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Martin Marietta Corporation, Denver, Colo.
A method is presented to determine the vibration modes of a complex structural system
by using component vibration modes. The structural system is considered to be an assem-~
blage of subsystems or components. The vibration modes for each component are deter-
mined separately and then used to synthesize the system modes. The number of component
modes used may be truncated to reduce the number of generalized coordinates required for
a vibration analysis. Only component vibration modes are retained as generalized coordi-~
nates when the system modes are obtained; hence, the method is particularly suitable for
structures with a large number of component interface coordinates, such as finite-element
shell models. The boundary conditions used for determining component vibration modes
can be either free-free or constrained. An optional technique to modify the component
modes is included in order to obtain more accurate system modes. Numerical results from
two examples are included.
Nomenclature £ = vector of generalized modal coordinates for a free-
. . . free component
K = gystem modal stiffness matrix using free-free com- ge = vector of generalized modal coordinates for a con-
ponent modes‘ X . . strained branch component
Ko = system modal stiffness matrix using constrained com- Em® = vector of system generalized modal mode coordinates
ponent branch modes . using constrained branch component modes
k = component stiffness matrix . £m = vector of system generalized modal mode coordinates
k = reduced component stiffness matrix using free-free component modes
ke = gystem stiffness matrix using branch components (KE) = kinetic energy
M = system modal mass matrix using free-free component (KE,) = kinetic energy using constrained motion
modes (KEr) = total kinetic energy of uncoupled components
M- = gystem modal mass matrix using constrained com- (PE) = potential energy
ponent branch modes (PE;) = potential energy using constrained motion
m = component mass matrix . (PEr) = total potential energy of uncoupled components
m = reduced component mass matrix . B: = generalized mass of 7th component mode
T, = component constrau_led motion transformation or w5 = circular frequency of ith component mode
component constraint modes
Ty = component coupling transformation matrix Subscripts
T, = transformation matrix using free-free component
modes. The subscript n denotes various opera- e = component g
tions b = component b
Te = transformation matrix using constrained component ab = system (components a and b coupled together)
branch modes. The subseript n denotes various s ,
operations uperscripts
T. = component reducing transformation matrix a = component ¢ with interface loading
¢ = matrix of free-free component modes b = component b with interface loading
s = matrix of constrained component branch modes T = transposed matrix
ép° = gystem component mode matrix using constrained — = interface coordinates
branch modes ~ = noninterface coordinates
On® = system modal mode matrix using contrained branch = first time derivative
modes = gecond time derivative
¢p = system component mode matrix using free-free com-
ponent modes
om = system modal mode matrix using free-free component Introduction
modes
P = vector of generalized forces of a component OMPONENT mode substitution methods are useful for
q = vector of generalized displacements of a component reducing the number of generalized coordinates required
¢ = Vegg‘gingf i‘:‘csotrj(lil}t‘fimde displacements at the in a vibration analysis. The complete structural system is
rfa ordinates
g = vector of fixed-constraint-mode displacements at the assumed to be composed of a group of subsystems or com-

noninterface coordinates
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ponents that are interconnected. The vibration modes for
each component are determined separately and then mathe-
matically combined to synthesize the system modes. Either
free-free or constrained boundary conditions may be used
to determine the component modes. A primary advantage
of component mode substitution is the ability to select fewer
generalized eoordinates and still obtain satisfactory results.

The original applications were to statically-determinate
beam-type models? and have been extended to complex re-
dundant models.3~% Gladwell? proposed a component modal
substitution method that is suitable for statically deter-
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minate models. Using this method, the component modes
are determined by allowing the component to vibrate with
distortion, while all other components are assumed attached
and rigid. This procedure produces rigid-body inertia load-
ings on the component due to the connected components.

Hurty?~* developed a comprehensive method of component
modal substitution that is applicable to redundant complex
structures. Using this inethod, the natural modes of vibra-
tion for each component are determined by fixing all interface
coordinates of the component under consideration. The
motion of each component is then written with reference to
rigid-body modes, redundant constraint modes, and fixed-
constraint natural vibration modes.

Bajan and Feng® and Craig and Bampton” used a method
similar to Hurty’s. The natural modes of vibration for
each component are determined with all component interface
coordinates fixed. The motion of each component is then
written with reference to the constraint modes and fixed-
constraint natural vibration modes.

Goldman® presented a method that used free-free com-
ponent vibration modes. The connection problem in-
volves component rigid-body and elastic vibration modes.
This obviates a constraint mode analysis, but as the author
stated, the errors introduced under certain cases can be
quite large.

Hou?® presented another method using free-free component
modes. The connection problem requires a specific selection
of as many component modes as there are connections. The
success of this method depends on the selection of component
modes used for the connection transformation. An im-
proper selection of component modes for the connection may
result in ill-conditioned transformation matrices.

The method presented here uses either constrained com-
ponent modes, or free-free component modes, generally de-
fined as the component modes. 1t does not require that
the generalized coordinates of the static constraint modes
appear in the final analysis of the system modes. This is
particularly important for structures having a large number
of interface coordinates, such as finite-element shell models.
When there are many interface coordinates, the allowable
size limitations of eigenvalue-eigenvector computer pro-
grams may be exceeded if constraint modes must be carried
along as generalized coordinates.

In this method, connections are handled by using com-
ponent stiffness matrices. Static constraint modes are
used when component modes contain a fixed interface. How-
ever, these constraint modes are eliminated by the use of
“branch components.” A branch component is a com-
ponent whose motion will be defined relative to interfaces.
In the general concept, the selection of boundary condi-
tions in obtaining component modes is arbitrary. That is,
either free-free or constrained boundary conditions may be
selected, except for one condition: if an interface of a
component is fixed, then the corresponding interface of the
connected component must be free. Any component con-
taining a fixed interface is referred to as a constrained “branch
component.” This allows the constraint modes to be used for
the connection, but also allows generalized coordinates of
the constraint modes to be eliminated. In contrast, the
method suggested by Hurty requires that all interface
coordinates be fixed for the determination of component
modes. Because of this, the static constraint modes must be
carried along as generalized coordinates.

The accuracy of this method ean be improved by applying
two types of external loading to the free interface coordinates
of the component under consideration. The first type of
loading is a stiffness loading, which represents the reduced
stiffness properties of the system, and the second is an inertial
loading, which represents the reduced mass properties of the
system. Both the reduced-stiffness and the reduced-mass
properties are formed by a reduction process in which the stiff-
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ness and mass matrices of the system are reduced to the
interface coordinates of the component being considered.
This accuracy-improvement technique enables the com-
ponent modes to be modified by including approximate dy-
namic effects of the system, and produces component modes
that resemble the system modes. The technique is based
on a Rayleigh-Ritz coneept of component mode substitution
in which the system modes are considered to be formed as
linear combinations of the component modes. Therefore, it
is expected that even better results will be obtained if the
component modes closely resemble the system modes. The
results obtained using this technique have been extremely
accurate.

This paper consists of four sections. The first section de-
scribes the reduced-mass and stiffness matrices, shows their
derivation, and presents basic assumptions. The second
section presents the analysis of component modes subject
to interface loading. The third section describes the com-
ponent mode substitution method using constrained com-
ponent branch modes, and the fourth section describes the
component mode substitution method using free-free com-
ponent modes. Two numerical examples are presented.

Reduced Stiffness and Mass Properties

Reduced-mass and stiffness matrices!® are used to simulate
attached components for interface-loaded component modes.
To reduce a component mass or stiffness matrix, the motions
of the component’s interior coordinates ¢ must be con-
strainted to move only with respect to the motion of the
interface coordinates ¢g. The constrained-motion relation-
ship is referred to as a reducing coordinate transformation.
A convenient way to determine the transformation is by using
a static reduction process. As an example, consider Com-
ponent b in Fig. 1.

For Component b, the linear relationship between the ex-
ternally applied forces and the displacements may be written,
using a stiffness matrix, as

Dy = kab (1)

Let the coordinates of Component b be divided into two
sets: one set consists of the coordinates located at the inter-
face connecting with Component a, and the other consists of
those coordinates not located at the interface. Eq. (1) can

] g ]
{ } | 1 12 | { } (2)
% b b2 Koa qls

The motion transformation describes the interior dis-
placements of a component due to the displacements of its
interface coordinates. Thus, no applied forces are acting at
the noninterface coordinates,

P =0 ®3)

Equations (2) and (3) can then be used to show that the
relationship of the constrained noninterface motion of Com-
ponent b is

@b (for Py =0) = &cb = T )
where
T, = —kooy om, (6)

From Eq. (4) the total constrained motion of Component &
can be written as

gi (for py = 0) = {g} = Tute (6)
b

I
[ ch] (7)

where

!
I

h
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The reduced stiffness matrix is formed from the potential
energy of Component b. This potential energy may be
written in quadratic form as

(PE)s = 5¢57ksgo 8)

The potential energy of constrained Component b, (PE.)s,
is then formed by substituting Eq. (6) into Eq. (8)

(PE.)y = %Qb”_cbﬁb, 9)
where
By = TwTloTy (10)

and where Eq (10) defines the stiffness matrix of Component
b only in terms of interface coordinates.

The reduced mass matrix for Component b can also be
similarly formed from the kinetic energy of Component b.
The kinetic energy of Component b may be written in quad-
ratic form as

(KE)y = 3¢7mags (11

By substituting the time derivative of Eq. (6) into Eq.
(11), we obtain the kinetic energy of constrained Component
b as

(KEo)s = 30,7Mug, (12)
where

My = TrbTmbTrb (13)

and where Eq. (13) defines the mass matrix of Component b
only in terms of interface coordinates.

Component Modes Using Interface Stiffness
and Inertia Loading

Component modes that include mass and stiffness inter-
face loadings are used to improve the accuracy of the results
obtained for the system. The previously developed reduced-
mass and stiffness matrices are indicated as they appear.

The total potential energy for uncoupled Components a and
b can be written in quadratic form as

(PEr) = 39a7koqe + 507ksgs (14)

Components ¢ and b are coupled together by constraining
the interface coordinates of Component b so that they are
identical to the corresponding interface coordinates of Com-
ponent a. This constraint is expressed as

G = (s (15)

Equation (15) assumes that the same reference coordinate
system is used for both components. Different coordinate
reference systems will require a rotational coordinate trans-
formation using direction cosines Therefore, the coordi-
nate transformation that couples Components a and b to-

gether becomes
. q
g = Trga = [I 0]{%} (16)

The reducing transformation, Eq. (6), and the coupling
transformation, Eq. (16), can be substituted into Eq. (14)
to obtain the total potential energy of the constrained system,
(PE)a:

(PE)* = $¢.Tkq. (17
where
o = ko + T17Ty (18)

and where the reduced stiffness matrix ks, previously defined
by Eq. (10), appears in Eq. (18).
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The kinetic energy of the constrained system, (KE)e, is
formed in a similar manner by taking the time derivative of
Eq. (6) and (16):

(KE)* = 3¢."m*s (19
where
me = mg + TimsT 1, (20)

and where the reduced mass matrix s, previously defined
by Eq. (13), appears in Eq. (20).

The homogeneous equations of motion for the undamped
constrained system can be easily formed from the potential
and kinetic energy expressions either by inspection of Egs.
(17) and (19), or by substituting the potential and kinetic
energies into Lagrange’s equation. This will result in

- mefe + kege = 0 1)

The eigenvector solution to Eq. (21) yields the modal
substitution transformation as

:q é
e = Ja = @Poale = A a 22
q q}a ¢ak l:¢:|a£ (22)

Equation (22) and the corresponding eigenvalues now
represent the modes of Component a, and include approxi-
mate dynamic effects from Component b. Component
modes determined in this manner are modified to resemble
system modes. Using this type of component modes will
improve the accuracy of the system results. The component
mode substitution shown by Eq. (22) may also be determined
without the reduced mass and stiffness matrix of Component
b. All subsequent component mode substitutions in the
method may be made using modes that were obtained either
with or without interface loading. When interface loading
is.not used, Eqgs. (10) and (13) are deleted.

The above procedure illustrates the concept of stiffness
and mass-interface loading of Component a. For the gen-
eral case including any number of components, Component
b represents all other components of the system coupled to-
gether.

System Modes Using Constrained Component
Branch Modes

. In the component mode substitution method using con-
strained component branch modes, one component is selected
as the main body and all other components are designated
as branch components. (A branch component is a component
whose motion will be defined relative to another component.)
The coordinates of each branch are then transformed suc-
cessively into main-body coordinates. The main-body
component is considered to be free-free, and therefore, free-
free component modes (including rigid-body modes) are
used. Component branch modes are determined with the
interface between the branch and the main body fixed.

The method of coupling the system is to use a coordinate
transformation that will transform the coordinates of the
uncoupled components into those of a coupled system, in
which the component modes are referenced as generalized
coordinates. This transformation is formed by combining
together a series of intermediate transformations.

For component b, a new set of generalized coordinates is
introduced. According to Bajan and Feng,® the noninterface
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displacements of Component b may be expressed as a super-
position of constraint-mode and fixed-constraint-mode dis-
placements. The constraint-modes are defined as a set of
elastic and rigid-body displacements that occur at the non-
interface coordinates g due to successive unit displacements
at the interface coordinates g. This definition was used to
define g, in Eq. (4). Hence, the columns of matrix T, [see
Eq. (4)] are the constraint modes. The fixed-constraint-
mode displacements g, define the elastic displacements of the
noninterface coordinates § relative to the fixed interface co-
ordinates g. These relationships can be used to express the
noninterface displacements of Component b as

ab = acb + &nb (23)

Then, from Eq. (28) and (4), the constraint-mode trans-
formation T,¢ can be written as

e %a
Qa — ga _ ¢ ga 24
fel AR (24)
13 Qnp
where
7 0 0 0
o 1 0o o
Te=lo o 1 0 (25)
0o o T, I

Components @ and b are coupled together by the relation-
ship shown in Eq. (15). From Eq. (15), the Component
b-to-Component @ coupling transformation Ty, can be
formed as

ga ‘q_\a

do | — e 190 (26)

gb

Gnp Gnp

where

7 0 0

.10 I 0

=17 o o @n

0 0 I

Equations (24) and (26) can then be combined into a more
concise transformation called T's¢:

ga ~
ol e {0
- = TBG gqa }7 (28)
2 q
i) "
where
Ty = TyTy @

Equation (28) defines the c'omplete motion of coupled .

Components ¢ and b in terms of the coordinates of Com-
ponent a and the fixed-constraint-mode coordinates of
Component b.

In the general case where there are more than two com-
ponents, further interface partitioning is done and Eqgs.
(24)-(29) will be used successively, starting from the most
remote branch until all components are coupled.

The fixed-constraint-mode displacements of Component
b, ¢n, may be replaced via a component mode substitution
using fixed interface modes. The fixed-interface equations
of motion for undamped Component b can be written as

mm@: + kangGs = 0 (30)
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The eigenvector solution to Eq. (30) yields the following
modal substitution for the fixed interface of Component b:

d (for g = 0 and g, = 0)
= &nb = J’bcfbc

Component mode substitutions are now available for both
Component @ and Component . From Egs. (22) and (31),
the combined component mode substitution transformation,

Ty, can be written as
e .
i = e 1} @)

qﬂb

¢ 0
Te = | ¢ 0 (33)
0 ¢A>b°

For the general case in which there are more than two
components, Egs. (32) and (33) are expanded to include con-
strained component modal substitutions for all branches.

The system coordinate transformation, 75, which will
transform the uncoupled discrete coordinates of Components
a and b to those of a coupled system in which component
modes are described as generalized coordinates, can now be
formed. Equations (28) and (32) can be combined to form

@31)

where

Ga
Gl _ Jqal _ . § &
141 - ¢ -re i g 3
v
where
—¢:5 0
Ty = TeTe = g: g (35)
_chq—sa ébc

From the system coordinate transformation defined by
Eq. (34), the system modes can be determined. The total
potential energy for the uncoupled Components a and & can
be written from Eq. (14) in the form

®rn - ) [B0 0] 10 oo

Using Eq.. (36) and (34), the potential energy for the
coupled system that contains only component modal coordi-
nates can be formed as

(PE) = bigarerike] fel 37)
where
¢ cT ka 0 ¢
K = T, [0 kb]n (38)

By taking the time derivative of Eq. (34), the system modal
mass matrix may be formed from the kinetic energy, in a
similar manner, as

(KB} = 3ikrb {62 (39)
where
ms 0 .
we = 1 e O, (40)

The homogeneous equations of undamped motion for thg
system can be written, using only component modal coordi-
nates from Eqgs. (37) and (39); as

i el =0 @
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The eigenvector solution to Eq. (41) yields the following
modal substitution transformation for the system;

el - ot (42)

The displacements of Components a and b are found by
substituting Eq. (42) into Eq. (34) and result in

Ga . cf ¢
where
¢p° = Ts'dn’ (44)

Equation (44) represents the component displacements of

the system modes.
It is interesting to note that combining Eq. (28) and (36)

results in

Ga
(PE)as = $19a7¢aTqn 7] kar® 3Qa g (45)
qﬂb
where
ko = TscT[ga 217]1’36 (46)
Expanding Eq. (46) results in
ke + ks ko, + 0O
. boe | 0 (a7)
o 0 0 i k22b

An inspection of Eq. (47) shows that the reduced stiffness
properties of Component b, previously defined by Eq. (10),
have been added to the upper left partition, and that the
constrained stiffness matrix for Component b oceurs in the
lower right partition. No stiffness-coupling terms occur
between Components ¢ and b; instead, coupling between
Components a and b oceurs only in the corresponding system
mass matrix. Hence, this part of the method could be called
“generalized inertia coupling.”

Tt should also be noted that the component modes substi-
tuted in Eq. (33) for Component ¢ need not be the interface-
loaded mass and stiffness modes of Eq. (22). Any set of
free-free component modes may be used for Component a.
However, if the interface-loaded mass and stiffness modes
defined by Eq. (22) are used, Eq. (37) will be expanded into
the form

bC

ena=trent [f0 G @

where

Ke = ¢aThods = [Biw]e (49)
and
| Ky = ¢kamdre = [Biwidls (50)

The system modal stiffness matrix K¢, which was defined
by Eq. (38) will become diagonal due to orthogonal mode
properties.

System Modes Using Free-Free
Component Modes

In this part of the component mode substitution method,
free-free component modes (including rigid-body modes)
are used for all components.

Component b is coupled to Component ¢ using Eq. (15)
to form the coupling transformation, T, which can be
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written as ~
' =
~ Qu
Qal _  }e{ _ P
{Qb} & T, 3%,1% (B1)
qv ’
where
I 0 0
_10 I 0
T, = I 0 0 (52)
0 0 I

‘When there are more than two components, further inter-
face partitioning is done. Equation (51) is expanded to
couple all components together.

The free-free modes of Component ¢ which contain the
effects of the reduced-stiffness and mass matrices of Com-
ponent b, are shown in Eq. (22). Similarly, the free-free
modes of Component b are determined so that they contain
the effects of the reduced-stiffness and mass matrices of Com-

ponent a:
e ffmee=[fle w

The component b modal substitution transformation
written from the lower partition of Eq. (53) becomes

T = $ués (54)

Component mode substitutions are available for both
components. The combined component mode substitution
transformation Ty for Components ¢ and b is formed from

Eq. (22) and (54) as
aa
gqg - 7l (55)

¢. O
T4 = (ﬁu q (56)
0 b

When there are more than two components, Eqs. (55) and
(56) are expanded to include additional component modal sub-
stitutions for all the components in the system.

The system coordinate transformation T's which will trans-
form the uncoupled coordinates of Components ¢ and b to
those of a coupled system in which the component modes are
used as the generalized coordinates can be formed. Equa-
tions (51) and (55) can be combined to form

where

qa
ot = o= 4t @
/{3
where
3. 0
Ts = T2T4 = gz 8 (58)
0 b

Using the system coordinate transformation defined by
Eq. (57), the system modes can be found. The total poten-
tial energy for the system can be formed by combining Egs.
(57) and (36)

(BB = 3igrer K 1] (59)
where
K =Ty [’8 21)]:/’5 (60)
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By taking the time derivative of Eq. (57), the system
modal mass matrix may be formed from the kinetic energy in
a similar manner as

KBy = Yigrr o {5 o)
where 7
M=Ts [gi ?nb]'_rs (62)

The homogeneous equations of undamped motion for the
system can be written, using only free-free component modal
coordinates from Eq. (59) and (61), as

toelt) -
IM{& + K i =0 (63)

The eigenvector solution to Eq. (63) yields the following
modal substitution transformation:

1ol = gut 69

The displacements of Components ¢ and b are found by
substituting Eq. (64) into Eq. (57) and results in

Gal __

{ Qb} = ¢pén (65)
where

¢p = Tspn (66)

Equation (66) represents the component displacements of
the system modes.

The free-free Component b modal substitution transforma-
tion defined by Eq. (54) may be replaced by another method.
The interface coordinates g, in Eq. (2) can be reduced, leaving
only noninterface coordinates ¢, The corresponding re-
ducing transformation and its time derivative can be substi-
tuted into Egs. (8) and (11), respectively. The resulting
potential and kinetic energies will contain ¢ and ¢, only as
generalized coordinates. The corresponding eigenvector
solution can then be used as the component mode substitu-
tion to replace Eq. (54). This alternative method is useful
for reducing the number of component coordinates where
there are too many to be used in available eigenvalue-
eigenvector computer programs. '

Small changes can be made to the mass and stiffness
properties of components without having to recalculate the
interface-loaded component modes. The component mass
and stiffness matrices used in Egs. (38, 40, 60, and 62)
contain the revised mass and stiffness matrices.

The number of generalized coordinates used to determine
the system modes in Eqs. (41) and (63) is controlled by
truncating the number of component modes used in Egs.
(33) and (56) The component modal substitutions that
are used need not be the interface-loaded mass and stiffness
modes in Eq. (22). For the same number of component
modes, more accurate results are obtained using interface-
loaded modes. This effect is shown in the numerical ex-
amples.
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For some applications, it may be useful to determine the
component modes using only translational coordinates. If
rotational coordinates exist, they will be mixed with com-
ponent modal coordinates in Eqgs. (41) and (63). The rota-
tional coordinates can subsequently be eliminated, in a manner
similar to that shown in Egs. (2-7), by determining a
reduction transformation that will use the modal stiffness
matrices K¢ or K. This reducing transformation is then used
in Egs. (37, 39, 59, and 61) to leave only component mode
coordinates.

System constraints may exist, and are assumed to be in-
cluded in the basic mass and stiffness matrices of the com-
ponents. No modifications to the method are necessary.

Two approaches may be used to handle a large number of
components. One is to couple all components simultane-.
ously, as has been indicated in the preceding derivations.
The second, which is useful if restrictions on the size of the
computer program prevent the simultaneous approach from
being used, consists of cascading the components successively.
First, two components are coupled together. Next, three
of the components are coupled together, and the first two
coupled components are ireated as one; the previously
calculated system component modes are then used as the
component mode substitutions. More than two inter-
connected components may be treated using this method.
This will require additional eonnections to be made if con-
strained branch modes are used. A transformation similar
to Eq. (16) may be formed and inserted as an additional
transformation either before Eq. (24) or after Eq. (28). The
use of free-free component modes requires no further ex-
planation.

An interesting aspect of using the above methods to handle
many components is that a combination of constrained and
free-free component modes can be intermixed simultaneously.
This, however, must be done carefully, and requires a com-
plete understanding of the method presented.

Numerical Results

Two examples have been considered: a beam and a planar
truss. The beam is shown in Fig. 2(a) and consists of two
beam components that have uniform stiffness and mass
properties. One component consists of 13, and the other,
of nine, equally-spaced collocation points, ‘each having two
degrees of freedom.

The planar truss, shown in Fig. 2(b), consists of two truss
components having uniform bay sections. All members
have a constant area and uniform mass properties. One
component consists of five equal bays and has a total of 18
joints  The other component consists of four equal bays and
has a total of 15 joints. Each joint has two degrees of free-
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dom. The relative lengths of the members are indicated
in Fig. 2(b).

The system modes for both examples were determined
using four types of component modes: 1) Constrained com-
ponent branch modes with no interface loading, 2) Con-
strained component branch modes with interface loading,
3) Free-free component modes with no interface loading;
4) Free-free component modes with interface loading.

For the beam, 8, 16, 24, and 32 component modes were
used; for the truss, 12, 20, 28, and 36 component modes
wereused. A frequency cutoff criterion was used to select the
component modes: i.e., all component modes whose fre-
quencies were less than or equal to the cutoff frequency were
used. :

Figures 3(a) and 3(b) present the system frequency error
for the beam using constrained component branch modes.
Forty-two component modes were available. Figure 3(a)
is for the no-interface-loading condition; good results were
obtained except for the 8-component-mode case. Figure
3(b), which is for the interface-loading condition, shows
that significantly better accuracy was obtained. Note that
the 8-component-mode case gave very accurate low modes.

Figures 3(c) and 3(d) present the system frequency error
for the beam using free-free component modes Forty-four
component modes were available. Figure 3(c) shows the
results for the no-interface-loading condition, which produced
good results except for the 8-component-mode case. Figure
3(d) which is for the interface-loading condition, again shows
that a significant accuracy improvement was obtained for
the low modes. In general, the higher modes obtained by
using free-free component modes were not as accurate as
those obtained by using constrained component branch
modes.

Figures 4(a) and 4(b) present the system frequency error
for the truss using constrained component branch modes.
Sixty component modes were available. Figure 4(a) shows
that for the no-interface-loading condition, good results were
obtained except for the 12-component-mode case. Figure
4(b) is for the interface-loading condition; significant ac-
curacy improvement was obtained for the lower modes.
The 12-mode case gave very accurate low modes.

Figures 4(c) and 4(d) present the system frequency error
for the truss using free-free component modes. Sixty-six
component modes were available. Figure 4(c) is for the
no-interface-loading condition and shows that good results
were obtained using 28 and 36 component modes. Figure
4(d) is for the interface-loading condition; very significant
accuracy improvement was obtained for the lower modes.
The results obtained using constrained component branch
modes were, generally, more accurate, especially in the
higher modes, than the results obtained using free-free
component modes.

Interface loading on the component modes primarily
improved the low modes and was unpredictable for the high
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Fig. 4 Frequency error vs elastic mode number for truss
model.

modes. The improvement in accuracy obtained by using
interface-loaded-component modes decreased as the number
of component modes increased.
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