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Feedback Techniques for Minimizing Reaction Forces in Flexible Structures

Joo Hyung Kim*, Sang Sup Kim*

ABSTRACT

A method for actively minimizing dynamic reaction forces in a flexible structure subject to persistent excitations is

presented. One difficulty with the method, however, is that forces and moments do not converge as quickly as

displacements in mathematical discretization of continuous systems, so a controller based on a truncated model of a

continuous system can produce poor results. A technique using residual flexibility matrix is presented for correcting

the truncated force representation. A controller designed for reaction force minimization, using the residual flexibility

matrix, is applied to a model of a flexible structure, and the results are presented. Implications of various reaction force

penalty combinations on the resulting control performance are also discussed.

Key Words : Optimal Control(# 7 #|°]), Kalman Filter(Z7+ HE]), Reaction Force(¥F3), Estimator(5=% 71),

Observer(¥+3 7)), Residual Flexibility Matrix(Z-F 94 #<¥)
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M/K = mass and stiffness matrices 2AFeH f3A e VA &9 HAFLE T
@ / @ =retained /truncated orthonormal matrices Aol AHEA A= BAHJA GHE FAE A4
w(t)/ q(t) = physical/modal coordinate vectors HolA gt F=d Wzl 1A FEolHAE
A = diagonal spectral matrix Z234% wg F83] A, &dFo] Folut &
x_= state vector of retained modal coordinates g0 HA2FAE dod, 71A A3 &S
y(t) = output(displacement or reaction force) 23T ¢ dvh AHA 24 olHAA FAEF
f(s) = harmonic disturbance model IEE AAE WP A= BAANAM F F
x,= state vector of low pass filter Ao] gtx] gfopr] WIS A2 (unbalance)
J = cost functional(performance index) AV 7 Fo] dAME o|FA E3 dAojut:

= state feedback gain matrix 0] 2~ 0i 2}l ol E (misalignment) #& FEAE Q3o
Q, R, Q', R' = weighting matrices lFe] 2 F71E 7P, ol 2HEC] TF
&% = estimated state vector AFA] Welg daz 34 Hi, o TaAH
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9o He thes go| i sejAm,
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a7 AHeE A8 A= ol Figure 1
ol o] dAlge] gt o] AR Feo] Ao
HiE 2de Holn 3.125x25x610 mm o] HolE
7}A 3 Qe olof F zZlole] 34 of 2} R]
B2, U] FZole 14 o] ey Holgl
o} o] AgAe HE 379 1/ AF Fe T4
o] APOZ 296,712, 167Hz 2 FHH ] Hoh

o] AF FXoAME AHe ¥ o] Figure 1 o
A e} o]l kA == M(piezoelectric load cell
PCB 208B)Z ZAHAULt. o] FAHA HA 350l
FA48 dgEa g aEdry. B HdeE /=
Z]7)(Karmen inductive sensor)o| 23] ZAEH 1 o]
H7l 8o FH7|G0 Y A ¥
FE FATY, AA= A 1 25H 150, 170, 280,
300, 480, 500 mm o FE o} gt ZFo|} A
o 9d¥s F7] #H# AAr|A  7E17I(Ling
Dynamic Systems model 203B)E &3to] 3-& Hol
dkia=

EE d&E7 Aojdd BRF HoHE RO
7} 918, National Instruments ATMIO-16F-5 Board <
7HA AFEE ALEI
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Support panel | Disturbance Support panel 2 Control
Actuator Actuators
Load cell Sharp screw
Holder Boan L
[
[ ""h l—H— Sensors r&’-l -}—l—l Sansoxl's Sensor
T. holder
(&) Topview Bean
Support panel
ompression
Loed cell ll Screw
[
Holder (Cylindex Sensor holder
edge [l
Z
(b) End view

Fig. 1 Schematic of experimental test rig.
(a) Top view (b) End view
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) AAA g g wrH g Ao, 3) F WA
Ade] BrHg Aol @) A AL F AA 24
of HH & FAl Aol AnE Jehfdct

A Zhed o mde 23 Yoz FAHY
k. f() = fosin(ar), 71A f = 23,25, 1.5, 1.5N,
F35 ® =10 rad/sec.

Figure 2 & A% PHLAE 1¥oz FAF
RAeolrt.
Disturbance Shaker
=Y X
[ Displacement Scnsors—t l Control Shakers j
*
,7 Amplifier —] [ Amplfier —|
I A/D Converter ] j Smoothing Filter j
y

Computer(Controfler)
Data Storage

Fig. 2 Schematic experimental procedure
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Fig. 3 Control of displacements using the LQG algorithm
with Kalman estimation, showing (a) load cell on
support 1, (b) load cell on support 2, (¢c) Kalman
estimate of support 1,(d) Kalman estimate of
support 2, (e) experimental midspan displacement,

(f) experimental control forces
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Fig. 4 Control of support load 1 using the LQG algorithm
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with Kalman estimation, showing (a) load cell on
support 1, (b) load cell on support 2, (c) Kalman
estimate of support 1, (d) Kalman estimate of
support 2, (e) experimental midspan displacement,
(f) experimental control forces
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Fig. 5 Independent effects of disturbance and control
forces in the first and second support for
displacement minimizing control
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Fig. 6 Control of support load 2 using the LQG algorithm
with Kalman estimation, showing (a) load cell on
support 1, (b) load cell on support 2, (c) Kalman
estimate of support 1,(d) Kalman estimate of
support 2, (e) experimental midspan displacement,
(f) experimental control forces
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Fig. 7 Control of support load 1 and 2 using the LQG
algorithm with Kalman estimation, showing (a)
load cell on support 1, (b) load cell on support 2,
(c) Kalman estimate of support 1,(d) Kalman
estimate of support 2, (e) experimental midspan
displacement, (f) experimental control forces
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Fig. 8 Phase comparison of reaction forces and control
inputs for the Ist support load control and the
displacement control
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Fig. 9 Phase comparison of reaction forces and control
inputs for the 2nd support load control
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Fig. 10 Phase comparison of reaction forces and control
inputs for the 1st and 2nd support load control
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