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On the Number of Modes Required to Observe
Forces in Flexible Structures

Joo Hyung Kim*, Sang Sup Kim*

ABSTRACT

The number of required modes to provide accurate force information in a truncated model of a flexible structure is

investigated. In the case of modal truncation of a distributed parameter system, the difference in convergence rates
between displacements and forces is discussed. The residual flexibility, a term from past literature, is used to recapture
This paper presents numerical and experimental results of a

some of the lost force information in a truncated model.

study where the residual flexibility is used in conjunction with a Kalman filter so that accurate force information may be

obtained from a small set of displacement measurements with a reduced-order model.

The motivation for this paper is

to be able to obtain accurate information about unmeasurable dynamic reaction forces in a rotating machine for

diagnostic and control purposes
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M/K = mass and stiffness matrices

@, / @, =retained /truncated orthonormal matrices
w(t)/ q(t) = physical/modal coordinate vectors

A = diagonal spectral matrix

X, = state vector of retained modal coordinates
¥(1) = output(displacement or reaction force)

x;= state vector of disturbances

X /x-% = estimated state vector / error term

G = observer gain matrix
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Fig. 1 Schematic of Typical Rotating Machinery System
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Fig. 2 Example of different rates of convergence of

deflection and force for a continuous system as

more modes are added
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Fig. 3 Schematic of experimental test rig

1st Support Load Ermor with 5 modes (N)

Disturbance Frequency (Hz) 0o Disturbance Position L (mm)

(a) Error in 1st support force when truncated model
is used
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Fig. 4 Numerical results showing error in 1st support
using truncated model, with and without residual
flexibility.
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Fig. 5 Numerical results showing error in 2nd support
using truncated model, with and without residual
flexibility.

Zyzvel o)A @Y FuE&E 0 Hz FH
120 Hz 7} 5 Hz @12 W3l o, 9@
3 94XE= 0 mm FE 600 mm 7R 25
mm G2 F7}5AA Wakn ok

A71A AHH AF A=
oAe HEd 7 gk aRe
ou e dojxm, AHe A=
mm | AT &3 3o}

Figures 4~5 o4 714 =ele 53
a4 Pdo) AFE R=9 A ALS
X7 aA #Aide A& B
3 AP $EFEIHY HH i
HPo Fo) o3 A BHA 4 A

Figures 4~5 oA A|gd R=g zte 299
LAE Ko I REI 283y FEA4
14 EA dEpd °o] 49L& =ZH¢9
AZH7t FHd}E 2 dSHe Fdgelth
EF o] AdirME AWHA w9 Ao
dP oz A3 FaF o] AHE E F Ue

HAHog
Ao
0 I 452

& 2%
ie o

1k,
o 2% %
g

f

ol BF KAH BFL  oF Fgoly
27 ex}E FQ T 3ol o AWHE T U
4 At

o e ARE FWar st dge

Figure 3 A BdA 2RS 7kA3 st FGoh,
A3 daes el AA HY FUd A



A5 - A SIAVITHAA A 198 A 13

wel Bo] ewidf REo HEFHAUL e AE
vehd Zlojth. ZZe AL 5 HY ARE
B3 2R Hages & od Fukd 10, 20,
40Hz 9 ARE EHE Hol}

T T — —T v T

load cell{exp)
5 modes(exp) 8
5 modes+RF(exp) i
tull modes(sim)

5 modes(sim)

5 modes+RF(sim)

+od4d4pb0OO

o
n
L
R o
L

1st Support Load (N)

00

T T T T T

10 20 30 40
Operating Frequency (Hz)

(a) Amplitude of load in support 1

25 .

T M T T

load cel!(exp) ©
5 modes(exp)

5 modes+RF(exp)
full modes(sim)

5 modes(sim) ]
5 modes+RF(sim)

2.0+

+odpon

2nd Support Load (N)

B 8

® 1

113 — T T — T
10 20 30 40

Operating Frequency (Hz)

(b) Amplitude of load in support 2

Fig. 6 Experimental and numerical data for reaction
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Fig. 7 Experimental and numerical data for reaction
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