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ABSTRACT

A method for actively controlling dynamic reaction forces in flexible structures subject to persistent excitations

is presented. Since reaction forces are not directly measured in flexible structures, reaction forces are estimated

by using the Kalman filter.
disturbance cancellation controller.

The estimated reaction force is used as an error signal in the adaptive feedforward
In order to compensate the static effect of the truncated modes in the

reaction forces, the residual flexibility matrix is used with the Kalman filter. The paper presents the formulation

of the reaction forces in conjunction with the Kalman filter estimator and the adaptive feedforward controller.
The results show that the dynamic reaction forces at its supports in a flexible beam test rig are well suppressed.

.M B

NEL ZETE AL 71sE 7R ZAFE, ¥ETE Fot

7Z+2171(sensor) & 7F217) (actuator) 7} B33 £2E 9
& dAsted AMEHEA FE Ao (active control) ol
g B2 TvE fEsidch FAZRH, o ¥ i
o] 1xE9 WHAE Aolsl=d IFIAY, IFY 2
F2 A71E 23 W (reaction force) < #7189 73
o] iAol wre] W FEAt HAARRH A7
A #AE EFA B3 olf7 7 HE 4F 994
F Stk A WA o]f2AM W o] sed Wi,
w2 ZAo] mlg AY¥che Aok F HMAZE Ao
dgel oigt HF X7 A sbsEiAl Grke Hojth
FHo Aol WA dof Wt o= A
wZA W Fy|7p dAske Aol ok 23] FUt
de Rol 32 v s’ 58 2 FREIN 5
g wEge F4 2 Aojdie AL W A delth
* A3, FRdsty At Ed

E-mail : jhkst@kookmin.ac kr
el 1 (02)910-4834

_,_,

68/ =S TEZEEX/A 119 A13Z, 2001

o
i
-0y
Mo
X
o
r«ln
2
II
JE
tlo
o
>
o
rir
po
o
=o[:|’
o
|o
il
ol
o

)
3}2i£‘+ Ll _7[:;@6}1:_ A= WeE FAse AT
o B EE(mode)E Bez wop?

E d7dMeE d&29 g o3 T3 §
A ZHE 9 ‘*1149% B“‘i‘l E 7HA Wy 5% A
e olF
s F 45}‘“ Ao 4HA A e FF71(Kalman
filter estimator)®® o]t o]s} o] we] Wa HHE
7FAZ AR (support point) 9 ¥HEE Fol7] S8l FS
77 (adaptive feedforward) FFA 71| A AL

o A% A7 A AHANE slgs wAL e Aol

71& A% (reference signal)°lth ¢ 7% 4A%& 53}
+ FIR(finite impulse response) TEE Flo T2 EY]
S HilE 97 g8l Aol gFol FAHUL o
A%l FIR "elo HEAE filter-x LMS(least mean
square) €5 ALetH
T AFAA FHo2RE 4S8 F e ARY vy
< HAa3s -rlfs}@] QA A57F Basith of 24 4l

l‘l

ET‘E vt gy FH7|28EH @% F Y=, B 3
3 FA3E He 92 o REr a3ty dhEolA
modal truncation®.Z 1z Rz o] 7] ufFol



A W@ o) X BEsh AA 9y i) mXE
FEE Hh FER Fo)7] YA v Frto AF 4
¢ 33 (residual flexibility matrix)'"¢ =stct,

2. A8l &R

l]9.

qrxe AY BUZA FFo] 9B HAF et
& (overhanged) XA BHE A3 T, off
13 7ol A AI= o] 9}, o] FA|F| &4lo] He 2
Kol 3125x25%610 mmel Aol& 7kAZ Utk
Z Zo)9) 3/40) B AA BRI, U] FZo|9
1/40] QW2 dolgit}, o] AY AXE o 74A]
H £33 gHdd B2 23S 95y fste] sAA
€] dhue] HHTHE T8lshe] ”ﬁlﬂi’iq

o] AFAY A& MY If AFFc HESE 296,
712, 167 Hz2 AR HU, o "“ﬂ FHAME AA AR
<] wkgo] Fig 1ol B Az 7o) ¢4 2= 4
(2 ezoelectric load cell, PCB208B) 2 &35 At) o] &4
3 3ol FAE W HEHAL, o] FHE dlEel
2 8z | AHEESIT He HE f& 74X 7](Kamen
ircuctive sensor)ol 93l SRS, AAE A 12RY
15, 170, 280, 300, 480, 500 mmol A& = o] Utk Eo]
L Ao dE-g F71 s dA7)4] 7k 71(Ling dnamic
snitems model 203B)E F3td ¥E Ko 7pgth EE
3-8 3 A ol= National Instruments ATMIO-16F-5

T2 F e
w to g
E 4

..

— uu —

~

E)“—-

burd € 7H0 AFEE QLA AEY ¥ 600 Hy
£ 7M.
Support panel 1  Disturbance Support panel 2 Control

Actuators
Sharp screw
Beam |

H—‘ J—i_'_ Sensors I&?I_h Sensc:rsSensor

Actator
Load cell
Holder

o

.

holder
(a) Top view
Beam
Support panel
Compression
Load cell Screw

Holde Cylinder Sensor holder

] edge -

7
(b) End view
Fig. 1 Schematic of experimental test rig.

3. =l oA R

3.1 AE ABX H 2d

B A7 4% ) BeE /% 24
Atk 12712} Bernoulli-Euler B 248
SHHAE s

Lt Sl ] S ] £

714 W9 HE we A9 KA YA EH W
AES ek Rolz, ¥H we HEAY FEHES

Boz E@B‘FM
2 W 33

gehd Zolt. ¥ Fot P 9€oz sl £ U3
a0 wEE wEoR 247 Y9t 4 (e, 293

744 82 Af(free) b AT (restrained) HEZ U

oA of7|A AFdHE HFE FHYe] f17] "Ee 02
2 AT Fo4F0 AA 23 gl A (DS FA9Y
WA A0 2 poiZi)

Mi+Kw=F (2)
3}

M w+ K, w=F, (3)
4 ()N Foe AYe A9HS ZHER FojA|1,

A (2)8 7HEE HEE 4 (34
g v JHE Fo4F 4 Sk

A&, 4 (3)9

Fc:Mcc{Mil(F“Kw)}—'— chw (4)
:(KCC‘MCCM*IK)W—FM“’M-IF

o] WHE2 W9 ¥E 9 FYPEo) JFd} RE W
9] ZAo|] olHT 48/(F 12724, 2470 AEF) 9
A4 4 7)(state estimator) 7} AAZFLE A akslr]
oAg7] Wiol, Zd2 478 RER ZaHe A

Aeo 2 5 AN g 22 IEY W 7}
2 2 AN ¢ Aok

w(t) = 0g(?) (5)

o714 0= A9 orthonormal FEE
A5Y Axe Wyoldt, A5Y WY ¢(HE [of ¢f]'2
EESHEd 9714 r3 & FX ¥ (retained) =9 A
A€ (truncated) ZEZ Ztzt FE, £ Hx ¥y
v A" REE AMEEY wEE Yedie] 2 4 9dth

FBolL (e

RS

ojo

HEs=EA/A 118 A1 3, 20013769



9 7289 5%

Hke Alo}7] AdA

of AHgHT Q7] o
Z7M9)E Ao
e 2Ay)e F7)8
Z7 wm AL AN R AolE BibsEA BEL

olo] it tieteZA AAY R AAFA FHS
BEE 25 794 930 AT, A (6)%9] 2
3 ¢l Bolgles dgor AHoHu

o

w=(K'—0,A;'0NF+ 0,4, (6)
A71M A= dAR Bge 2ol 4 (6)9 €9
A Ao 2A 2EWY Ue HAY I §AE RE

of g EHolx, *é'& el A WA F2 WA sl
A =9 AQHY 7Y AFoly, o I /FAE
ol %A e Aolrt o] A WA oM F
WA 2 W AAE 29 FYsHA g9 At ¢
Bhd  Qloh viAge g o Age vy kg 98
JF FAY B0l 2D 4 (6)2 4 (4 Ag3pd
st 22 A% 42 7 Aok

Fe=(Keem M M 'E)Y{(K '~ 0,4;'0]F

+0,9)+M M 'F (7

3.2 M2AA Moyl

o Aol L 4 (N)H 2L AA, 23 59
g Y AL WL A Aold 18T X
g 9 oA ZAE LMS AL #3 Ao YzgEeR
A7 AIHel Ak o YIAEL Fig. 201 A A
e ddo] At mAS UT?. Fig 2014 elgel
Fa7l 4HA 9lerz Z3AITE function generator
of AAsch

Fol7 APAIN Al U4Y »= AYH AEH AL
7] 95k, FIR YEIS 330, ARz 12E Ag
1=
Flezible Structure
Control Force
ul®)
Response
Eeror) Reference
ance FIR Filter Signal £(1) j
) ar gz
FIR Filter
wo +wy z 71
LMS
Algorithm

Fig_ 2 Schematic of adaptive feedforword control

70/FaSTSIEEX/A11E A 1E, 20014

w(D = (wy+ w2z~ Hr(D (8

A7IA west wE B ATl 27 29 Az A
A 28X Ape TEFH 2L Ao 4F JEHE AL
At

D= rysin(wd) (o

LMS ¥7a5e wudgoz dde A4 Ao e,
o N5E NROE Fel AT AFE ANSHE D
Folct

(10)

Wey 1= Wyt 2pe,7y

A7 wi= WA A7 kol WE Ase] HEOT, »,
(NEAZ)E BAst vz A Qe Aol dPolT, p=
S8 Asolth I 934 & £ A4 A 29 golok

2 ATolME of kgl Al Weld v 29 sy
T W 4 (7o) EAHe] Yok hEE 289 oo
NE oldd wEe) £30] sisan 9o dgEa 4
10N 23 NZE ARYY Sdo] Was

a,+Aq,= OHF A+ Fu()}

o) e HOZ Y WL Uk FS F A, I
& AHDF Aol 98 & w(HE BHBD FoiA A
N8 z=[q? ¢,"]"8 olg3tel, 25 ¥

A2 ez 2o

x=Ax+ Bu+ LAY

_r o I 0 0
1 -4, 0 x+[ 0,TF,,] “+[ o’r,)”
y=Cx(D (12)

714
o,

Ce AAEH, 29 yo #A" €& ved

<

4.1 2 =g
4 (12)d EAge Ad2
a2 23 ¥HE Ad THE

z3 ¥rE 7}Z45137_ a
T3 B FES FIHA



7 7 9
SoeA gu PAY WUz et 2ol Qo] A & 9 ]
2 5. Mle HXi9t
c_d[A=] 0, 1 0 5.1 &8 Hx}
A= S o] 1) (13 s
:Aﬂ[ﬂ; [ ol VI B A%t 4ggRed, (1) A uA A9
B
dE wEE, () FouA Ade 9L, (3) ATeE
Q1M g WA RS AU A% B AFs WA ool o MEEA, WA WA AHSZRE 39A 4

51 3PPl x/ o

s 4 (

2 yehlls AH et A
(12F 4 (13)% $AN A2 g 4

e s
g 3
[e]
(& T

[2]- [o ALz o]+ 5]

x,=Ax,+Baut+ L,y

(14)
(15)

A7M L=[L 01 4 (15 4 (1)e o 2
12 gehse, x,=[x xd7E A8 WEE qwﬁ
A, B, L, 2 (109 dses 238 sz

x. Fo=
%

4.2 MEH FHI|9 Ui It

A (Dol Foi7 Fee] wigS ‘337] A B2
e x,7F GEACE Y olF KE AW WeE
1 3 F471E 0T e AE W
=

We the A3 P,

2

=
=
4 3}

il
pach

de

2,=A, x,+B,u+ G(y— C x,)

o 7] A, 36\,;
He &Y, G
SERECLE!
o= X2 BSo) B H43 FoaA HdE F 9
$12} olga WM 1.QG™ ¥ (linear quadratic gaussian)
v Hojg} K2t} ojo tlsly TR/ FEIF A H
27t A MRS5S BAlE) Hste 27dd

HH2 2 (7)RZEE YFge @A Aojgo R o]
ol Y, Ashd 4 (17) 7o) 2o A & o)

—

rir
ox

-l)v
B
o FJ
o
o
N
)

Fo=((Keem M. M 'K)O, 0

{(ch¥ MchilK)(ch_ ¢7A;1w3)
a,
~ T

+M M YVF, 0] ‘1}

7l
+ ( (ch— MchilK)(ch— ﬁrA:l¢Z‘)
+M. M IFu

(17)

Al 912 W) E ZEE & AoE YeEAE A 7t

A g BdE An=fysin(w), 971N £,=21, 14,
14N, F3r » =10, 20, 40 rad/sec. Fig. 32 A& R
ARE PO ® HAS Aeoluh Yol Fold 7zt &4

ZEEE 247k AEF g3tk

AT AT 7H7lel &) Aol S&HM, 1 FFoE
Bl AF A w"dS AT ¥ A A
Hol WelE S8y, A/D HIrE 3t HFE o
d o JEE ATt AFET AT duHrE £
st BE AHHETE 27 ZEH F37)E Sk ALts)
3, 0] 4o HRE ulgo R Halo uwiEL 4 (7)o
RE Ak A9 jrge] Aojd w, wigo] 9 A%
A AMEEH, oo WEE FIR RHY AFs AMRe] A
Mg dfogRY ol vl AEEs WHE Fy
£Hol, FH ¥¥EE AA & EHoF HFHENYH
A/DHEIIE Fl Ao 74712 Hujof vk

714 AFE el A7 filtered-xF-EolH, 9
Box QA o]2& RAF ZE Aotk 1 FETL
LMS 2z #dsA AdAE 48 o F42
NzE HAse] FAHAS W oA AFd 2 A
F71 Fole FIR B8 B4 e gl =3sta, iy
S 7HA719 A @A S AN gAle] 2ol His)
ok

—

=

Disturbance f{t) — Control

i

Displacement
Probes

PR T e T e S S s S = e o e — ——

| - |
! Kalman Filter Estimated 1
: Reaction Force (Bero) :
| ‘} Filter :
| Weights
: Rcfgrence M eight |
) Filter |
X I
| —p  FIRFilter |
: Computer :
|

Fig.3 Schematic diagram of experimental procedure
for active control of reaction forces

o

FASHSIHEHX/ALLLA AL1E. 20014/71



#d FE2EY SF Y Aoy HA

g s
:
§ g
Ea 5

]

L

15t estimated load (N)
'
2nel estimated load (N)

-2
5
0 2 4 ] 8 10 0 2 4 g & 10
2107
2 2 — —
Z e E | D
o 1 E 1
g =
£ 0 g
-0 153
2 {
%] ]
_2 . - " *
i 2 4 6 8 10 2 4 6 & 10
Time (sec) Time {sec}

Fig.4 Control of midspan displacement using the filtered-x LMS algorithm with
Kalman estimation, showing (a) measured load in support 1, (b)
measured load in support 2, (¢) Kalman estimate of load in support 1, (d)
Kalman estimate of load in support 2, (e) control input force, (f) the third
midspan displacement from support 1

522 ¥ B Ao} Aol 427t A FrE FEIE ¢ F U=
(1) 20Hz 289 2% Hl oAz RY 2H AFEc] YT ¢ F Utk Fig
37k A —‘?—7P ZA3EA Fig 4~69) viept gich 4(c)ol el o] A WA FHE FL 3% HLE
7zte) Aol AE Aol dsiM B delel EH%F7 YeR R, ofef digh Al i](Flg 4(a)) o HlaLspd ¢
st filtered-xFE0l FEE & YEF 6027 A7 <HEE ¢ + Utk Fig. 4(b). (DAX vepd g
g sk AFelM He A o] 172 Ad Fd Aol PHol 7 Fell A 3—7} stk oo WE o)
AoidEE Al#stgiot F2e Aogdst A WAl A vt 94do] wiviel
Ztzke) A= 6709 3}% 1%‘32 = e H, A5 A AHe W sl 7] wEelth
(a) 38 AH 19 “Pa 53¢ A4 29 ¥ (o) FoRiA Yo gA, AA 19 W] AoHA Fig.
F48 AW 19 0y, —?Xé% A4 29 W, (e) 7t 5(a), ()& A AW BT AZRE Nio 4=
A A 44, (f) ?” A3 Hﬁ L}EP‘*D}. =349 AR 19 vEe vekd Aol °l 7§-Jr§ 7AREE 30 % 2
BE e 2 AzRE SAHL 49 gFe 2E A A2 U 3o Fig. 5(b), (A2 A4 19 o)
A A AAZE AAe vETh FoEe B¢ AF 29 Wl %ﬂ?ﬂ# e £ 7
A WA dPosA, HAE Aosr] 9F dFelth dth ZE A}t s BEE AE AEFHS 4,
Fig. 4(f)& A=A &2 HAET Aojd MA= 40% Fig. 494 dehve As & 5 ok
Zastflon o|Zlo] o] dyg9 FEHot} Fig. 4(e)2HF A A Aol ME AR 29 ¥l Aojxit) Fig,
72/3=m2Z8s3EEA/A1LE A1Z, 20014



ot

oft

2

(@)

1st load cell {M)
&

2
™

<
[ 5}
.
k=]
=~
=

L g

15t estimated losd (N)
o

g

—

Contral Farce (M)
A @

.
="

B S S
Time {sec)

Ly

2rid load cell (M)

2red estimated load (M)

Displacement ()

0 2 4 & 8 10
Time {580}

Fig.5 Control of 1st support using the filtered~x LMS algorithm with Kalman estimation,

showing (a) measured load in support 1,

Kalman estimate of load in support 1,
(e) control input force, (f) the third midspan displacement from support 1

6it), (e AR 29 A4 vy 248 0=S ved
Al Aol el AR o A 19 6y Aojrcth
A4 29 WS ofF QA BaE T 4 Urh wH9 65
%t AasASS & F Atk AR 19 9y Aol Fet
o Aol 4HY 40 %E THATME A o] Tabsid
(Fig. 6(e)). Fig. 6{a), ()= XA 19 Hbgo] a7k &0t
Tir & o, AR 29 g dEle & syt ¢

T
A7 19 wEE Aeisks
)7t xﬂwaoa am o} o}
»{

T Ao} 4 71d19
237y 18 FA4 Rz
<l ol
b olvh M3 A Ao

7<)} A ZRA7)7] 98iM e o] Akl uEe F
itz doltk
(2) 10Hz 9 40 Hz o 489 4%

Fig. 79} 82 o ¥ Fabge] 792 109 40 Hzol

(b) measured load in support 2, {(c)
(d) Kalman estimate of load in support 2,

A3te vl

FArEE B

A IL%"E

A4 9k Hspeloh

Fig. 73 8%, EE Ao7]e] Aol Zdzte HFHo)
= d3FE Yae e RAdFeE 9, B3 dHy 9
of 2 Heole d71A &8 AHE HAFET
HejAol7le ZF FurddE HAE F Aodls o
wate] 10 Hzy Afols F 94 AP w=8E T4 &
771, 40Hz7§-r°ﬂ,, A A 39} T A AR 4
Z7b7h ol "ok ojRE 9d, AUYgy HAY R
Hejo 88 agoid”. Fig 74 8ol M, $4H T 9
7% stgatolell ofrre) Apojzt vehh, Q@wEo )
Fro F wm} We Aol £ A dXE TECH
o714 o = 2T A dojgg Hrutd &

SRS IHEXN/A11E ALE, 20011/73



#4 T2E TF Y Aoy 4A

L]

21 ()

1st load cell {N}
[~3
2nd load call (M)

r

[ )
(%]
FoN
-]
(-]

10

z z
% )
: :
o
% 5’
£ :
7 §.l
L g
o 2 4 6 &8 10
10°
2t 8} 2t

Control Force (N}
L
Displacarmant {(m)

¥
s ]
x

X

0 2 4 6 8 10 0 2 4 6 8 10
Time (sec) Time (sec)

Fig.6. Control of 2nd support using the filtered-x LMS algorithm with Kalman
estimation, showing (a) measured load in support 1, (b) measured load in
support 2, (c) Kalman estimate of load in support 1, (d) Kalman estimate of
load in support 2, (e) control input force, (f) the third midspan displacement
from support 1.

~o-d4
6D T 3.0 v
a 25| [ esimaedioas o1 | o_sdea |o
€an] {Z20] o ]
: 1 Ly
= o o o
E J o E‘m ] “ o ] E o o
& a 72
220 o 1 w10 O 2
£ . ° a & B
e
o 05 4 1 .l a
oD - T T T T T - 1}1] . T Y T T T T T
open-loop diep. it Znd open-locp diep. 18t gnd opan-loop dlep.  1at gnd
Control \ariable Cantrol Vvariable Control “ariable
Fig. 7 Results for 10 Hz excitation tests.
Fo) BE Aol 49 &4 28 A% vk Wele A% HUER Uekd Zolth Table 1904 23
(3) g Ao} A% 249 W Aolsh F WA W Ak L IS 7
dlolEe HFHQ B0 zA, Table 12 MZ ©& & gtk oleks WHE A WA 6 Alojo] Afde A
F9 A7)t SEHAE o, FTT WA FAY A o] A3 # Zash, dA Ase Aoe HE $2 &

T4/ 2 43 HSISEX /A 11A A 1Z, 20014



2

ol

“g-d
60 T 3D T T v -
" 1 estimated load
25 O load cel o load cell
Ean. €20 ] a |2
€ E 7&4_
g €15 4 a 1% | °
8 ju] -9 o 2 [u]
= a a a
1 { a0 1 3‘4 )
v | o " U4 h=4
E ° o §] 8
< 8
o 05 1 1 od
DD T 1 T M T L) DD T T T T T M F T M T
open-igop diep. 18t gnd open-loop dlip. 1t gnd open-loop dlep. 1t £nd
Control “ariable Control \ariable Control “ariable

Fig. 8 Results for 40 Hz excitation tests.
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