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This paper describes a method to predict the dynamic characteristics of large structures, such as satellite antennas
and solar paddles. It has become increasingly difficult to perform modal tests for large space structures, because they
are not strong enough to withstand the force of gravity. Component modal tests are effective at identifying the
dynamic characteristics of structures consisting of several components. In this method, the effect of untested
components are considered as additional mass and stiffness attached to a tested component. Additional mass and
stiffness, attached to an arbitrary coordinate, are found by reducing mass and stiffness matrices of untested
components. Modal tests for different tested components give identical frequencies, so these frequencies are
considered the frequencies of structures. The feature of the proposed method is to obtain the dynamic characteristics
of large structures with component modal tests and to need no component mode synthesis. Numerical examples show
that the proposed method has the potential to predict the dynamic characteristics of large structures by component

modal tests.

Nomenclature

structure frequency calculated by finite-element
analysis without modeling errors, Hz

measured frequency in simulated component modal
tests, Hz

stiffness matrix

reduced stiffness

mass matrix

reduced mass

transformation vector

displacement vector

additional stiffness

additional mass

frequency used in finding additional mass and stiffness,
Hz

angular frequency, rad/s

S ;Hzggwa =

Subscripts

translational coordinate with additional mass and
stiffness

coordinates without additional mass and stiffness
quantity of structures

quantity of tested components

p

q

~
1l

1. Introduction

ARGE satellite antennas are one of the key technologies needed

to realize high-quality economical satellite communication
systems. There are problems to overcome in developing large
satellite antennas. The dynamic characteristics of space structures
play an important role in the design of control systems. It is required
to confirm the dynamic characteristics of antennas by modal tests,
even though antennas have increased in size. However, large flexible
structures cause the full-scale ground tests to be impossible
sometimes, because they are not strong enough to withstand the force
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of gravity. The focus of the research into this problem is to confirm
the dynamic characteristics of large structures without testing the
whole structure.

Component mode synthesis (CMS) is an effective method to find
the dynamic characteristics of large structures consisting of several
components. Various methods have been proposed and are grouped
into several types according to the component modes used to
represent the components. All the methods provide the coupled
equation of motion by imposing compatibility relations on the
boundary coordinates obtained in each component. By selecting
component modes, the order of the eigenvalue solution is reduced. In
the mid-1960s, Hurty reported an analytical approach to CMS [1].
Craig and Bampton simplified Hurty’s method [2]. They formulated
CMS using fixed-interface normal modes with a set of constraint
modes. A method to find accurate interface modes using dynamic
reduction was presented for improving the accuracy of frequency
prediction in which the boundary coordinates are modal coordinates
in the reduced equation of motion [3]. However, it is difficult to fix
the boundaries of components in actual modal tests. The use of free—
free normal modes eliminates the need for constraint modes, but this
results in solutions that are more susceptible to truncation error in
higher modes. MacNeal [4] and Rubin [5] introduced a set of shape
functions, termed residual modes, to minimize the truncation error.
Benfield and Hruda [6] improved the accuracy by applying two types
of external loading to the free boundary coordinates of the com-
ponent under consideration. The component is loaded at its boundary
with mass and stiffness contributions from the remaining com-
ponents. Kammer and Baker [7] made a theoretical and numerical
comparison between the fixed-interface Craig-Bampton method [2]
and the free-interface method of MacNeal and Rubin [4] for com-
ponent substructure representation. Qui et al. introduced a method
using mixed modes [8]. There were different approaches dealing with
the relative dynamic importance of constraint modes to create
accurate reduced-order models [9,10]. An overview of CMS can be
found in [11].

The relationship of component analysis to component testing was
investigated for test verification of finite-element models. For use in
test-analysis correlation, test-analysis models were developed using
the new reduction formulation for component finite-element models
to predict exact frequencies and modes of structures [12]. Martinez
etal. used free—free modes and the residual flexibility at the boundary
of the tested component to create a test-analysis model of the entire
structure [13]. Constrained modes and frequencies were derived
using free boundary modes and residual flexibility for large complex
structures to verify constrained models [14]. Baker [15] pointed out
that the use of residual flexibility with free—free modes is the only
method that is experimentally feasible.
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In experimental approaches, an experimental CMS procedure was
presented [16]. This procedure uses identification of individual
components and assembles a global model of the coupled structural
dynamics through equivalent mass and stiffness representations of
the components. Morgan et al. presented an experimentally-based
method of CMS to predict the forced response of structure [17]. This
method uses test-derived CMS matrices and the uncoupled forced
response of each substructure. The forced response of structure is
predicted by considering the internal coupling forces and external
applied forces on a substructure independently and superimposing
the responses of each.

New approaches (the mass-additive method) were presented.
Admire et al. used the mass-additive method in a modal test to avoid
problems associated with design and development of test fixtures for
space shuttle payloads [18]. Karpel and Raveh [19] and Karpel and
Ricci [20] proposed a method to test components with boundary
coordinates loaded with rigid, heavy dummy masses supported by
soft springs. Dummy masses generate local displacements near the
boundaries to predict the dynamic properties of the entire structures.
The method was applied to a space-type structure to demonstrate the
effectiveness of the component modal test [21]. Chandler and Tinker
proposed a method for coupling substructures using mass-additive
mode. This method is an approach in which known masses are
attached to the boundaries of the test article to exercise the interfaces
and bring the interface modes into the frequency range of the global
modes [22]. This paper has shown that the mass-additive mode
synthesis technique including constraint modes worked well. Soucy
and Humar [23] proposed an approach to CMS in which the charac-
teristics of individual components are determined experimentally
through modal and static tests. Komatsu et al. [24] improved the
predicted dynamic characteristics of structures with rotational
displacements found by introducing a polynomial approximation for
the measured modes. These methods need CMS to obtain the
dynamic characteristics of structures. Misawa and Funamoto [25]
proposed a method to predict the dynamic characteristics of large
structures with component modal tests. In this method, to simulate
the dynamic behavior of structures, reduced mass and stiffness
matrices of untested components are replaced with a mass and a
spring attached to a tested component. The feature of this method is
to predict natural frequencies and modes of large structures with
component modal tests and needs no CMS.

This paper describes a method to determine a coordinate with
additional mass and stiffness in component modal tests. In this
method, the effect of untested components is considered as additional
mass and stiffness attached to a tested component. At first, this paper
describes how to find additional mass and stiffness. Next, a procedure
to select a mass and stiffness additive coordinate and a tested
component subjected to modal tests is shown. Finally, numerical
examples are given to demonstrate the effectiveness of the method.

II. Formulation

In general, finite-element models of complex structures have
modeling errors. However, it is assumed that there are no modeling
errors, because the main purpose of this paper is to confirm whether
the proposed method has the potential to predict natural frequencies
and modes of structures. The author hopes to address the effect of
modeling errors in future works to apply the proposed method to real
structures [26].

A. Additional Mass and Stiffness

Consider large structures consisting of several elastic components
interconnected, as shown in Fig. 1, and select a tested component
subjected to modal tests. A tested component includes one or more
components. The rest of the components are untested components. In
Fig. 1, component 4 is the tested component, and components 1, 2,
and 3 are untested. As the modal test of a tested component never
gives the dynamic characteristics of structures, the effect of untested
components is considered as additional mass and stiffness. In this
study, additional mass and stiffness are attached to a translational
coordinate on a tested component and they are attached to the same

Tested component

component 4

component 3

component

Untested component
Fig. 1 Large structure consisting of several components.

coordinate. Figure 2 shows a test configuration with additional mass
and stiffness at a translational coordinate on a tested component.
After the completion of the modal test, a different tested component
is selected. In this way, modal tests are performed for different tested
components. Identical frequencies obtained by component modal
tests are considered as frequencies of structures.

Denoting a translational coordinate with additional mass and
stiffness as p and the rest as ¢, the dynamic equation of structures is
expressed as

w§|:M~“~‘141 MS-‘]P ] { x5~‘1 } — |:KS-‘M KS»QP ] { x5~41 } (1)
Ms,pq Ms.pp xs.p Ks.pq Ks.pp xs,p

The following displacement relation is obtained from the first
equation of Eq. (1):

X x, R 2)

s,g = Xspfhs

where

Rs‘ = _[Ks,qq - (znax)zMs.qq]_l[Kx,qp - (27[03)2Mx,qp] (3)

Note that displacement x,, is scalar, because the number for
coordinate p is one in this study. In addition, note that frequency o is
not a natural frequency of the structure but an arbitrary frequency
used in mass and stiffness matrices reduction. To address this, o, is
used in place of the frequency of structure f in Eq. (3). The dynamic
equation of structures is reduced to coordinate p, using Eq. (2) as

oM, + Rix, =0 @

where

7 Rs ’ Rs . K — Rs ’ Rs
M.v_{ 1 } M?{ 1 ’ Ks_ 1 Kx 1 (5)
Equation (3) shows that distributed mass M of structures is replaced
with a lumped mass (reduced mass M) attached to a coordinate p. In

a similar way, the displacement relation is obtained from the dynamic
equation of the tested component as

X,q= prRI (6)

q

By reducing the dynamic equation of the tested component to the
same coordinate p, the following equation is obtained:

- w%ert,p + kl'xt.p =0 @)

where

Additional stiffness

_— 4K

Additional mass
AM

Tested component
Fig. 2 Test configuration.
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Distributed mass M, of tested components is also replaced with a
lumped mass (reduced mass M,) attached to the same coordinate p.
Reduced mass M, and stiffness K, include the effect of untested
components, but reduced mass M, and stiffness K, do not include it.
Therefore, the difference between M, and M, (K, and K,) denotes the
effect of untested components, and additional mass and additional
stifftness are expressed by

AM =M, — M} ©)

AK=K,—K

By adding additional mass and stiffness to a translational coordi-
nate p, the dynamic equation of the tested component is obtained as

—*M%+K%=0 (10)

where

M= |:Mt-t1q Mtqp i|

M AM
e Mt a
K= 49 .qp

Kipg Kipp+ AK]

Equation (10) is considered the dynamic equation of structures,
because the effect of untested components is taken into account as
additional mass and stiffness. Although matrices M and K vary with
a mass-additive coordinate and a tested component, the solutions of
Eq. (10) give the frequencies and modes of the structure by selecting
a mass-additive coordinate and a tested component appropriately.
Namely, it is possible to measure the frequencies and modes of
structures through component modal tests with additional mass and
stiffness.

B. Mass and Stiffness Additive Coordinate

A coordinate with additional mass and stiffness has a significant
effect on measuring accurate frequencies of structures. Because
additional mass and stiffness are attached to the same coordinate in
this study, this paper shows only how to select a mass-additive
coordinate in the following. Masses AM, 1\;15, and M . are calculated
with transformation vectors R. Therefore, variations in these masses
depend on transformation vectors. Considering reduced mass M, as
an example, the following equation is obtained by rewriting Eq. (3):

— (2no)*M, , Jx,, — (2n0,)*M (12)

[ 5,99 YI’[ s.qp ”il’]

When frequency o, increases from zero, there are frequencies where
K, ,, — (270, )ZMJ ,») nearly becomes the null vector. Even if
displacement x; , is not zero, the right-hand side of Eq. (12) is
considered to approximately equal zero, as

[ $.qq (271’0 )2 S, qq]xx.q =0 (13)

Frequencies satisfying Eq. (13) are equal to the natural frequencies of
the structure with a mass-additive coordinate fixed. Because
additional mass is attached to a fixed coordinate, reduced mass M,
calculated with these frequencies is large enough to generate
displacement at the coordinate (these frequencies are called peak
frequencies). If a node of the target mode of the structure is selected
as a mass-additive coordinate, the peak frequency is identical to the
target frequency of the structure. Therefore, when one of the peak
frequencies of M, approaches the target frequency of the structure, an
extremely large additional mass is required to measure the target
frequency in component modal tests, which may cause a serious
problem that requires us to consider the strength of the tested
component. In addition, variation in additional mass becomes large
near the target frequency, even if the variation in frequency o is
small. For this reason, it is difficult to obtain accurate frequency of the

structure by component modal tests. The best way to avoid these
problems is to separate the peak frequency of M, from the target
frequency. Namely, for accurate frequency measurement with small
additional mass in component modal tests, it is effective to select a
mass-additive coordinate with large displacement of the target mode.
Therefore, first a proposed coordinate with large displacement of the
target mode is selected for a mass-additive coordinate.

In a similar way, reduced mass M, also has peak frequencies that
are equal to the natural frequencies of the tested component with a
mass-additive coordinate fixed. Because masses M, and M, vary
with frequency o and have peaks at different frequenc1es there exist
frequency ranges where M, is greater than M. Therefore, additional
mass AM has anegative value near the peak frequencies of M,. When
one of the peak frequencies approaches the target frequency of the
structure, it is impossible to measure the target frequency by
component modal tests because of negative additional mass. To
obtain a positive additional mass, a mass-additive coordinate is
selected so that peak frequencies can be separated from the target
frequency of the structure. It is required to confirm that additional
mass is positive near the target frequency for the proposed coordinate
selected, as mentioned previously. If additional mass has a positive
value, the proposed coordinate is selected as a mass-additive
coordinate. If this is not the case, it is required to reconfirm whether
additional mass is positive or negative near the target frequency for
other proposed coordinates with the next largest displacement. The
procedure is repeated to select a mass-additive coordinate until the
additional mass is positive.

Reduced stiffnesses K, and K, are calculated with the trans-
formation vectors used in calculating M, and M,. Therefore, the
stiffness additive coordinate is the same as the mass-additive
coordinate.

C. Selection of Tested Components

It is important which component is selected as a tested component
for the measurement of the target mode. When unsuitable tested
components are selected, it is difficult to obtain an accurate target
mode, even if mass and stiffness additive coordinates are selected as
mentioned previously. Consider the second mode of a cantilever
beam, shown in Fig. 3 as an example. Because the boundary location
of atested component is free, displacement at the boundary is seldom
small in component modal tests, even though mass and stiffness are
attached to the optimal location. A large mass should be added at
the boundary to obtain the second mode with small boundary
displacement. This means that it is impossible to obtain the target
mode by procedure to select mass-additive coordinates when the
boundary of the tested component is close to the node of the target
mode. Therefore, it is needed to select a tested component so that the
boundary is separated from nodes of the target mode to measure
accurate target modes of the structures with light additional mass.
Because there is quite a possibility that a proposed coordinate
changes for different tested components, a mass-additive location is
selected anew.

III. Numerical Examples

Numerical results are given to demonstrate the effectiveness of the
proposed method. Because component modal tests are not perform-
ed, the simulated test models are constructed by using finite-element
models of tested components with additional mass and additional

Undeformed
beam

Jme

N
z\/\
f Boungary

location
Tested \
component Optimal location

with additional mass
and stiffness
Fig. 3 Second mode of a cantilever beam.
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stiffness. Natural frequencies and modes obtained by solving
Eq. (10) are considered to be measured frequencies and modes in
component modal tests.

A. Cantilever Beam

Consider a cantilever beam, made of CFRP (carbon fiber
reinforced plastics), consisting of two components, as shown in
Fig. 4. Arabic numbers show the location number. The boundary
location is location 9. Each element length is 100 mm. Figure 4 also
shows the test configuration of tested components with additional
mass AM and additional stiffness AK. The subscripts of AM and
AK show a tested component number. For example, in testing
component 1, AM,; and AK, are attached to component 1,
considering the effects of component 2. Additional stiffness is
created by a wire (and spring if required) suspending the tested
component. For simplicity, only bending modes in the X—Y plane are
considered. Therefore, additional mass and stiffness are attached to
the Y coordinate of a location on the tested component. In this case, a
tested component is set so that the Y axis is parallel to the
gravitational force when performing component modal tests.

Table 1 shows analytical beam frequencies. These frequencies are
used to confirm that the proposed method is effective to obtain
frequencies of structures by simulated component tests.

1. Variation in Additional Mass and Stiffness

Figure 5 shows an example of mass variations with frequency o
used in calculating reduced masses. The tested component is
component 1, and additional mass and stiffness are attached to
boundary location 9. As reduced masses M, and M, are obtained by
reducing mass matrices of the tested component and the beam, it is
reasonable to suggest that M, is greater than M,. However, it can be
seen in Fig. 5 that there exists a frequency range where M, is greater
than M, because M, increases at its peak frequencies. Additional
mass takes negative values near the peak frequency (20 to 24 Hz) of
M,. Discontinuity in additional mass variation in Fig. 5 shows the
frequency range where additional mass is negative. From the
definition of additional mass, shown in Eq. (9), additional mass AM,
has the same peak frequencies as mass M. Because M, is very small
at the peak frequencies of M, variations in AM; and M, are almost
identical. This is always true even if any component is selected as the
tested component.

Figure 6 indicates variations in additional mass and stiffness when
they are attached to boundary location 9. Because additional mass
and stiffness are calculated with the same transformation vector R,
variations in AM, and AK, (AM, and AK,) have the same tendency,
though they have a different value. Namely, additional mass and

123456 789 11 13 15 17 19

= === s === X
800mm 1000mm f_‘

z Component 1 Component 2

Material properties
Young' s modulus =7.6 x 10*N/mm?
Density = 1.6 x 10 ~¢kg/mm®

Cross section
Height = 3mm  Width = 10mm

(1) Cantilever beam

Component 1 AM,  Component 2

(2) Component test configuration
Fig. 4 Test configuration.

Table 1 Analytical natural frequencies
of the beam

Mode number Frequency, Hz

1.0
6.4
17.9
35.0
579

[ R N S

stiftness have the same peak frequencies and frequency ranges with
negative additional mass and stiffness. It also can be seen in Fig. 6
that additional masses AM,; and AM, (additional stiffnesses AK,
and AK,) have almost the same variations. Considering additional
mass as an example, this is why variation in additional mass does not
depend on M, but M, because additional mass is almost determined
by M. The only difference in mass variation is the frequency range
where additional mass has negative values, because the peak
frequency of M, varies with a tested component selected in each
component modal test. These results are not peculiar in the case of
adding additional mass to the boundary location. As additional
stiffness has the same variation as additional mass, only the results
concerning additional mass are shown in the following section. The
description on the case in which component 1 is the tested component
is given because of space limitation.

2. Mass and Stiffness Additive Coordinate

Figure 7 shows variations in the peak frequency of M, when
additional mass and stiffness are attached to each location of the
beam. The first peak frequency increases from the first beam
frequency f; and almost equals the second beam frequency f , for
location 15. As stated in Sec. ILB, peak frequencies of M, are equal
to the natural frequencies of the structure with a mass-additive
coordinate fixed. Because location 15 is the node of the second mode,
the first peak frequency of M equals the second beam frequency £, ».
The second peak frequency equals the third beam frequency f ; for
locations 10 and 17, and the peak frequency is separated from beam
frequencies for location 14, where the peak frequency has a minimal
value. Locations 10 and 17 are the node, and location 14 is the loop of
the third beam mode. This implies that it is effective to select a

6
100 =
104 F s1
o AR My
2 102
(%]
©
S 10 ;
yANEEY 4
102 E{,»)'\ f N s —
-4
104, 10 20 30 40

Frequency o, Hz
Fig. 5 Mass variations.
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Fig. 6 Variations in additional mass and stiffness.
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Fig. 7 Variations in peak frequencies of reduced mass M.

location with large displacement for separating peak frequencies
from the target frequency of the beam. Table 2 lists proposed
coordinates with additional mass and stiffness on the tested
component (component 1). In this table, 9Y shows coordinate Y at
location 9.

Figure 8 shows variations in the peak frequency of M, when
additional mass and stiffness are attached to each location of the
tested component (component 1). The peak frequencies are equal to
natural frequencies of tested components with their mass-additive
coordinate fixed. To avoid negative additional mass and stiffness, a
coordinate is selected so that peak frequencies of M, are kept away
from target frequencies of the beam. The proposed coordinate is 9Y
for the first frequency measurement. It can be seen in Fig. § that the
peak frequency for location 9 is separated from the first frequency
fs1 of the beam. Therefore, coordinate 9Y is a mass-additive
coordinate having a positive additional mass. When the target
frequency is of the second frequency, the proposed coordinate is 9Y.
Because the peak frequency for location 9 is separated from the
second frequency f, of the beam, coordinate 9Y is selected as a
mass-additive coordinate.

For the measurement of the third frequency f 3, Fig. 8 shows that
the peak frequency for location 6 is close to the third frequency f ; of
the beam. This suggests that the proposed coordinate 6Y may not be
appropriate for a mass-additive coordinate because of negative
additional mass. For this reason, the author checked whether the
additional mass is positive or negative. Figure 9 shows variations in
reduced masses M and M, for mass-additive coordinates 6Y and 7Y.
For the proposed coordinate 6Y, the peak frequency of M, is located
near the third frequency f, ; of the beam, and the additional mass is
negative near the target frequency, because M, is greater than M.
Therefore, proposed coordinate 6Y is not selected as the mass-
additive coordinate. Another mass-additive coordinate must be
found, so it is able to confirm whether the additional mass is positive
for the next proposed coordinate 7Y. Figure 9 shows that the peak
frequency of M, is separated from the target frequency, and that the
additional mass is positive. Coordinate 7Y should be selected for the
third frequency measurement. However, the third mode cannot be
obtained in this case, because it is difficult to keep boundary
displacement small by adding additional mass to coordinate 7Y, as
described in Sec. [1I.A.3. In case the boundary of a tested component
is close to the node of the target mode, another tested component
should be selected.

In the same way, coordinates 5Y and 8Y for the fourth and fifth
frequency measurements are mass-additive coordinates, respec-
tively.

Table 2 Proposed coordinates in testing
component 1

Modal amplitude
Mode number Largest Next
1 9Y 8Y
2 9Y 8Y
3 6Y 7Y
4 5Y 4Y
5 8Y 4y

N
o

W
o

Frequency, Hz
n
o

—_
o

2 3 4 5 6 7 8 9
Location number
Fig. 8 Variations in peak frequencies of reduced mass M,.

o

108
106
104
102
100§
102

Mass, g

0 10 2 30 40

Frequency o, Hz

Fig. 9 Variations in reduced masses for mass-additive locations 6
and 7.

3. Simulated Test Results

Since frequency o can take arbitrary values to find additional mass
and stiffness, additional mass and stiffness vary with 0. When fre-
quency o equals the natural frequency of structure, the displacement
relationship shown in Eq. (2) always holds, and the dynamic
behavior of structure is simulated. However, there is not any
information about the height of the natural frequencies of structure,
because the author deals with large structures that are difficult to
perform modal tests on the ground. Therefore, it is necessary to
confirm the effect of frequency o on the measured frequencies and
modes in component modal tests. Variation in frequency accuracy is
checked based on the location of additional mass and stiffness.
Figure 10 shows the accuracy of the first frequency with the o error
used in calculation of additional mass and stiffness. A beam
frequency calculated by finite-element analysis without modeling
erTors S feycr» and feq 1s a simulated test frequency of component 1
with boundary location 9. The simulated test frequencies are the
solutions of Eq. (10). It should be noted that zero in the o error means
no error in finite-element models and has a natural frequency
identical to the exact frequency of the beam. The frequency accuracy
is high, as the displacement of mass-additive coordinates is large.
The accuracy of the first frequency is more than 95%, regardless of
the mass-additive coordinate. When the mass-additive coordinate is
9Y, the first beam frequency can be obtained for the o error of +10%.
In other words, additional mass and stiffness variations are very small
with 0. Therefore, it is possible to accurately measure the frequency
of the target frequency, even if the analytical frequency of the
structure including modeling error is used as frequency o.

The similarity between exact and simulated test modes is checked
using the modal assurance criteria (MAC). The results are listed in
Table 3. For the first mode, MAC is almost one, and the simulated test
mode is identical to the exact mode.

Figure 11 shows the accuracy of the second frequency. It can be
seen in Fig. 11 that the accuracy of the second frequency is more than
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Fig. 10 Accuracy of the first frequency (boundary is location 9).

95%, except for coordinate 2Y. The second beam frequency can be
obtained by selecting coordinate 9Y as the mass-additive coordinate.
Also, in this case, there is the possibility to measure the accurate
mode, because MAC is 0.99, as shown in Table 3.

On the other hand, tested component has a great influence on the
accuracy of the third frequency and mode. Figure 12 shows the third
frequency accuracy. Frequency accuracy is the highest when
coordinate 7Y is a mass-additive coordinate. However, MAC shows
that the simulated test mode is different from the exact mode for the
third mode, as shown in Table 3. This suggests that it is difficult to
obtain the third mode of the beam, though the third frequency is
obtained with component modal tests. The author checked the third
mode obtained from simulated component modal tests. Figure 13
shows the third mode of the beam and simulated test modes for
different mass-additive coordinates. When the boundary is location 9,
the simulated test mode is significantly different from the target
mode. Because boundary location 9 is close to the node of the third
mode, it is difficult to obtain small boundary displacement by
attaching additional mass to coordinate 7Y. The only way to obtain
the third mode with small boundary displacement is to add a large
mass at the boundary (coordinate 9Y), as shown in Fig. 13. However,
the author deals with large structures that are difficult to measure
frequencies. Namely, frequency o has an error. The accuracy of the
third frequency decreases by 30% for the o error of 10%, as shown in
Fig. 12. This means that it is not necessarily effective for obtaining
the accurate third frequency and mode of the beam, even if mass is
attached to boundary coordinate 9Y. In this case, a tested component
should be selected to separate the boundary location from the node of
a target mode. Figure 14 shows the accuracy of the third frequency
for different boundary locations and tested components. Frequency
accuracy is improved by selecting location 12 as the boundary of
tested component. Frequency accuracy is more than 95% for the o
error of £10%, so it is possible to accurately measure the third
frequency, even if analytical frequency of the beam including
modeling error is used as frequency o. Because almost identical
frequency is obtained by different tested components, this frequency
is considered to be the third frequency of the beam. MAC increases
by selecting location 12 as the boundary location for the third mode
measurement. In the same way, MAC of the fifth mode also increases,
as shown in Table 3. Therefore, the target mode of the beam can be
obtained by selecting a tested component so that the boundary
location is separated from the node of target mode.

Table 4 shows selected coordinates with additional mass and
stiffness for different boundary locations. Coordinates listed in the
second column show mass-additive coordinates that frequency and
mode accuracy are the highest for each boundary location.
Coordinates selected by the proposed method are identical to the

Table 3 MAUC of exact and simulated test modes

Mode number Boundary location 9 Boundary location 12

1 1.00 e
2 0.99 e
3 0.79 0.94
4 0.95 e
5 0.78 0.91

1.4
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8 —=a— Coordinate 3Y
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Table 4 Selected coordinates for tested component 1

Mode Frequency and Proposed Boundary
number mode accuracy method location
1 9Y oY 9
2 oY oY 9
3 7Y 7Y 12
4 5Y 5Y 9
5 12Y 12Y 12
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Young’s modulus=7.6 x 10* N/mm?
Density=1.6x10¢ kg/mm3

(1) Analytical model

Component 2

4m
Component 1

Component 3

(2) Components
Fig. 15 Truss structure consisting of three components.

ones giving the highest frequency and mode accuracy. Therefore, the
proposed method may have the potential to determine a coordinate
with additional mass and stiffness and a tested component for
accurate frequency and mode measurements of large structures in
component modal tests.

B. Truss Structure

As an example of complicated structures, a truss structure is
selected to demonstrate the effectiveness of the proposed method.
This structure is a backup structure of deployable mesh antenna for
satellite use [27]. Figure 15 shows a truss structure consisting of three
components that have identical configuration and the same material
properties. The total number of locations is 32. Locations 6 and 13 are
interfaced with the satellite and are fixed in the dynamic analysis of
the truss structure.

A proposed coordinate is a coordinate with a large displacement of
the truss structure. The lower three modes of the truss structure are the
first bending mode in the Y direction, the torsional mode about the X
axis, and the second bending mode in the Y direction, respectively.
For example, the proposed coordinate is 10Y for the first and second
frequency measurements and 9Y for the third frequency measure-
ment in testing component 1.

To obtain a positive additional mass, a mass-additive coordinate is
selected so that peak frequencies of M, can be separated from target
frequencies of the structure. These frequencies are found by finite-
element analysis. It is confirmed that additional mass is positive near

—0— {st —%—2nd —e— 3rd
***** Frequencies of truss structure

Frequency, Hz

8 9 10 11 12 13 14
Location number

Fig. 16 Variation in peak frequency of reduced mass M,.

the target frequency for the proposed coordinate selected. Figure 16
shows variation in the peak frequency of M, when the tested
component is component 1. The first peak frequency is not close to
the target frequency f ; for the first frequency measurement when
the proposed coordinate is 10Y. Therefore, the proposed coordinate
10Y is selected as a mass-additive coordinate. For the second
frequency measurement, the peak frequency for the proposed
coordinate 10Y is separated from the target frequency f' ,. Therefore,
proposed coordinate 10Y is a mass-additive coordinate. In a similar
way, a coordinate with additional mass and stiffness is selected for
each frequency measurement for every different tested component.
Table 5 lists the selected coordinates.

Simulated test frequencies of a tested component are calculated
when additional mass and stiffness are attached to the selected
coordinate, shown in Table 5. Table 6 shows calculated frequencies.
For the first frequency measurement, frequencies of 0.21, 1.50, and
2.65 Hz are obtained when component 1 is the tested component.
Additional mass and stiffness are calculated with the analytical first
frequency of the truss structure as frequency 0. When component 2 is
the tested component, the frequencies of 0.0, 0.21, and 5.69 Hz are
obtained. The identical frequency obtained by component modal
tests is considered the first frequency of the truss structure. The bold
numbers in Table 6 show the predicted natural frequency of the truss
structure. The predicted frequencies of the truss structure agree
with the analytical frequencies of the structure. This means that
component modal tests using different tested components can
provide target frequencies. Therefore, the proposed method has the

Table 5 Selected coordinates for truss structure

Tested component Istfreq. 2ndfreq. 3rd freq.

Component 1 10 10 9
Component 2 20 20 20
Component 3 29 29 29
Components 1 and 2 10 12 8
Components 1 and 3 10 12 8
Components 2 and 3 22 22 30

Table 6 Frequencies in simulated tests

Target frequency, Hz

Tested Mode no. st freq. 2nd freq. 3rd freq.
component no.

1 0.21 0.47 1.48

1 2 1.50 1.49 2.18

3 2.65 2.63 3.28

1 0.00 0.00 0.00

2 2 0.21 0.47 2.18

3 5.69 5.69 5.69

1 0.21 0.29 0.48

1 and 2 2 0.58 0.47 0.68

3 1.86 0.61 2.18

1 0.21 0.47 0.81

2and 3 2 1.50 1.50 1.50
3

2.39 2.37 2.18
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potential to give useful information to determine which frequency
corresponds to the frequency of the truss structure.

IV. Conclusions

The method using an efficient component modal test is described
for obtaining the dynamic characteristics of large structures
consisting of several components. The untested components con-
sidered are additional mass and stiffness so that the tested component
behaves as a part of vibrating structures. Simulated component
modal test results significantly depend on a location with additional
mass and stiffness and a tested component subjected to modal test. In
the proposed method, peak frequencies of two reduced masses give
key information to select a location from a point of frequency
accuracy. These masses are found by reducing mass matrices of a
tested component and a structure to an arbitrary degree of freedom.
This method selects the location so that peak frequencies of two
masses are separated from a target frequency of structure to measure
accurate frequency of structures in component modal tests. For mode
accuracy, the target mode of structures is obtained by selecting a
tested component whose boundary is separated from nodes of the
target mode. Numerical examples show that the proposed method is
effective and that results identical to exact solutions (frequencies and
modes of structures) are obtained. The proposed method has the
potential to be applicable in complex structures.
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