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Direct Coupled Load Verification of Modified
Structural Component

Y. Yasui*
Nippon Telegraph and Telephone Corporation, Yokosuka, Kanagawa 239, Japan

An analytical verification method for structural dynamics subject to partial design change is proposed. The
method can predict time-domain structural dynamic responses after the changes are implemented, incorporated
with the entire structural characteristics including the unchanged portion, by using small numbers of modal
parameters of the original structure and the modified component. The concise computation of the degrees of
freedom of the modal representation, which are formulated to retain the residual flexibility in the equation of
motion, can correctly provide changed effects. The representation of the component mode synthesis and the
force equilibrium between the changed component and the main structure are utilized to develop the algorithm,
which yields the modal mass-stiffness conversion in the component modes. Applying this method to the spacecraft
redesign, without the physical property information of the launch vehicle or repetition of coupled load analysis, the
established algorithm can improve the prediction of the coupled spacecraft and launch vehicle structural dynamics.
A reanalysis can be implemented using a limited number of available modal parameters from the coupled analysis
for the original structure. Demonstrations applied to simple beam and spacecraft-launch vehicle models presented

show the effectiveness of the method.

Nomenclature

= damping matrix of entire structure
= external force
= modal force, i.e., [¢;]7 {F}
= identity matrix
= stiffness matrix of entire structure
= mass matrix of entire structure
»i = mass matrix coupling part between component modal
and boundary degree of freedom (DOF) (b x i)

0; = modal DOF of entire structure

q; = modal DOF of component

s = Laplacian operator

AC = changeof damping matrix

AK = change of stiffness matrix

AM = change of mass matrix

e = diagonal coefficient matrix defined in Eq. (25)

7; = transformed DOF defined in Eq. (28)

®; = mode shape of original entire structure

Subscripts

a = DOF of component subject to design change

b = boundary DOF between component and main structure

e = DOF of main structure including driving points by
external force

i = modal DOF of component

i = modal DOF of entire structure

v = DOF of main structure and boundary

o = component interior grid points

Superscripts

T = transpose of matrix

—1  =inverse of matrix

Introduction

ECAUSE of the competitive market, current spacecraft devel-
opment demands quick fabrication and low cost. While pro-
viding a low cost, vendors must design optimal spacecraft satis-
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fying various payload performances as required by customers and
must produce their spacecraftin a timely fashion. However, original
spacecraft design and analysis procedures are time consuming and
costly. One solutionto these problemsis to developa flexiblereanal-
ysis methodology that allows design changes from the prototype
structure at arbitrary time and manner. This will help circumvent
interruptions in development and repeating series of analyses and
tests as aresultof the design changes. Note that the spacecraftstruc-
ture is exposed to critical vibration and acoustic conditions as part
of launch vehicle structure at launch.! Reanalyzing the structural
load coupled with the launch vehicle, i.e., coupled load analysis
(CLA), is indispensable when major spacecraft structural charac-
teristics are changed. In general, the analytical model of a launch
vehicle is not available for the spacecraft designer or it is difficult
to conduct the coupled analysis. This is probable for general com-
ponent design analysis. CLA is implemented by the launch vehicle
vendor, although the design is changed at the spacecraft. Repeti-
tion of CLA is prohibitive in terms of time and cost. Therefore, a
convenient and reliable reanalysis technique is desired to alleviate
redesign.

Many methods can be applied to the coupledload reanalysis. The
perturbation-type technique has been proposed and improved®™;
however, it still has a problem in its ability to handle large changes.
The method using predictor-corrector iteration® may alleviate this
limitation. However, the truncation effect of modal representation
has not been examined. Also, the method based on the sensitiv-
ity analysis® can only provide reference to the effect of the change
on individual parameters and is not convenient for direct verifi-
cation. In general, CLA is implemented using modal degree of
freedom (DOF). Also, the spacecraft is formulated by the com-
ponent mode synthesis (CMS) in CLA. The formulation in CMS
can provide attractive insights for the reanalysis using modal DOF.
A survey of CMS prominent methods is found in Ref. 7. CMS can
provide accurate prediction for spacecraft-launch vehicle coupled
load response.®? Off-the-shelf software packages including CMS
coding'® have been developed and are being used without basic
knowledge of the method. After application to real design activi-
ties and related structural dynamics problems,!! the advantagesand
limitations of the method have been examined.!?'!?

Inemployingmodal DOF, the accuracyof reanalysisis alsodriven
by the number of employed modes. This leads to the mode trunca-
tion problem as commonly found in modal methods using modal
DOF. The CMS equations are intentionally formulated to suppress
the error induced by mode truncation. The ideas of residual flexibil-
ity, attachment modes, or constraint modes of the Craig-Bampton
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formulation are derived from the research of the CMS striving
against mode truncation error.

In general, the modes employed in coupled analysis are also trun-
cated. The truncation effect in the component is suppressed by the
formulation of the CMS. However, the effect raised by the inter-
action between the unretained modes of the coupled structure, i.e.,
global modes, and changed component parameters causes certain
error. An equation formulation and procedure must be developed
that can compensate for the mode truncation error in the coupled
load calculation. A frequency-domainmethod has been proposed'*
to handle this problem. However, the time-domain method using
CLA results is more convenient for application to the spacecraft
design procedure than the frequency-domain method. Focusing on
the mode truncation effect, the time response in reanalysis is im-
provedby the algorithmbased on the CMS formulationand the force
equilibrium between the changed component and entire structure.
The formulation is derived from the idea of the residual flexibility
and mode acceleration method.? The form of the proposed method
is amenable to numerical computation with standard finite element
analysis techniques. This method can be used for a general time-
domain reanalysis using modal DOF and is demonstrated with a
sample beam model and a spacecraft-launch vehicle CLA applica-
tion using typical parameters.

Modal Formulation of a Modified Structure

The basic equation of the coupled dynamics of the entire struc-
ture with the component (spacecraft) and the main structure (launch
vehicle) is defined as

[(M]s*{u} + [Cls{u} + [K]{u} = {F) (1
When using modal DOF, Eq. (1) becomes
[m;1s*(Q,) + [c;1s{Q;) + [K;1{Q;) = [¢;,1"(F} (2
where
{u} = [4,1{Q;) 3)

and [m,], [c;], and [k;] are diagonal matrices of modal mass, damp-
ing, and stiffness of the entire structure. The applied force induced
by launch vehicle thrust and external environmental forces is iden-
tical, even though the spacecraftdesign is changed. This means the
right-hand side of Eq. (1) is unchanged before and after a design
change is implemented. Because the launch vehicle is heavy and
large enough in applications to the CLA with spacecraft, it is as-
sumed that the mode shape at the point where the external force is
applied is unchanged by the spacecraftdesign change. In this sense,
the right-hand side of Eq. (2) also remains unchanged before and
after the design change.

The structural componentis defined with modal DOF and physi-
cal DOF at the boundary according to the representationof the CMS
in Ref. 9. Using fixed boundary component normal modes & and
constraint modes G, the structural component is transformed into
component modal representation:

)= 1) @

With the component representation obtained by the linear transfor-
mation of Eq. (4), the force equilibrium equation for a component
may be written as

P"i i Mib}sz {_q’_}
M, | My, "y

G R o ol e

where [m;], [c;], and [k;] are diagonal matrices. The component is
driven by the time-varying force F; at boundary points b. Using
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Eq. (5) as the representation for the component portion, Eq. (1) can
be rewritten as

m,iMibiO q; CIEOEO q;

B S , )t I T i

Mib i Mhh EM}", N u, ¢ +10 iCbh i 0 S 3 Uy

__________ 1= --"" - I i -

0 | M, M., Ue 010 iCe. Ue
kioto lra 0

101 Kn K [y =10 ©

04K K, |l F,

The boundary physical matrices M,,;,, Cyp,, and K, contain the prop-
erties of both the component and the main structure. The displace-
ment of the systemequationin Eq. (6) can be represented with modal
DOF as Eq. (2) by the following linear transformation:

1
uy ¢ =[¢;1{Q;} M

u,

Reanalysis in Modal Representation

To avoid unnecessary calculationin the large data space of DOF
includingnegligibly small responsesinduced by the high-frequency
modes, fewer modal DOFs are used than physical DOFs. However,
if the designis changed,it may produce a significant error as aresult
of the interactionbetween unretainedmodes and the change in prop-
erty, becausethe change violatesthe orthogonalityof the modes. The
design change alters the mode shape defined as an eigencharacteris-
tic into an arbitrary assumed deflection for a linear transformation.
Therefore, the higher modes of the original structure cannot be ig-
nored simply because their resonant frequencies are much higher
than that required for verification.

Assuming the design change occurred after the first CLA, the
modal response and mode shape parametersof the original structure
have already been obtained. Thus, if the response after the change
can be represented by the modal DOF of the original structure,
extracting a new eigenvalue or mode shape coupled with all of the
DOF is not required.

Mode Truncation and Residual Flexibility

The problem is the effect of the truncated modes, even though
the equation formulation of modal DOF is concise and convenient.
It has been proven that the problem of mode truncationis improved
by introducing residual flexibility'? into the equation of motion or
by employing the mode accelerationmethod.'> These two methods
are developed from basically similar ideas. However, both require
inversion of the stiffness matrix of the entire structure. Therefore,
in a straightforward approach, the stiffness or flexibility matrix of
the unchanged portion is required.

The equation of the entire structureafter changes,includingresid-
ual flexibility, is presented in Ref. 15, i.e.,

: ®)
~Z¢, | Z+AK

where the second row comprises the changed component properties
and residual stiffness matrix Z, i.e., the inverse of the residual flex-
ibility matrix. In the spacecraftdesign change, the residual stiffness
matrix Z is derived from the entire structural characteristicsinclud-
ing the launch vehicle. In general, this matrix will not actually be
available for spacecraft designers.

The proposed idea of this paper can be explained from Eq. (8)
and the mode accelerationmethod. As truncationcompensation, the
displacementu can be expressed as the linear combination of modal
displacements and an additional quasistatic response for truncation
error compensation:

{u} =10, {Q;} + {us} )
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where {u, } is the vector to compensate for truncated high-frequency
modes. Then, similar to the idea of CMS, the effects of the inertia
and the damping of the high-frequency modes are assumed to be
negligible for the total force equilibrium equation. This leads to

sHun) = s{u} =0 (10)

Premultiplying mode shape d)jT to the second row of Eq. (8), it is
substituted into the first row of Eq. (8) to eliminate the residual
stiffness Z. Equations (9) are applied to u, in Eq. (8), and Eq. (10)
is also introduced into Eq. (8), which becomes

[m; + 6] AM®;]5°(Q,} + [c; + ¢] ACe; ]s(Q}
+ [k; + 6] AK¢; {0} + [¢] AK ) = () (11

As a comparison, the perturbation approach>* is applied to the
system equation. This is represented by the mode projection, i.e.,

[m; + ol AM¢;]s*(Q;} + [c; + ] ACH;]s(0)]
+ [k + 0] AK¢;]{0)) = (/) (12)

This is the standard modal method with a truncated set of modes, ig-
noring the effect of the high-frequency mode. Comparing Eqs. (11)
and (12), the only difference is the fourth term of the left-hand
side of Eq. (11). This implies that the residual flexibility effect for
changed matrix in Eq. (8) can be interpreted as an additional term
in the mode projection representation with retained modes, that is,
the interaction between the change of stiffness and compensation
vector representing higher-frequency mode deflections.

Truncation Compensation with Mode Acceleration
The mode acceleration technique is expressed as

{u) =[KI"'{F = M¢;5°Q; — C$;50,} (13)

The fundamentalidea of the mode accelerationtechniqueis to mod-
ify static displacementusing force equilibrium between strain force
via the physical stiffness matrix and the combination of inertia and
damping force derived from the response of the modal DOF and
external force. Using Eq. (9) in Eq. (13), we obtain

() = K7 [F — M¢;s*Q; — C¢;50,} — [9,1{Q;) (14
This can be rewritten as
{wn) = K17 {F —M¢;s°Q; —C¢;s0,—K¢;0;} (19

Introducing Eq. (15) into the last term on the left-hand side of
Eq. (11), the last term becomes

(1" [AK{uy} = [¢;1" [AK][K + AK]"'{F — M¢;s*Q;

—C;sQ; — (K + AK)$,; 0} (16)

It can be deduced that to obtain the truncation compensation term
of the left-hand side of Eq. (16) the inversion of the entire stiffness
matrix is required. When this approachis applied to the component
mode representationof Eq. (5), we can use the advantageof the form
of the stiffness matrix in Eq. (6). As shown in Eq. (6), the inverse
of the stiffness matrix can be processed at the two submatrices as

given by
I
K™ = ——6——!-—1%—_—1— an
where
Ky ! K,
e [} 2]
eb ! ee

The inverse of the stiffness matrix will be obtained partially even
though the total stiffness is unknown. Hence, ignoring the second
and third rows of the matrix in Eq. (6) denoted with the subscriptsof

b and e, i.e., the launch vehicle and the boundary area, we proceed
to calculate the upper submatrix.
The partition between the upper and lower matrices is defined as

M, K. C,
M:[___}I K:[___}I C:[___} (19)
M, K, C,

The change in the component is transformed into the changes of
the component modes and physical property at the boundary DOF
in the representation of CMS. Assuming that error compensation
is performed for the component modes, we deal with the changes
confined in the component modes first. The change effect of the
boundary portion is discussed later. Assuming that change is within
component modes, the upper and lower partition of the changed

stiffness matrix is
AK = [_A_Iffi] = [_A_Iff_] (20)

Then, the right-hand side of Eq. (16) is transformed by the com-
ponent stiffness matrix representation in Eq. (17). Equation (16)
becomes

¢, 1" [AK][K + AK]™!

x {F —M¢;s*Q; — C;sQ; — (K + AK)P; 0,

{Fa - Ma¢j52Qj —CupjsQ; — [ki + Aki]¢_iQ_i }
X _
Fy —My9;5°0; — Co;5Q; — [Ki19;Q;

The matrix multiplication of the right-hand side is executed. Then,
Eq. (21) is rewritten as

[¢,]"[AK]K + AK]™!

X {F—M;s*Q; — C;50; — (K + AK)$; 0}

T { CF, = ¢[M8,5°0, — Co;50,] — clk + Ak,-w_,»Q_,»}
o7}

(22)

where ¢ is a diagonal matrix that represents each generalized stiff-
ness change, which is defined as

[¢] = [Ak]Tk; + Ak, (23)
Then, the last term in Eq. (11) yields
[#,1" [AKHuy} = [9,1"
y FFa —¢[M,9;520, — Cugp;sQ;] — C1k; + Aki]¢.iQ.i}

The external force F, does not exist for the component.

To simplify the explanation, the damping matrix is eliminated in
the equation, which can be treated as the same manner as the mass
matrix because it is the same expression of term, if the damping
matrix on the physical DOF is available. Equation (2 1) can be further
simplified as

—C|M,p;s*Q | — Clk; + Ak;19, 0
(6,7 (MK 1) = (6, {_E[___?éf_s___Q_J____?[ _________ ]_43.1_9_]_}

(25)

It is noted that the right-hand term of Eq. (25) implies projection
by the global mode ¢;. Premultiplication of the right-hand side of
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Eq. (25) is represented by the deployed matrix and vector multipli-
cation expression as

[¢j]T[AK]{uh}

(26)

Hence, introducing Eq. (26) into Eq. (11), the equation of motion
yieldsamodified formulationof the projectionby the original global
modes of the entire structure. Considering the form of Eq. (26), be-
cause the change is introduced only to the upper submatrix, i.e., the
componentmode portion in the total equationof motion of Eq. (11),
the truncation compensationterm of Eq. (26) is introduced into the
componentrepresentationin Eq. (5):

M : 4 AL :
|E_n_,li_.|___’_b_}s2{_q’_}_|_|zlf’___|:___k_’_+___0__} {_ql_}
MiZI; i Mbh up 0 i Khh up
_ [em fea slel Sl + k] 0 fal_fo)
0 : 0 Up 0 i 0 up FL

@7

The last two terms on the left-hand side are added to the component
representationinside of the mode projectionmultiplication,which is
equivalentto adding Eq. (26) to the mode projectionrepresentation
of Eq. (11). Equation (26) indicates the force response equilibrium
between the component mode DOF denoted with i and boundary
points denoted with b. However, the coefficient matrices in Eq. (27)
lose their symmetry.

Symmetric Formulation of Modal Representation

To restore matrix symmetry, the vector transformation approach
can be utilized.'"® Substituting Eq. (23) into Eq. (27), the further
simplified form is obtained as

I— - ; i i ! i
o fumome ] a) [l o Ty fo)
M7 | M, Up 0 | Ky, | LU F,
(28)

The diagonal matrix [/ — £]7'/* is premultiplied to the first row of
Eq. (28). The mode shape at i points is linearly transformed in the
following manner:

172

vI—=2¢n =g 29

Then, Eq. (24) becomes

1 11
[[I—z]im U—¢12 0 [ —=¢12 M, Z{n,}
---------------- VT
MIII =]z | My,
1 _lk 1 o 0
p— 2K —_ 21 .
T R L {f”_} = {2} (30)
0 K Uy b

Because [m;], [k;], and [ — ¢]7'/? are diagonal matrices, Eq. (30)
can be redefined as

1
]

]
______________ [ Sl
]

I
]

I

o _ 0
N [’qo} {17:} - {} 31
O i Khh up Fb

This algorithm does not change the stiffness of the component rep-
resentation of the changed structure, even though the stiffness is
changed in reality. If the mass matrix is also changed, according to
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Eq. (10) the changed mass matrix can be directly incorporated to
Eq. (31). Furthermore, the damping change can be dealt with in this
equation using the same approach as the mass matrix. Hence, the
deviation of the original and changed mass matrix becomes

AM = AM + |- —£ ]_’21_’__i._v__1__—___¥’_b_ — _?}i_j_y"_b_
MT«/I —Z! My

The new modalresponsesof the originalmodal DOF after the change
are obtained using this changed representation of the component.

System Equation and Its Characteristics

The effect of Eq. (26) is introduced in the equation of motion of
the entire structure using the changed component representation of
Eq. (32). The equation of motion of the entire structure after the
change becomes

[m; + 6! AM®,]s*(Q;) + [c; + ¢ ACP;]s(Q))
+ [kj]{Qj} = {f;} (33)

As compared with Eq. (12), the formulation developed here yields
the modal mass-stiffness conversion in the component modes.

The reanalysis method in the frequency domain has already been
proposed in Ref. 14 by the author. The final form of the equation,
i.e., Eq. (33), yields the same representationin the previous work.'*
However, the derivationof the algorithmis totally different. Because
the frequency-domainmethod in Ref. 14 employs the square of the
frequency function, which cannot be defined in the time-response
analysis, it may require a special transformation and assumptions.
The equation derivation presented herein provides clear theoretical
explanationof the time-domainreanalysismethod compensatingfor
the mode truncation effect.

Discussion on Numerical Application

Effect of Original Modes

The proposed method is characterized as a modified method of
the mode projection with a mass-stiffness conversion, as shown in
the comparison of Eqs. (12) and (33). Therefore, the change raised
at the portion where the original mode shape does not have motion
will not be incorporated in the system equation, which may pro-
duce a large computation error. However, because the equation of
the component comprises generalized component modes, the com-
ponent modes that have no response at the original analysis can
be eliminated and interpreted as a change of the different modes
that have responses at the original analysis. This can obviously be
checked before reanalysisis performed.

Effect of Boundary Elements

Improvementby the proposedmethod is carried out only for com-
ponentnormal modes. The remainingissueis the effectof the change
in the boundary matrices that are represented by AM,;, and AKy,,.
These matrices are introducedin the system equation by the projec-
tion of the original global modes withoutthe benefits of the proposed
method. As the equation definition of the matrix, in the case of a
single-pointconnectionor having only rigid motion among the con-
nection points between the component and the main structure, the
stiffness matrix yields a zero matrix so that the truncation effect
does not appear. A drastic change of motion between the connec-
tion points before and after the design change is not likely for real
applicationsto the spacecraft-launch vehicle coupling problem be-
cause the launch vehicle is large and heavy enough. Therefore, the
projection by the original global modes for the boundary matrices
can adequately represent the force equilibrium.

Residual Flexibility and Matrix Condensation
Another concernis the comparisonbetween the proposedmethod
and the method with residual flexibility, if the flexibility matrix is



98

YASUI

Table1 Resonance frequencies

Component Entire structure®
Mode no. Frequency Mode Frequency Mode
1 4.947 First bending X axis 0.0 Rigid
2 4.947 First bending Y axis 0.0 Rigid
3 29.08 Second bending X axis 0.0 Rigid
4 29.08 Second bending Y axis 0.0 Rigid
5 77 Third bending X axis 0.0 Rigid
6 77 Third bending Y axis 8.867 First bending X axis
7 134.2 Fourth bending X axis 8.867 First bending Y axis
8 134.2 Fourth bending Y axis 24.77 Second bending X axis
9 313 First axial 24.77 Second bending Y axis
10 891.4 Second axial 45.93 Third bending X axis
11 1334 Third axial 45.93 Third bending Y axis
12 1573 Fourth axial 75.53 Fourth bending X axis
13 —_— e 75.53 Fourth bending Y axis

4Torsion motion is constrained.

available as a hypothetical case. Because the proposed method is
based on the formulation of the residual flexibility shown in Eq. (8),
comparable resulting accuracy can be expected if the model size
is reduced by the transformation from Eq. (8) to Eq. (11) with-
out any constraint for the equation of motion. However, if residual
flexibilityis available, it is possibleto calculate using the size of ma-
trix in Eq. (8), i.e., modal DOF and physical DOF of the changed
component, which provides additional freedom to lead to further
improvement against the error raised by the local force equilibrium.
The Guyan reduction'” is applied to Eq. (8); thus, Eq. (8) yields

[m;15*(Q;} +[c;15{0;) + [k, + ¢ Z¢;]{0 ;)
+[67Z1Z + AKIT'AMZ + AKT ' Z¢;]5%(Q))
~[¢]z1Z + AKT 29,10} = ()} (34)

For the stiffness matrix, the Guyan reduction yields the static con-
densation, which is rigorous condensation with no error. However,
the Guyan reduction applied to the mass matrix is not perfect con-
densation. When substitutingthe stiffnesschangeto the mass change
according to the proposed method, Eq. (34) yields an equivalent
equation form of Eq. (33) by introducing AK = 0. This implies
that the proposed method may impose an additional constraint on
the method using the residual flexibility of Eq. (8), by reducing
the matrix size into the modal DOF of Eq. (11) in the same man-
ner using imperfect Guyan reduction for mass matrix. However,
if relatively large numbers of DOFs are employed for the system
equation due to providing sufficient freedom of motion, the accu-
racy deviation by the matrix size reductioninto Eq. (11) will not be
noticeable. The numerical comparison exhibiting this characteristic
in the frequency-domainanalysis was presented in Ref. 14.

Frequency-Domain Characteristics

Also, because Eq. (33) is equivalentto that of the frequency anal-
ysis in Ref. 14, the issues related to the magnitude of design varia-
tions and the influence on the modal frequency yield the same result
as Ref. 14. Improvement from the conventional mode projection
method in Eq. (12) is notable in large design change and at higher
frequency modes, as shown in Ref. 14.

This method can be made available for general structural reanal-
ysis problems other than spacecraftin a time domain, in which the
structural component is subject to design changes. The reanalysis
for a componenton the large main structuredriven by external force
may be applied, i.e., aircraft components on the fuselage driven by
engine thrust, or automobile componentson the main body structure
that is subjected to vibration from engine or wheels.

Examples
To estimate the ability of the proposed method, we present two
examples: 1) a simplified numericaldemonstrationperformed with a
beam model and 2) a realistic applicationusing a spacecraft-launch
vehicle model.

Table 2 Excitation force
function

F(t) = Ay coswit + Ay coswyt
f1 = /2 =8.0, Hz
fz = w2/27'[ =20.0, Hz
A=A, =1,N

Connection
Point

Y
1 2 3 4 5/6 7 8 9 T

—9o o o O o o o & Zo

Beam B
{Main Structure)

Fig.1 Beam coupling model.

Beam A
{Component)

Simple Beam Model

The finite element computation, mode extraction, and equa-
tion transformation were performed using MSC/NASTRAN and
its DMAP programming. All demonstrations were performed with
the standard precisionof MSC/NASTRAN. Two 25-DOF beams are
employed to represent the changed component and the remaining
unchangedparts of the structure, as shown in Fig. 1. Beam model A
representsthe spacecraft,and B representslaunch vehicle. The cou-
pled beam has the following dimension and properties: E1 = 560
Nm, 900 mm in length, and 26.4 kg in total mass. An undamped
condition is used for both the component and coupled structure.
The coupled beam is subject to the excitation at tip point 9 of beam
B. Both beams have homogeneous properties and the same grid
point intervals. The dimension of this model causes little change
in the mode shape at the excitation point before and after the de-
sign change shown on the right-hand side of Eq. (2). Nevertheless,
as a typical application to verify the method’s capability and ade-
quacy, this simple symmetric component model configuration was
chosen. The torsion DOFs are constrained to eliminate meaningless
motion. The remaining three translation and two rotational DOFs
are not constrained. Because the mass contributionfor the rotational
DOFs is not considered, 3 translationcoordinatesat 4 points yield a
maximum of 12 elastic modes available for the component. In this
demonstration, the full available 12 modes are used. The dynamic
response is examined for the coupled structure. We assume beam A
is modified to change its stiffness to double the original model. The
excitation is assumed as a combination of two kinds of sinusoidal
wave close to the resonance frequencies as a critical vibration. The
resonance frequenciesof the componentand system equation of the
entire structure and the excitation force function are presented in
Tables 1 and 2, respectively. The resulting responses of the coupled
model are shown in Fig. 2, in which five rigid modes and two elastic
modes are employed for the system equation as the CLA result of
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Fig.2 Time response of beam model in two-elastic-mode case.
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Fig.3 Time response of beam model in eight-elastic-mode case.

the original structure. This is a typical case in that, in general, the
CLA is performedusing limited numbers of modal DOFs. As a com-
parison, the finite element (FE) analysis with full physical DOFs is
conductedto demonstrate an additional standard CLA after change,
which is indicated with the notation CLA in Fig. 2. The modal re-
sult of the former coupled analysis is the only information that is
available for the reanalysis calculation after the design change. The
straightforward approach is to use the projection of the changed
physical characteristics by the original mode in the former CLA,
whichis presentedin Eq. (12). The result, also illustratedin Fig. 2, is
indicated with the notation of mode projection (M.P.). This method
yields a poor result because of the effect of mode truncation, as
shown in Fig. 2. The proposed method employs the same numbers
of DOFs to the solution sequence as the mode projection method.
Therefore, the improvementis accomplished by basically the same
computationprocedurewith a few matrix manipulationsaddedto the
mode projection technique. The proposed method, indicated with a
solidline, follows the exactresponsetrajectory of the CLA, as shown
inFig.2, where the proposedmethodisindicated with the notationof
New. The slight deviation observed between the CLA and New may
be caused by the effect of the matrix condensationdiscussed earlier.

The employment of five rigid and eight elastic modes for the re-
sponse analysis is presented in Fig. 3. Because the improvement
is provided by compensating the mode truncation, when employ-
ing sufficiently large numbers of modes the effect is diminished
into a small difference in the response between the mode projec-
tion method and supplemental coupled load analysis starting from
the physical matrix, as shown in Fig. 3. However, generally, the
high possibility of mode truncation error is conceivable in large
FE analysis because its flexibility is defined by a large number of
DOFs.

Spacecraft-Launch Vehicle Model

As a realistic application, a reduced-matrix-size spacecraft and
launch vehicle FE model is used, as shown in Fig. 4. This FE model
is also constructed using MSC/NASTRAN with total 1362 DOFs
including modal DOFs, referring to the published literature!® and
data from the real CLA results, as, for example, in Ref. 1. Although
the real launch vehicle model is not available, even this reduced
model can demonstrate the real result closely in terms of CLA. The
stiffnessand mass of the spacecraftare changedranging between 0.5
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Spacecraft

Launch vehicle

Fig.4 Spacecraft-launch vehicle coupled model.
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and 1.5 times. After eliminating uncoupled local modes, the lower
13 elastic modes are utilized for both the component modes and the
coupled system analysis in which 5 modes for the coupled system
are rigid modes. The natural frequency of the spacecraft compo-
nent modes before and after the structural changes are presented in
Table 3. Solving the coupling model, the frequency changes of the
entire structure caused by the design change in the spacecraft are
presented in Table 4 to clarify the condition of the demonstration.
In this demonstration, a shock excitation is applied to the tail end
of the launch vehicle, which simulates the main engine cutoff or
the ignition delay of solid boosters of the launch vehicle. The time
response by the mode projection method, the proposed method, and
the supplemental CLA after changes are compared. The proposed
method can provide good coherence with the result of the additional
CLA conducted with the entire DOFs associated with the changed
component. The results are presented in Figs. 5 and 6, which illus-
trate time responses at a typical point on the spacecraftin terms of
two directions: the shock excitation direction on the launch vehicle
and normal to it.
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Table3 Component resonance frequencies

Frequency
Mode no. Before change After change
1 3.137 2.020
2 4.040 4.706
3 7.921 9.390
4 18.78 11.68
5 22.98 11.88
6 23.36 18.29
7 28.22 26.82
8 36.58 29.11
9 39.08 32.00
10 53.64 34.47
11 59.87 42.34
12 62.07 58.62
13 64.01 93.11

Table4 Resonance frequencies of entire structure

Frequency

Mode no. Before change After change
1-5% 0.0 0.0
6 1.726 1.641
7 1.788 1.815
8 5.385 5.818
9 12.53 11.31
10 20.16 15.93
11 21.87 16.14
12 23.22 26.90
13 24.99 27.68

4Torsion motion is constrained.

Conclusion

An analytical verification method is proposed of structural dy-
namics after a design change with the aim of enhancing the relia-
bility and flexibility of the structural design methodology applied
to the design change procedure. With the proposed method, repet-
itive tests and eigenanalyses of the entire structure including the
unchanged portion are not required. Only a small number of modal
parameters from the time-domain force response analysis with the
original structure and the changed physical property information
are required, so that the design change can be incorporated with
minimum impact on schedule at any time. The feature of the math-
ematical formulation based on the mode acceleration technique can
provide an easy computational scheme and accurate results. The
examples presented show the effectivenessof the proposed method.
When applying the method to spacecraft-launch vehicle coupled
load analysis, the physical characteristicinformation of the launch
vehicleand repetitionof eigenanalysisare not required, even though
the establishedalgorithmis derived from the coupled spacecraftand
launch vehicle structural characteristics.
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