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Experiment of a Simple Feed-forward Active Control Method
for the Shock Response of a Flexible Beam and Performance Analysis
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ABSTRACT

Active control method is applied to a flexible beam excited by a shock impulse in order to reduce the residual vibrations
after the shock event. It is assumed that the shock input can be measured and is always occurred on the same point of the beam.
If the system is well identified and the corresponding inverse system is designed reliably, it has shown that a very simple feed-
forward active control method may be applied to suppress the residual vibrations without using error sensors and adaptive
algorithm. Both numerical simulations and experimental results show a promising possibility of applying to a practical problem.
Also, the performance of the method is examined by considering various practical aspects : shock duration, shock magnitude,

and control point.

1. M B
GToF RO ATt R FYFA)
A, 227 $3 2ol R AR [ BAE

Zt= F2ES F9 TR E(flexible structures)©] 2F
gttt o] e RFATREELE A5E AT
A5t AFe] FAvF EYfle]l AR Ha Qlth
welA] & FZAshock)olU olFAE FHRAF
(residual vibration)o] 2.#] A &H= A7t 2}
a2 Qs .’I:B]-E]}_: AFAEO0FE QAFTYA <y
U Aggt Sralo]l HA oo AWI AT
oAM= iHE']U]-EL(chatter mark)®} 22 A EWo|
At e ERS -‘?’]5‘]*11013] A5 LA
3t 340l =oAE EAFe L Al
51‘3] '?r?i?l TZEY JH J%t TEEY "R
7YX gt e DEAA A Z A (reliab-

olgdt FAFZES FFIAFA WHdde
F7M71AY 74 A (damping
materia)Z 13 FZ2EY HFS gAE=

% Ao (passive control) ] 2} S F-o|A oA

T YA dsdsta 7)AFEF Faf
E-mail : kshin@andong.ac.kr
Tel : (054) 820-5885, Fax : (054) 823-5495

« B84, dEohsta ot AT

& 7het] §22 AstE FFAlol(active cont-
rol) o] AHg "l FEAYHL FEAAY
Holl vlsl] @dEstn AAA o)y Ao 2 F
Fol oy AA Fz7F AAASG et A #
A 52 870 wzlsty pRFuLE 7pE A
A AL AL oEHRAE @l Ut
el gts] TF Aol W vwA B v
o] o] AQHE wHo] YAT AFH/gtE
9} Zo] ulg A FEY A, sEAY
HE SFEAoliy vud o &4An8E ®Ho}
otd 4 Qi)

FATEEY sEAFA Pere 72E
o] Wsle]] FASA HIE 5 UEF AHNZE
A& oo wE FJEAFE HEsE A&A
©](adaptive control)®®H}Ho] i}, 1B}t ©] S
N HZ A 9} Fopgn] Foll gsto] AoJAAE
o] A, H3 @] AF Aoy I
o] WojA = g3go] .

2 dFdA gFd stux e sEAele

Ao 9@ FFAS 27] AYSE FEAH0|
_olel AlAHEANE o4 TEAF of
= AE“%E AAE A3 T H9H
UG YA oN dojuhs AS wd 37 9

:": 9)\_]—_7 }\]/\Eﬂ_/] Dc—llal ] 7\&@%}-5]
Geluze) #EH Ao duegE

A I8 fle de AE&_%E

1s FEY F Aok B AFA

oa,

<

ox ™ o r°"
ttlo -Yl ok

KX
=
=

2

i:l

8l

Ao} A

o].;g]A

of lo O % O (T L of

ol

)

Ju!
_l



oS dEEetE 20061d 2AS SR =EF

= A9 % =2 H(low-pass-filter), Y5 E7](power
amplifier)s o8] Auje] 542 s AlA" B
49 & TSRS AE719 AAMTE T 9
Aol YA FEdhe ¥l H A2 A 2 E (nonminimum
phase system)2] 542 1#E3I AAF TS Fol
71 f1stel wdl Y FIAFSHITTEFRAY HA
A+ (Least squares methods)S ©]83Fo] A HE
(Optimal filter)?& FA3tz AT Aojg L T4
st

FaR e AAIt AFolBE AF7Iet MATL
Vedtd A¥ola Ko] fo] sof stEZ A
71=-71A% AgAdol W F1 A7HA AAFA
7 FES e Aoyt bsdt $FE 7 (piezocera-
mic actuator)E ©] &3 FEIAEXYE FFFAHS
gAloI g ARy OO

FRNETS AHHA s AFEI AA
thekdt zlelA e et 5?7634 35717}
o|Fojzof gttt B AT e FAYHY &
AlZbEr Z719) Wste) mE AsAPE gl
wst xﬂOV\]Z* Ade] mE JeAE € A&

Fil‘

2. woflel nEY

Zof g}, Fig. 1 & AU =
el sl %}313}%7](}’21‘)"“"1 "8 E‘—‘%l]lf_
7} Zgsta Yo EdoA ¥y wx ) E A
g, JEAYGT B EY Alole #AE F
4 FHEFEFRAE YEPE o553 Zo] 83
Hr}.

G(jw) =

Z aM¢n(L )¢;1( ) (1)
V( ) n=1 M [(w -0 )+.12§n n ]

RE 84,y e A7

taly

P

o] 7] A ¢,,(x) = %Y
i

4%, g, & FRDLEI] AA(Gain) Fkolv,
0o DEFAF, V(o)e 4B, 283 ¢
& Qo

Piezoceramic Actuator
(40x30x1mm) Accelerometer
’ L,=400

.pe =85 Unit=mm

Fig. 1 Flexible beam model

Fig. 2 (a), (b= FAYl g Fa+SHIF
HA7)(magnitude)2} ¢ (phase), YEBX2=SF
Response)& 247 LERHAT.

Ao AFT upe} Zo] B AFoA z<td
J=¥9e $F5FFSHANME A2l A
ek mddgo] o Fasitk. 1 olfE Ao]7]
A Aol HE Inverse filter & ©] &3t FA
€ xﬂomaal A Hxss] Ageld. we
A Ao} g EdAA AHEHE FAFSEYRTE
s 7‘}*1]«] For3EET7t ofya HYFF
7)(power amplifie)& FH3t7] A Aze Nz x
A 7](Signal Conditioner)ol 41 A3 A& A}o]g]
TS HEFE FIAT. ole o FuES
AHA A= A5 I (Distortion) A&
agsty] Ageltt. Fig 2 @IAE HERA &
$A T 3 ARE o] uzEE2 3715 ull -
A3 B5g IARE JES w2 2

U
A B @RI TR & 9TE GAE
A 343

= (Impulse

-100

Y
5
8
(3

Modulus (dB re V/V)

20 40 60 80 100 20 40 60 80 100
Frequency (Hz) (b) Frequency (Hz)

T T T T
I | | | |

wwwwww

—t———1———-r——-t———|———1———|———|———
1 ! | 1 1 1 t
1 l 1 1 1 1
1 1.2 1.4 1.6 1.8 2
T'lme(sec)

. 2 (a) FRF. Magnitude and Phase plots of the Beam
(b) Impulse Response of the Beam

Magnitude (V)

Fi

G

3. HMoi7] A 3 SIMULATION

(Linear System)2.= 7
% AFH %}m}%%



ro

FASWEFTE 2006 FATG SN =EH

if t>1

0 otherwise

2E, ()8 AEE Inverse filter, G'(jo) S
T3 AA Ao} AE, () E FAT.
x(t) 310

1
Flexible Beam

n(®) (1)

e(r)=0

b~
-
A

G(jw)

| M G™'(jw) ¥ » G(jw)

--—

Fig. 3 Control process

Fig. 4 © A5l 23 Inverse filter, f(n) S
T3 55 A X(Block diagram)E YEbdIT,
d(n-k)
h Sn-k e(n)
LR TAY LN

Fig. 4 Block diagram for designing a inverse filter

h(n) < Impulse Response Function & UE}Y

Mixed phase system O] 22 A A Inverse filter & 4

AlX o) = delay & 3183loF dth. Optimal inverse

filter, f(n) € &3 Zol F3td X},
f=R"g @

21(2)& Matrix Fe2 ZH3MAE b33 o] e}

3 5 At

T (@) 1y (D) rw(M) [ £(0) h(0)

r, D1, 0) ... ra(M =D || £ _ 0 3)

T(M) 1, (M =1) 1, (0) |{f(M) 0

g = Cross-correlation Vector ©]¥ t}-3-3} Zrc},

N
gm)=>" 8(n—k)h(n—m) 4
n=0
R & Auto-correlation Matrix ©]® &3} 7t}
N
rn(m) =" h(n)h(n—m) (5)
n=0

Fig. 5 & Inverse filter 2] A9t FAW o] zdy]
WE YeRfITH ZE Y Alee 500 solx
€ 100 &2 EA33ir

Delay

o
k=1

T T T
I I I

| | 1 1 I
‘g 50 — - L — — __1__J._.(a).__:___u___|-_._|-__
- I I | ¢ [ i ' 1
% 0 | [\ I I ] | ' ' 1
8 J 1 1 t t i ¥ i
5 PN | I Tt i | + il
£ SOF--r--ft-—t-—t -t mdm 4=~~~ o~ ~ —
L [

1 1 ) [ t b 1 i
i3 1 1 .l 1 I ] t 1
50 100 150 200 250 300 350 400 450 500

Index

N
=3
8.

o
-]

— Model Beam
Inverse Filter

L m)y

\

Modulus (dB re V/V)
=]
1

1
|
I
I
I
1

&
S .
or—

10 20 .30 40 .50 60 70 80 90 100
Frequency (Hz)

" Fig. 5 (a) The designed Inverse filter with delay
(b) Frequency résponse 6f 'G(jw) and G~'(jw)

94 295 Inverse filter 2 TFAEH Ao} 7]E o]
&5t AFYH AEHNHAES FP3A .
Fig. 6 (a)= WHAAAHEH Y F44HT Ao
YERI .29 Fig. 6 (b 22, G(w)°l &
9l 7FA 3F H 0.5sce T AU S TAYA
< WY IEE YERAG. AojAls A F
9 AFIT YFEEo] AAES E F Jv.

----- Shock Input
Control Qutput

Feemaen

With Controt
Without Controt

Voltage (V)

2 22 24 26 28 3 32 34 3.6 38 4
Time (sec)

Fig. 6 (a) Shock Input and Control Input
(b) Comparison of responses with/without control



ot

FaEUEF e 2006 EAGEHI =

Table 1 Specification

£2 A9 49

oL

2 Fig. 79 YeERNSIE.

- Input Voltage 160V
i KeX 2z} o 519 :
Fig. 8 < Xﬂ 0] J+ EL}E} 9%13]- :q' = 37] (Sl_gnal Shock duration 0.095 sec
generator) Z5-E]  RFEO|Z FA¢E2 v Control Point 0.483 sec
(ha]f-sine)&‘ Bjle] g2 E—g o219 A 2] 7}(DSP) Filter(0.1sec) + DSP Delay 0.232 sec
s AAZEs]2 BT, AAZE7]0 YW A
sE §dwe AR gAEAYN2 988
213 E Inverse filter & ©]-&3}9] 0.5sec o] F9 &
HAZL AAS F AojHL WAL} o] (a) Without control
£ 24999 7 AR gL Dsp)e)
A& E o] A AA IHDelay)E e golct. 180 =4 - m - R R
s 1 | 1 1 '
3100 ______ b = = — — R e Tt SIS
-] I I I I i
$ sop-{---- e
PCB Series 790 . : : : : :
(Power Amplifier) £ . 0 0 2 4 6 8 10 12
e Time(sec)
Response of Flexible Beam
) §
= 1f
5
2 or
g 4L
-2 -
ICP - M32 e ’ . P . Time(sec)
(Signal Conditioner) ‘ X oL
A piezoceramic ) (b) With control
Signal (40'::::::::.-.)
generator Shock Input and Control Output
! 7 T : ! ! :
Shock 2 PC R i b it el iy (alatatdh St didedaty
lnp“t P \*.;—-l(ll:;:(ﬂ:;:xb;;::a) %,100-— —--:-——--—: ————— :————JI————}- —————
ower @ ] I 1 H I
g P ) 1 S U R O A I N
ADC U | APc l : ) ! I
Control A oron ) 0 ) 2 4 6 8 10 12
Controller | Output Type 4508 T Time(sec)
(DSP) g W Response of Flexible Beam
Antialiasing 2 1 | '
DAC ——l LPF P N I A A ___v____|
s T
£ T
Fig. 8 Implementation of feed-forward shock control O A A S N
2 6 8 10 12
Time(sec)
Table 1 & 3 YFHY A7) 2 AJAA, AAA T

& PRI Fie 9 @2 S99 A a2 Fig. 9 Experimental results of half sine shock input
H L. = . (o) alt sine€ shock mpu
_g] _COT];,:']-% 1/}_]:44/“ %\:}' Flg 9 (b)t‘ %—Zﬂ]%}a(}] 7]_ 1g Xperimental results

_ (a) Without control (b) With control
A2 F AfdYE satel faAMe ARAFL
Alol@ Aolty. AlEHo|HA Ao} mprx R
A= £ A7 ALe AogPo] of$-
E3RYS ¢ 5



o)

Fa&ysseE 2006d EATG SN =

5 A

o

ol

2
5.1 4099 LA GE Y5EA

=499 Z8 A 7kshock duration) W3] o3k
A& EA87] St thga o] wHA3

3t (half sinusoid)?] HE|Z FHF715 ZdFy 35}

Art.
Y sin w !
@)= {

YE 3437009 o, & 7RIFHE, 2 549
Hol LS vehdth 7 Fakg, )
o A&ste FLAZE 2 vt 2REST
o] el A&LFIAE AAI} WA
Fee f4gel st g 2 ARAFE &
71 FAYY 1 2 LFHF71(0.0955¢c)E 71EL
o] o F919 LA AAEAT). Table 2 o
X o} o] ZEAE TA o}“w} :1011 e 3
A A A A(delay)S Fol A52PL 3319
T} Fig. 10 &3k W3lo] m& 21101@?% (a)~

¢

wi

O<t<t,=7nl0,

i>t=nlw,

o o
o> 4 X U

il

o o2 o

o e

(% ZFATY ag, (DS ‘%E}lﬂ?}"% g

& ofdlsh go) BEHYAT.

a8 (%)= X=X 100

1
= Alojd HAE, Xzzﬂoijf— 0.1sec At A
o]t} &J7]A] 0.1sec &= Inverse filter delay & 18
2ol tlpre) Ao
“i"‘i_ 0.1~0.11sec -9l
B 2 o} Ao
Fig. 10 (c)9] AdelA =
717 ulg- e A
Hoz Wl WEd 2

ﬁ_
iy
2
O{MI
)
oo
it
12

o oi_t_%rst.!}n >
olr Hir
flo

Table 2 Specification

Decrement (%)

1

0 1
0.08 0.085 0.08 0.095 01 0.105 0.11
Shock Period (sec)

Fig. 10 (a)~(c) Control results and (d) Decrement
which it follows in shock duration

5.2 34370 ©e& 45N

%2} 3 7)(shock magnitude)®] W3l W& {41
o ASEAE FYPsiglen FHAV|Y He=
Table 3 o YEPUIAT) Fig. 11 S48 37|92 Wt
w2 AAAH, ()} FFIE FAE, (DS
ehdigleon F4F7)0 & A ENge v

Shock Input EAY

Shock Period 0.08 ~ 0.11 sec

Control Point 0.472 ~0.494 sec

Filter(0.1sec) + DSP Delay 0.212 ~0.227 sec

(@) (b (9
o5 0.08s 05 0.095s 05 0.11s
: : P
= 0 2 0 = 0
s s =
05/ 05| 03|
- 4 -
a 5 1° 15 0 5 10 15 0 5 10 15
Time (sec) Time (sec) Time {sec)

A FEY JHolX & A5 %113“’ E
+ k.
Table 3 Specification
Input Voltage 72~180V
Shock duration 0.095 sec
Control Point 0.482 sec
Filter(0.1sec) + DSP Delay 0.225 sec
(@) (b) ©)
. 180V s 130V ' 72V
: :
;1 g»1 ;I
“0 2 4 € 8 10 [ 2 q L] 8 10 L] 2 4 6 8 10
Time (sec) Time (sec) Time (vec)
(G
100 T T T T T T T T )
G T ! b ]
- eo'—_T__T__l___}___I___|__'!__T__r__l___'
S 1 | i } 1 i ' | ) )
2 B0F-—t--t--F -l -mm-H- -t - -t - -k - -~
Y I TS S S S S S S
8 | ' | ' | | I [ | !
[= TN ) S N | N e I
1 | | | | | I 1 I I
o i i i 1 1 t 1 1 1

]
80 90 100 110 120 130 140 150 160 170 180
Volts (V)

Fig. 11 (a)~(c) Control results and (d) Decrement
which it follows in shock magnitude

5.3 AljA| Aol wWE T EY

% FAAAE FAAYY S4B AP

2 FPou B AoAE AojAde Mdd e
AsAgE k. Ao A F(control point)o] T

Fig. 12 o4 Uehd 23} go| Alojstnat st
Aol AZo] 99l A HF Wolzxl AXE

o] et

o



ot

TS E 35 2006d A

g

Bl RS

Voltage (V)
o

o

i ]

0.5

> L WP |
i S| A ) ) 1

: F . Y R B IR DU P
1 ] I I 4 | I

b pd UL _hin. GontrolPoints __ |\ _ _i___]
i i 1 i I A1 1 1 1

2 22 24 28 2.8 3 32 3.4 36 38 4

Time (sec)

Fig. 12 Example for the Control Point

Table 4 = AAANHI 0] W& JAF

. 2 AFRE Fig. 13 L AojAH 9
Ao d7, @O FFIAFY A2 F, (998 Ve
gk R Fo] -0.03~0.03 Fol 4

g wgsts WA 1 oo T A

Aasjop gt

1o
.

YERRRL

o
Aeo] oe

e Aojy

(o]

Zldiskrl= JE

32 Ao A A

]
? b

Table 4 Specification
Input Voltage 36V
Shock Period 0.095 sec
Control Point 0.464 ~ 0.500 sec
(Amplitude) (-0.14 8~0.130)
Filter(0.Jsec) + DSP Delay 0.210 ~0.246 sec
(a) ) ©
02 -0.002 02 -0.089 02 -0.148
ES E )
= Q 2 0 2 0)
= 0.2 = 0.2] > 02|
Ma 2 4 5 8 W 4.‘0 2 4 6 8 W 0"0 U]
Time (sec) Time (sec) Time (sec}
()] (© U]
0.4, 0.
+0.050 +0.130

Volts (v)
Vohs (v}

02 +0'004 02|
0| 0
£2] 02]

04

Valis (V)

04
0 2 4 6 8 1w 0 2
Time {sec)

100

4 6 8
Time (sec)

0 2

4 8 8 W
Time {sec)

Decrement (%}
-
=]

I

4
1

4

I

L
0.

1 0.05

Amplitude (V)

Fig. 13 (a)~(f) Control results and (g) Decrement
which it follows in Control point

6.

rh

e
o 2
-4
2
>
rlr
o Ho
re
&
i Y

o BN
g
L
2 ofw
e
)
i)

off M

H

I

b

i

Iy

ol

ol
ol fop
AT
olo

oY ol

2

o 2

o

2

0,

i)

ki

=2

=

ol

o

2

lo o lo ug
of
ot
o
N
A
ol
el
:—‘
)
R
K

&
2
o 2
A
it
ox
oX
o
a2
ol
ok
5
N

b
Moo

o
4
oy £ 2]
E o oft g

e
W g
-
2
X
AL of

(1) 953,199, 7289 % VFA, &5
25353 H3A, A 94 Al 5.

(2) Jeffrey L. Dohner, 2004, Mitigation of chatter
instabilities in milling by active structural control,
Journal of Sound and Vibration, Vol. 269. 197-211

(3) Sasiadek J Z, 1992, Space robotics and Manipula-
tors : Lessons learned from the past and future
missions and systems, 12® IFAC Symposium on
5] utomatic control in aerospace ? AEROSPACE

. CONTROL 92? 51-59

(4) Nader Jalili, 2001, An Infinite Dimensional Distri-
buted Base Controller for Regulation of Flexible Robot
Arms, Journal of Dynamic Systems, Measurement, and
Control, Vol. 123, No. 12, 712-719

(5) Inman, D. J., Engineering Vibration, Prentice Hali,
2001, pp. 366~391

(6) S.J Elliott and P.A. Nelson, Active Control of
Vibration, Academic Press, 1992 , pp. 97~113

(7) Elliott S J and L Billet, 1993, Adaptive control of
flexible waves propagation in a beam, Journal of
Sound and Vibration, Vol. 163, No. 2, 295-310

(8) Vipperman J S, R A Burdisso, 1995, Adaptive
feedforward control of non-minimum phase structural
systems, Journal of Sound and Vibration, Vol. 183, No.
3,369-382

(9) Lee Y.-S., 2000,? Active Control of Smart Structures
using Distributed Piezoelectric Transducers? PhD
thesis, ISVR, University of Southampton, UK, 70~74

(10)M.V. Gandhi, B.S. Thompson, Smart Materials and
Structures, Chapman & hall

(ADFEF, 1995, ¢AARE o8& AsTxE
o] TFAFA], I 2T T3 A, 292-302



