine principal control parameters such as a discontinuous feedback gain. Experimental
implementation on the forced and random vibration controls is undertaken in order to demon-

strate superior control performance of the proposed controller.

SAlofol ek ot sigew d71FEGH

.M 2 (electro-rheological fluid), & 4 ] i g} tH(shape

memory alloy), <}4 %) &.(piezoelectric material)

A3 A 5 An) 7lEe] whabe sjme] wheb e|a 24 floptical fiber) §3 o £ ek svin

S oelge] ¥, $ETAY Gl Awstsl 43 FA(mart structurelel Blg olFoh e ahy
o] FHS b5k el el FERE AR & A&l s 51 gl e} 12

Aeshz ol@ AFwAd w4 Fmeh W 2dldl, g $e AvheTaReli Aeido

x58l, Qlabefsta 7)Aok 3} 2 Al A" w4 w-(parameter variation) ' 9] u}

wxgle) Sl AL v)galF A (distrubance)o] & st#| o] 7]-22} PID o]



ol Ab4| 7} # A|-Feforl v &
of 22 AA Ale] AAu Pk Alo] Ak AA
glo] w4y o ogbel] #7A4 He % Felold
1 & Aloi(sliding mode control ; SMC)e} 7Fe A

—LA

e W ety
variable structure system ; VSS)°]
Bol% dojeul g Abg et
2 eho] ) so] 4] &=
}__/'— EEN pas
o]
91ﬂ¢i
Al AL g
e b,
gloj 4 ooyl
1ol <o)

A o} {%x% 7} L=

1 %}1313 |

E ,(% OELE"L-‘:

oAr. Al e

.%Cii S

7%?

P

Al o)]

Lelol ) B g of
mode control; CSMC) o}
E-of] 4

of 2l 341,

R
A Aol
2§ Abololl =
S eh A
Fefol o 5L Ao

; DSMCell  of

efol )l o] 7]
2
o7 glom,
Fd & el gh o] Ab4l %t
(discrete-time sliding mode control
@ A2 LJHEHﬁh“m

S EREE

o] % e}l L

-

EEENEE

oI 4HA 7 Febol B alolsh el 4|7k % 2hol
i4l%%44%{%ﬂﬂﬁ%~é#ﬂ%$hawﬂ
271 AFake wdel ek, Sarpturk £¢e
o[ 4417k Al melel] eHstel Qb Lubeld w el
Ez7de Aalstadck ol& alsl HaldA)Rl(e]
T2 AHEEel TAEl Sebeld] Al
RP(representative point)e] 2|z|o] we} 2 s}gt

3561

gl
43k 41 A (uncertainty)o|
Ao g olal] Lelolu)mvdo]
xu 714

(lower bound)#} AFgHupper bound)%-

celu) ) el

7

u

& 2=

b

of A=
HA Y

o

of oo

1ﬂ

Sika 3

4

Erlly g el
=

k=

vholr) 12 & 4] of
7ﬂ4 dlod Ao
A}
gtch, Furuta'e} Wang
}- l e

a

(o]

[a=+
28l o]
od o1 (sliding region)e ]
Al g3lto 24 9]a ¢

Al el %101
el
1 vbs] &elol
ah= At
o Aol Al s
Ho& Furuta e Bt
7 (ﬂ-equwalent controller)zby= A% A48}
»‘27}11] 0»] 71l 2 (reaching mode)
Al A o] HepollHwion
= qk Zloluh, v of

517_
Fol s+ whA o]

AR S

uoL v

g

Ao

[

e} =
=

-

elet,

FolFade

)
d

Al *16}‘: I ol % %3
2= AvfE

2] uy]
s el watn 4
TAdskeleh, & 7hAlof
Foketol Al A 4ol

A
=

o] SE
7]

|

A o
el
™A

P
=i
(e

7k 4 o 7]

tion method)<+

91 A

toledidui o g o) wlg) &k 2

5
o| 4] 3} ¥l (equivalent controller separa-

Eaishaleh s
B 7hAlod 7 AR s, '
R S R R R

ploleh, el

=

oioﬂ
Ty -

o))
Fefelyd
g A} 7] E Aol
FAlo] 7] 4= A (time-
varying) o= wl o] #| el & Af&3le] Lefojr) w
T A sk ol Hols
Aol eleolL} g o)z 9} Hwelolny
Hedrte] DA uwle} #HaElr) w o
Aelsl7)7h ol stz LL} 2 oo Foll A= Alo] 4]
+ Aot #|

| 3f J] 2 o]o] £-& w95yl

L]O*JO:)H

ol 4] 3= Ju]

o 4=
g ot

=

2 Z 70|

R

e e e
ol 710
AT A|

A 3N

o
/K

1,

1=

P

HA -+ =

=]
s
o] % el



ooy, ofsl alAlEl o] 44 7L WAl ekol w4
o 7](discrete-time fuzzy-sliding mode controller ;

DFSMC)% 4dabeieh, ksl alof7l9) 44
3} Al g qlZsly] 9)sted obdulitzby e
UE Anfe g E2Y -o] 7hA ul GRS -ofl i gk A|

ofmabE Agdor sAstelch
2. Aladl mEE

woel ol meld AvkEFege Fig 1o 2
sjsbne] @ alof ghdlulg s

HY
s

g ol
b ol A Vi zhaials o skl
Fol WEor s chgab g wawuesh
Al
/‘/I:—(Irle"[l'—gb bfh%ffl‘[:[z VU)
=c V) (N

o] 714,
Ezt B B3Aa
Modulus & t}fe}ich, o=

gh% Aol 2l
ook, AMekyl FRE Azl FFelviist 9
2ol 147 & Hamiltono}] W #e] =&shid vhgi)

pe A s A e s e vk

(/BHTO: O\}"q‘@ﬂ 9] cillﬁ
IS]
1

2
Young’'s

sigus) el 7la

LEIEE Adee 4

vy, ) L vy, 1)
Ere Uy pq 003 oy (2)
(1\4 o (’)[2 3
i, t) ‘/\*(1_0
A " \
ovix, ¢
B VC‘;‘%?L v=0=0
Az
Loy ix, ) -
El e A Vit
Fyix, )| Fyly, H) ] oy
El-= == =mr =5 - 3
a‘\_.i ‘ X1 T (‘/\/._ I\ 1
Y
ze
{cross-section)
Electrode
; /Piezoﬁlm
7t
s Z7 o
yJ Tip Mass{my)}
|
- B .

Fig. 1 Schematic diagram of the smart structure
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Table 3 Dimensional and mechanical properties of the composite beam and the piezofilm

Composite beam (glass/epoxy)

a Young’s modulus Thickness Density [ Width T Length
» 6.4 GPa i 0.65 mm J ‘ 1865 kg/x?l“ 26.6 n;m i 170 mm o
Piezofilm (PVDF)
Young’s modulus Thickness J‘ bensity ‘f Width Length
2GPa J 0.11 mm 1780 kg/m* : 26.6 mm I‘ 170 m;n
Piezoelectric strain constant J 23x 107" r{}—//:;

i




a1

3568

N R KRR FAY I RY

L R S SRS P A R
shaleh, ™ qhad, dlelal Aol /o] Gl 9l
sh7 stetol chgul e mlEuuR del /] A

A Bovpstadol wi=11.8Hz 2 18%,  w. =75 Hz

£18%, &H—0.0072=10%, S 0.0043 = 10%.
el 2ol A gal ka2, 0m vl

o) 30%i0l ubaz A ybigmel skl arv]eled @l
utAl AL g skel e y
<2 .0l sec A Ysialvl

W od-foll 4

Aot ] s

Al 4l

Melii- Fig 3

S ogkek A 4D w914l ¢ (noncontacting prox-
Power supply
FFT analyzer )
(L3 ;
) Piezofilm T Proximitor
High voltage Power . ISEON -
amplifier amplifier Composite beam

== E=

—— D/A convencr;———@

Micro-computer

Shaker

Fig. 3 Experimental apparatus for vibration control

1.5
10 _VS SM ME LA VL
-g :
&
L
© 0.5 1
00 T Y .
0.00 0.25 0.50 0.75 1.00
3
15
1o | DL NS Z0 PS PL
%
9
&
g
O 45
0.0 T Y T
-1.0 05 0.0 05 1.0
AG
Fig. 4 Membership functions of fuzzy input variables

for the smart structure

2o, s
e u

1«

ol §oto] dulol el el &
AD g el s AlE e vgkal
of whelstan giptha Al gleh ZEE el 414

IR TR R RN R

imitor)-:- LR

A4l
e alel
Sl el by e g Aldbate] b

ol 44 h #HH e}

[9} ]

olelalul s Falelan, k)

s

,
of el wrialol cbirepirol ele b elihag R
opEls A9k ekl ik bl A

glodlofglvl gk DA wgklob 10000 DC o4

Gz vlvoltage amplifier)- g8l gbd Lol

wrrlol Aol ek, crejar Al A
1o 4152 O YUFFT analyzer): - o] &ako] &l 4 gk
vl

gobyl DFSMC:: o f-ato]  muvfriq-eire] A

salol i Al el /] glel ANl oAl ellge) £
Salpel pelnl el Shulel Fig dsh Fig 5l 7}
borlel elel fevbelsdael elel el gakst o
elufell <ol fgrol dhebel el g At

|
Shatvh, bl Fig doll Fol 4l e bdle 712l v

Fig. 5 Surfaces of fuzzy output variables for the

smart structure



3569

] 70L 7.1 ;ﬂ = Xﬂ 0»]

o © = ~ = ]

HAl-sefoly me b

o] A} &) 7}

Time(sec)

Time(sec)

<
2]

" 0 5 1
o~ 2 - 3

Time(sec)

==

"ﬁvavf‘w’v’m I

Time(sec)

o © = = |

55555

Time(sec)

Time(sec)

(=]
[

) ey =
o~ 2 @

2
9

Q > = <
[=3 g 3

P ——
_—
—
—

Time(sec)

Time(sec)

rdoae

o
o © = z 4

< v Z > .
55555

© S ~
8 P

Time(sec)

(b) P]"OpOSed

vibration co

with tip

ntrol responses



Fig. 8

30

open-loop

i i

H O o
o o o

Tip displacement
(mm)

[
(=)

o
(=]

15 closed-loop

Tip displacement
(mm )

External input
(misec? )
o @

& 8

|l‘ll[llll - !l‘{’ W

Time(sec)
(a) Without tip mass

9}4&

Input voltage
®
(=]
1

& &

(el
(=]

30

-
15} open-loop

00 m;mm

!
-15

(mm )

Tip displacement

w &
[=JNe)

closed-loop

[y
Lo

-
-
&

WA

(mm)

Tip displacement
o

N2

External input
(misec? )
o

20
500
3. Hll
; € 0 *Nv {*Mlﬁmlm" ‘ ll ””
£ 250
=500 >4 6 B 10

Time(sec)
(b) With tip mass
Random vibration control responses with the
proposed DFSMC

7l
1

14l
L [«

Hlo) 712l Al-l]l Lgr
7o, Tablelx} 2
Mo oleh

AR BBl

Wl grkal el FH
Ham getb doll o)l A A sl
of Fozl AolqtAE arfiE

Fig. 67} Fig. 7= Asbdak 542
ofofl ek 4§ z*sv}»‘i vhebd Aol

/} ]o{ 7] 0]9 "],ul,n},g_

7ol

{conventional)-?- A

Aok A elulakel, ’C?P"ﬁ Abg-xl OL%N‘%El
s}a] 4 ghbreaking voltage)& iredslo] =& AlE
o % qleldghe] iz r1.5kVE Ags
olup, Algatel o ®atel v wbue] - el

ghod alipol vl slazul, elim AwA H ol Lrel

ofvledeigtel] vi ] Sepst Al el 4l Futel
W sk whdbelvh b4 ubdted, efeld
ojel who g vpvhud wold dlefv]sh zpgsle] T
qlofglede] e xlul, cdeicqlell Foiedl =w
sk A g 271 = Ol 7)A ek w e Alel]
efubel 7hal] 2 4] EM gedites virbe AEE
Alet7] woleh, czeiuh A|elxl(proposed) o Ak
A7k s 2 -Eepol ) Wz dlef el follix el
1

2

ol ubel obubAl g Bbsti= gkt higkel FHsled

wof Qe 2ok BAsh aslele wd F
Fsle dollEel avlvh Aa W ¥Eegd
1k 4 leh,
Aersl el &4 pA4E weh B ow
o7 18l o4

ol gdl gelah sha4Al iy(random)
haloll e gt Mol Alal g Aeetel 1 A Ak Fig
oll vhebulet crglel 4

R I
donel zvlob wstebs halel dlel vlad okw
SEREE R 4&%4.%%-1%%ﬂ4ﬂ

vho EY Ry 4] 7ol cf & r‘ti_ 3=

(=
£

slek7h71) o]

Aepol i Al Alof7l 7k g BRAA 55
woalsn agel A el

6. 2 &

Azl wlgHE o 2lgkol EA)
4] 2

Aufin G0 L =E- < El) 9] x]%—xﬂo{%— -”,:z'sg
6Wlﬂﬂ*hm~ﬂ44ﬂ 2] 4] -4 eho &) . A of
Aap A ahelel, Srbalelz] A7), F1Eel o) 4k

AR R Aol A ksl Lot
olelefeie] FohAl slzstr] slskel G obaled
7] o] g15le Aelaloick ez, AeiHlAel 9
2o} Gvpol )l Mloﬂ ubef okt Aloidl g
oAty glell A xolE% oA ol4k47h H

’”Lﬂﬂﬂﬂ

i,



o] AL &} 7}

1m

I R Aol sl qhd
5712 o aobeRagel Aol

[e]
Al el

[=A

2,

o.-:’n

jo =
. ) 7. = R=S 3 .
4 BA9E AFede, 59 fraa ene 2

H O
7lel Alefdel Fell ofal 7] zel nwhwlo) ] ubal
eir HAA FraA g Aol A rhi
Aotk mal, Aol whel Fulbsee] vl wlg)
6’}1; Slutoll e A= At 2LAo] &l 7}
Sheh, £ ol Foll A Aaks] o) 4b4] 7k 8 2] -£ o]

LJLL::HIOWI*&?— MPE%A*% AgAel feah

ofulel, 3ol g4l L cpefan wulsle 4
3(;! ;6;.,‘0? H] /\i{% e _Q’)\ H ,z” 1A ]/‘ ello]] gle V_Jg_

g A
= 4 ek

7

ol

wooipel oy
ol ofs) alzigl o,
gvlel,

ofoll £ A 7hap s

il
o

i)

(1) Bailey, T. and Hubbard, J. E., 1985, “Distribut-
ed Piezoelectric-Polymer Active Vibration Con-

trol of a Cantilever Beam,” Journal of Guidance,
Control, and Dynamics, Vol. 8, Nol. 5, pp. 605
~611.

AR el P 5,

A20¢1, #1435, pp. 117~

b= g8t 3] A,
129,

(3) Watanabe, T. and Yoshida, K., 1994, “Robust
Vibration Control for Flexible Structures Tak-
ing Account of Parameter Variations and Resid-
ual Dynamics,” Proc. of the
Conference on Adaptive
Japan, pp. 387~ 396.

(4) Utkin, V. L, 1984, “Sliding Modes and Their
Application in Variable Structure Systems,”
MIR Publishers, Moscow.

(5) #hHgsd, 2S5, 7AE, 1994,

Sth International

Structires, Sendai,

“us in,]u 9.

= o
Az AE bl e ane] fefoly] i
LA T A s A, 18, ATE, pp.

1985~1996,
6) Choi, S. B., Park, D. W. and Jayasuriya, S,

2 -grebel e o Bgh AvkE el 7 A% Al of

F 19964 = olelelela su] of

3571

1994, “A Time-Varying Sliding Surface for Fast
and Robust Tracking Control of Second-order
Uncertain Systems,” Automatica, Vol. 30, No. 5,
pp. 899~ 904.

{7) Slotine, J. J. E. and Sastry, S. S., 1983, “Track-
ing Control of Non-linear Systems Using Sliding
Surfaces with Application to Robot Manipula-
tors,” Int. Journal of Control, Vol. 38, No. 2, pp.
465~ 492.

(8 Young, K. K., D., 1978, “Controller Design for
a Manipulator Using Theory of Variable Struc-
ture Systems,” JEEE Trans. on Svstem, Man and
Cvbernetics, Vol. Smc-8, No. 2, pp. 101 ~109.

i9) Sarpturk, S
0., 1987, “On the Stability of Discrete-time Slid-
ing Mode Control Systems,” JEEE Trans, on
Automatic Control, Vol. 32, No. 10, pp. 930~ 932.

110 Furuta, K., 1990, “Sliding Mode Control of a
Discrete System,” Systems and Control Letters.
Vol. 14, pp. 145~152.

t11) Wang, W. J., Wu, G. H. and Yang, D. C., 1994,
“Variable Structure Control Design for Uncer-

3. Z.. Istefanopulos, Y. and Kaynak,

tain Discrete-time Systems,” [EEE Trans. on
Automatic Control, Vol. 39, No. 1, pp. 99~ 102.

(12) Furuta, K. and Pan, Y., 1993, “Discrete-time
Adaptive VSS Control System Using Transfer
Function,” JEFE Proc. of the 31si Conference on
Decision and Control, pp. 1434~ 1438.

t13) Choi, S. B, Cheong, C. C. and Kim, S. H., 1995,
“Control of Flexible Structures by Distributed
Piezofilm Actuators and Sensors,” Jowrnal of
Intelligent Material Systems and Structures, Vo,
6, No. 5, pp. 430 ~435.

(14) Leitmann, G., 1981, “On the Efficacy of Non-
linear Control in Uncertain Linear Systems,”
ASME  Journal of Dvnamic Systewms,
ment, and Control, Vol. 102, pp. 95~ 102.

115) Lee, C. C., 1990,
Systems: Fuzzy Logic Controller-Part I, 1,”
IEEE Trans. Syst. Man Cybern., Vol 20, No. 2,
pp. 404 ~435.

)AL S 1904,

olgak 2ol FAZH ], " g
]

Measure-

“Fuzzy Logic in Control

“ 1 ZI ’*‘L}O] L’bl _LL{L;_{T?
7] A a3 e
A8E, pp. 2088~ 2100,



3572

=

1

%)

s

(17) Li, Y. F. and Lauy, C. C., 1989, “Development
of Fuzzy Algorithms for Servo Systems,” IEEE
Control Syst. Mag., Vol. 9, No. 3, pp. 65~T72.

(18) Choi, S. B., Cheong, C. C. and Shin, H. C,,

Al

=2
[<h

1995, “Sliding Mode Control of Vibration in a
Single-Link Flexible Arm with Parameter Varia-
tions,” Journal of Sound and Vibration, Vol. 179,
No. 5, pp. 737~748.



