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To simulate the dynamical motion of articulated, multiflexible body structures, one can use multibody
simulation packages such as DISCOS. To this end, one must supply appropriate reduced-order models for all
of the flexible components involved. The component modes projection and assembly model reduction (COM-
PARE) methodology is one way to construct these reduced-order component models, which when reassembled
capture important system input-to-output mapping of the full-order model at multiple system configurations of
interest. In conjunction, we must also supply component damping matrices which when reassembled generate a
system damping matrix that has certain desirable properties. The problem of determining the damping factors
of components' modes to achieve a given system damping matrix is addressed here. To this end, we must
establish from first principles a matrix-algebraic relation between the system's modal damping matrix and the
components' modal damping matrices. An unconstrained/constrained optimization problem can then be formu-
lated to determine the component modes' damping factors that best satisfy that matrix-algebraic relation. The
effectiveness of the developed methodology, called ModeDamp, has been successfully demonstrated on a
high-order, finite element model of the Galileo spacecraft.

I. Background and Motivation

T O simulate and analyze the dynamical motion of articu-
lated, multiflexible body structures, one can use multi-

body simulation packages such as DISCOS.1 To this end, one
must supply appropriate reduced-order models for all of the
flexible components involved, together with the relevant com-
ponent damping matrices. For complex systems such as the
Galileo spacecraft, practical considerations (e.g., simulation
time) impose limits on the number of modes that each flexible
body can retain in a given simulation. Modal truncation pro-
cedures must be used to select and retain a limited number of
important modes that capture the salient features of the sys-
tem dynamics. The enhanced projection and assembly model
reduction methodology2 and the component modes projection
and assembly model reduction methodology3 are two effective
ways of generating reduced-order component models for artic-
ulated, multiflexible body structures.

The component modes projection and assembly model re-
duction methodology,3 to be reviewed in Sec. II, is a two-stage
model reduction methodology, combining the classical com-
ponent mode synthesis method and the newly developed en-
hanced projection and assembly method. This methodology
can generate reduced-order component models that, when
reassembled using the interface compatibility conditions, gen-
erate a reduced-order system model that exactly captured a
number of system modes of interest as well as the static gain of
an input/output pair of the full-order system. The effective-
ness of this methodology has been successfully verified using a
high-order, cruise-configured Galileo spacecraft model.

This component model reduction methodology, like other
methodologies, generates reduced-order system models with
extraneous modes. How these unwanted modes are generated
may be understood as follows. Assume we have a two flexible
body structure with the bodies connected via a single-degree-
of-freedom (DOF) hinge. We further assume that using a
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mode selection criterion, 20 important system modes were
selected to be retained in the reduced-order system model.
Using this methodology, the 20-mode mode set is then aug-
mented with one static correction mode. (The need for the
addition of this static correction mode will be explained in Sec.
II.) The 21-mode mode set is then projected onto the two
component models. When the resultant reduced-order compo-
nent models are reassembled, the reduced-order system will
have 37 (21 + 21-5; a single DOF hinge corresponds to 5
constraints) modes. These 37 modes include the 20 desired
system modes together with 17 "extraneous" modes.

Experience indicates that many of these extraneous modes
are high frequency in nature, i.e., they lie well outside the
frequency range of interest.2'3 To numerically integrate a re-
duced-order system model whose highest frequency extrane-
ous modes is ue (rad/s), a step size smaller than A = C/ue must
be used to avoid numerical instability problems (the constant
C = 2.83 when we use the explicit fourth-order Runge-Kutta
algorithm). Therefore, a reduced-order model with one or
more high-frequency extraneous mode(s) will significantly in-
crease the elapsed time of integrating the equations of motion
of that model.

A two-pronged approach can be used to deal with these
unwanted extraneous modes. First, high-frequency extraneous
modes should be eliminated whenever possible. Techniques
that can be used to eliminate high-frequency extraneous
modes (but at the expense of producing a reduced-order sys-
tem model with degraded fidelity) were suggested in Ref. 4.
High-frequency extraneous modes that cannot be eliminated
and extraneous modes that fall within the frequency range of
interest can still degrade the fidelity of the free or forced time
responses of the reduced-order system model. They can be
dealt with by assigning larger damping factors to these extra-
neous modes.

The treatment of damping in complex structures has always
posed difficult problems. Owing to the variety of different
mechanisms that contribute to damping and to the general
lack of knowledge regarding many of them, it has not been
possible to model damping on a finite element basis the way
mass and stiffness are modeled. For simplicity, it is a common
practice to introduce damping only after equations (for each
component) have been transformed to modal coordinates. In
this case, some reasonable level of viscous damping is typically
assumed, and the modal damping matrix is usually taken to be
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diagonal. These component-level damping characteristics are
then combined (see, e.g., techniques described in Refs. 5-7;
results obtained using these techniques and those found exper-
imentally are compared in Ref. 8) to produce the system
damping matrix.

From experience obtained from working with today's space
structures, a uniform damping factor of not more than 0.25%
can usually be conservatively assumed for all of the system
modes.9'10 (In Ref. 9, a uniform damping factor of 0.50% has
been assumed for all of the structural modes.) The system
damping matrix obtained by combining reasonable levels of
component dampings might or might not adhere to this rule of
thumb. If it does not, a time consuming, iterative procedure
must then be used to adjust the damping factors of the compo-
nent modes until it does. Reference 10 describes a technique in
which the partial derivative of each system mode's damping
with respect to each and every component modes' dampings
are evaluated and used to improve the convergence of the
iterative process.

This paper addresses the issue of determining the compo-
nent damping matrices that when reassembled give a system
damping matrix with certain desirable properties. When prop-
erly implemented, such a technique aids dynamicists in their
studies of the damped dynamics of interconnected flexible
bodies using multibody simulation packages.

II. Component Modes Projection and Assembly
Model Reduction Methodology Revisited

Before we embark on describing the component modes
damping assignment technique, let us first review the compo-
nent modes projection and assembly model reduction (COM-
PARE) methodology.3 This is a two-stage model reduction
methodology, combining the classical component mode syn-
thesis (CMS) method and the newly developed enhanced pro-
jection and assembly method (EP&A). A graphical illustration
of the steps involved in the COMPARE model reduction
methodology is depicted in Fig. 1.

Step 1 (see Fig. 1) of COMPARE involves the generations
of CMS mode sets, such as the MacNeal-Rubin or Craig-
Brampton mode sets. Methods commonly used in generating
these mode sets are well documented; see, e.g., Ref. 11. These
mode sets are then used to reduce the order of each component
model in the Rayleigh-Ritz sense. The resultant component
models when assembled using the interface compatibility con-
ditions generate system models at various system configura-
tions of interest (cf., step 2 in Fig. 1).

To illustrate step 2, consider a system with two flexible
components. The undamped motion of component A in
modal coordinates is given by

Here vfe and A^p are the modal coordinates and the diagonal
stiffness matrix of component A, respectively. Note that the
dimension(s) of the matrix is indicated by its subscript(s). For
example, the matrix Gpa is ap x a control distribution matrix,
and Ug is an a x 1 control vector. Similarly, the matrix H£P is
an output distribution matrix, andj^ an output vector. Simi-
lar equations for component B are

(2)

Here q is the dimension of the CMS mode set of component B.
The system equations of motion at a particular configura-

tion angle a. could be constructed using these component
equations and enforcing / interface compatibility conditions.
To this end, let P(a) - [P£T(a)9 P^r(a)]rbe a full-rank matrix
mapping a minimal system state t]e into

(3)

where 7]e is an e x 1 system coordinate (e — p + q — i). One
way to obtain Ppe(a) and Pqe(ot), using the system interface
compatibility relations, will be described in subsequent sec-
tions of this paper [cf., Eqs. (11-14)]. For ease of notation,
the dependencies of the matrices Ppe, P^e) T^, rj^ and rje on a
are dropped in the sequel. From Eqs. (1-3), the system equa-
tions of motion are

Ke f\e = Ge (4)

where ys =

ys = Hserje (5)

yf}T, and s = b + /. In Eqs. (4) and (5),

TUt - pAlpAlvlee — * pe -* pe
pBTpBr qe r qe

_ pAT*A pA , pBT \BpB
ee ~ rpe ^ppr pe ~ * qe ^qq1 qe

^ea — * pe pa ' qe qa

To arrive at the expression for Gea, we have assumed that
u£ =Ua =ua. Otherwise, the term Geaua in Eq. (4) should be
replaced by

\pAT s~iA pBT s~^B ~\\1JAT jjBT-tT
L*pe ^pa * qe ^-*qa \ \-ua ua \

Let (<bee, Aee) = eig(Kee, Mee) and Eqs. (4) and (5) become

.-A _
- (1)

Aee(f)e =

(6)

C Interface |
I Constraints J

Fig. 1 Graphical illustration of the COMPARE stages.

where (j>e is the generalized coordinate, i.e., rje = ^ee(t)e,
§T

eeMee§ee — Iee, and Aee = ^T
eeKee^ee^ a diagonal matrix with

the undamped, reduced-order system eigenvalues down its
diagonal.

The second stage of the COMPARE methodology uses the
EP&A method.2 In applying the EP&A methodology, only k
of the system's e modes are kept whereas the remaining t
( = e - k) modes are removed (see step 3 in Fig. 1). The kept
mode set is a composite mode set, consisting of important
system modes from all of the system configurations of interest
and not just from one particular configuration. This compos-
ite mode set approach has been proven to be effective in
capturing important modes at all of the system configurations
of interest.12 With this understanding, we have

(7)

where <j>k and </>, are the kept and truncated coordinates, re-
spectively.
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Before the composite mode set $ek is projected onto the
CMS-based component models (1) and (2), it must first be
augmented with static correction modes $ea. Although the
dimension of the composite mode set is slightly increased by
these added modes, they ensure that the static gain of the
full-order system from a given input to an output is preserved
in the reduced-order system model. One way to generate these
static correction modes $ea was described in Ref. 12. The
projections of the augmented composite mode set
®em = [$ek$ea]> m = k + a, onto the CMS-based models are
accomplished using (cf., step 4)

<^
ft JL R ^ R R

= -* qe ™em Vm ~ ^ qm ̂ m
(8)

where 0^ and $B
m denote reduced sets of generalized coordi-

nates of components A and B, respectively. Substitutions of
Eq. (8) into Eqs. (1) and (2) produce the "constrained" equa-
tions of motion for the respective components

(9)

In general, neither the reduced mass nor stiffness matrices
in Eq. (9) is diagonal. To diagonalize these matrices, two
eigenvalue problems associated with Eq. (9) are solved. Let
S^m and S^m be the mass-normalized eigenvector matrices
obtained, and ̂  and ̂  be the corresponding generalized
coordinates. Substitutions of 0^ = E£OT^ and </>* = E£m"£
into Eq. (9) give

(10)
JB vB + CB VB 4- AB vB =lmmvm ^ ^mm^m ~ ^mmvm

in Eq. (10), UA
m = *A

mZA
m, and AA

m = UA^AA
pUA

m is a diag-
onal eigenvalue matrix of the reduced-order component A
model, with the eigenvalues arranged in ascending order down
its diagonal. Similar expressions could also be written for UB

m
andA*m-

In Eq. (10), modal damping terms CA
mi^ and CB

mvB
m,

usually assumed in the studies of lightly damped structures,
have been added. However, it should always be remembered
that they are simplified mathematical representations of a
rather complex situation that might include other forms of
energy dissipation such as coulomb damping, hysteresis damp-
ing, etc. The hypothesis is that if the damping in a system is
small, these various damping effects can be grossly repre-
sented by the diagonally dominant viscous damping matrices
CA

m and CB
m in Eq. (10). However, it should be pointed out

that the "diagonal" assumption has been made only for con-
venience, and that the component modes damping assignment
techniques, to be described in Sec. Ill, is equally applicable in
cases where CA

m and CB
m are nondiagonal.

In the last step (step 5), tfte reduced-order system equations
of motion at a particular system configuration a are formed
by enforcing displacement compatibility at-the interface

(11)
where N£ and NB

q are matrices that establish the constraint
relations between the modal coordinates of CMS-generated
component models. Using Eqs. (8) and (10), Eq. (11) becomes

\\jAnA MBT(B i r ™ - rn i r ™ ^ot/V|piipm £viq\.iqm\\ B — \JJIC\\ B — u
L vm\ L vm\

Here, [Ac] is a compatibility matrix, and c -1m. To con-
struct the reduced-order system model, we partition [Dic] us-

ing the singular value decomposition (SVD) technique

P,
P, (13)

where d = c - i, H// is an / x / diagonal matrix with / singular
values of the matrix Dic along its diagonal, and Oid is an / x d
null matrix. The partitioned matrix Pcd in Eq. (13) can be used
as follows3'13:

(14)

where vd denotes a minimum set of generalized coordinates of
a statically complete reduced-order system. To obtain the
reduced-order system equations of motion, we substitute ^
= PA

dvd and vB
m =P;j£,7Jnto Eq.^10), premultiplying the re-

sultant equations by PA
d and P^d, respectively, and summing

the resultant equations give

Cddvd + Kddvd = Gdaua

ys =Hsdvd

(15)

>vhere Mdd = PA
dPA

d + P^d
pmd^ with similar expressions for

Cdd, Kdd, Gda, and Hsd. Let (<$>dd,Add) = eig(Kdd,Mdd). Equa-
tion (15) becomes

(16)

(17)

IddXd + CddXd +

ys =

where Xd is the generalized coordinate, i.e., vd =
$T

ddMdd$>dd = IM, Cdd = $>^dCdd$>dd, and Add = $ddKdd$dd is a
diagonal matrix with the squared reduced-order system fre-
quencies along its diagonal. It was proven in Ref. 3 that $ek
[cf., Eq. (7)] are captured exactly in $dd in spite of augmenting
the composite mode set with static correction modes. The
matrix Add also contains a number of extraneous modes.2'3'12'13

The system damping matrix Cdd in Eq. (16), in general, is
not a diagonal matrix. However, it is desirable to have a
diagonal Cdd with the following properties: 1) a set of system
modes has a uniform damping of, say, 0.25%; and 2) the set
of unwanted extraneous modes has damping factors larger
than a preselected level.

Once Cdd is ^elected, the question then becomes, what
should the component damping matrices CA

m and CB
m be to

approximate the selected Cddl

III. Component Modes Damping Assignment
Methodology

A. Relation Between the Component and System Damping Matrices
A relation between the component and system damping

matrices must first be established to address the problem we
have on hand. To establish that relation, we first note from
Eq. (14) that

£ = Pmd*>d = = QmdXd

Similarly,

Substituting these relations into Eq. (10), premultiplying the
resultant equations by QA

d and Q^d, respectively, equating
the sum of the resultant equations to Eq. (16), and comparing
like terms gives

QmdQmd + QmdQmd =

AT/^A /^A , s}BT/^B s\B
md^mm\imd + ^md^mm^m

AT \A /^A , r\BT \B r\B
md^mm^md + ^md^mm^m

(18)

(19)

(20)
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These equations may be rewritten as follows. Let us denote

AT _
md ~ \

QS

(21)

(22)

Here, Qd{ and Qd{9 i andy = 1, . . ., m, are d x 1 vectors. Let
us further define

dd

Rid = QlfQdi

(23)

(24)

where Rdd, i = 1, . . ., m, and Rdd, j = 1, . . ., m, are d x d
rank one symmetric matrices. The substitutions of Eqs.
(21-24) into Eqs. (l'§-20) give the following matrix algebraic
relations14:

7 = 1

j = m

4; ^rfj + Li CBj Rdd =

7 = 1

(25)

(26)

(27)

To arrive at Eq. (26), we have assumed that the compo-
nent damping matrices are diagonal, that is, C£m =
diagfo,,. . .,cAm] and C%m = diag[cBl,. . .9cBm]. This assump-
tion has been made only for convenience. If, for example, the
(1,2) and (2,1) components of C^m (denoted by cA[2) are
nonzero, then the term

must be added to the left-hand side of Eq. (26). Given a system
damping matrix Cdd with certain desirable properties, an opti-
mization problem that determines the values of CA. and cBj (i
andy = 1, . . ., m) that best satisfies Eq. (26) will be described
in Sec. III.B. Clearly, the additions of terms due to nonzero
off-diagonal elements of C^m and C%m in Eq. (26) will increase
the degree of freedom of the optimization problem. The larger
the degree of freedom of the optimization problem, the better
we can equal the left-hand side of Eq. (26) to the desired Cdd
matrix.

With reference to Eqs. (26) and (27), Rfy may be interpreted
as a relative contribution matrix that determines the contribu-
tion of the darnping factor of the /th mode of reduced-order
component A model to the system damping matrix, whereas
Rdd determines that contributed by the y th mode of the re-
duced-order component B model. Note from Eq. (25) that the
sum of these relative contribution matrices is an identity ma-
trix.

B. Solving an Unconstrained Optimization Problem
Given a desired system damping matrix Cdd with certain

desirable properties, the optimal values of CA. and CB. (i or
7 = 1, . . ., m) that best satisfy Eq. (26) may be determined.
To that end, consider the minimization of a cost functional J

1 i = m

min J = - \Cdd ~ E CA. cB (28)

where II • II J. is the squared Frobenius norm of the matrix
concerned. The cost functional J can also be written as

•i r = d 5 = d

= ^ £ £ <£
Z /•= 1 5= 1

where

Oirs = \Cdd\rs ~

(29)

(30)

where r and 5 = 1, . . ., d. The optimality condition of this
minimization problem is

8J dJ
dcA. dcB.

= 0 (31)

where / andy = 1, . . ., m. Hence, the optimal values of CA.
and CB. are

[cAl, cA2,...,cBl, cB2, . . .]T = E~lxf (32)

where E is a 2m x2m matrix and / is a 2m x 1 matrix

E =

I IRA lRA l I
\\RA*RAi I

I' Rdd1 Rdd1 I

|| nA2nAm IIttK^K^ II
(33)

f =

\\R^Cdd

(34)

HATH = E E xu x Yu

Here

in Eqs. (33) and (34). Using a generalized form of Cauchy's
inequality theorem,15 it can be shown that the determinant of
E is always greater than zero (i.e., |£"| >0) unless the matrices
Rdj,. . .,Rdd

m,. . .*Rdd are linearly dependent. That is, unless
there are numbers x, y,. . . ,w, not all zero, such that

In that case, a SVD procedure can be used to select a reduced
set of independent modes from the original set before applying
this technique. When the matrices Rdd ,. . . ,Rdd are indepen-
dent, \E\>0, and the unknowns CA. and CB. can always be
determined by Eq. (32).

The preceding optimization problem could be modified if
we want to stress the importance of having smaller diagonal
terms in [ar5][see Eq. (30)]. To this end, let us introduce a
symmetric weighting matrix W in Eq. (29)

(35)

When the diagonal elements of the matrix W are assigned
(relatively) larger weightings than those given to the off-diago-
nal terms, diagonal elements of the optimized [ars\ will be
smaller than the off-diagonal terms. This ensures that the
desired damping factors (of, e.g., 0.25%) of the selected sys-
tem modes are achieved. However, this is at the expense of
having larger off-diagonal terms in the resultant system damp-
ing matrix. One way to select a compromise weighting matrix
that balances the diagonal and off-diagonal terms will be
described via an example (see Sec. IV).

The minimization of the modified cost function Jw may be
solved using modified versions of the technique just described.

C. Solving a Constrained Optimization Problem
Results obtained from the unconstrained optimization

problem [see Eq. (28)] might or might not be physically mean-



LEE: COMPONENT MODES DAMPING 1105

Table 1 Frequencies of full-order system flexible modes at a clock
angle of 300 deg

Mode
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

"system* Hz

0.127
0.864a

1.227
1.236s

1.238
1.479s1

1.522
1.546
1.602
1.707a

1.734a

2.072a

2.341
2.351a

2.815a

3.073
3.232
3.233
3.707a

4.172
4.977
5.022
5.231a

5.247
5.455
5.455
5.467a

5.588
5.588
5.633

Mode
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

*'system> Hz

5.634
5.652
5.652
5.660
5.660
5.662
5.783
5.785
5.809
5.814
5.824
5.824
5.830
5.830
5.833
5.833
5.834
5.834
5.835
5.835
5.835
5.839
5.901
6.034
6.161
6.221
6.869
7.056a

7.190
8.153a

Mode
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

^system? Hz

9.606a

10.179
10.306
10.420a

10.555a

13.534a

13.990
16.800a

16.996
17.122
17.977
18.063
18.083
18.186
18.527
18.688
19.591
19.593
21.280a

27.537
29.919
31.083
55.686
67.384
71.770a

82.129a

87.522
96.235
100.95
274.45

aFlexible system modes in the composite mode set.

Table 2 Frequencies of reduced-order stator, rotor, and system
flexible modes at a clock angle of 300 deg

Flexible mode
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

^stator » Hz

7.105
9.129

10.561
14.560
43.172
50.070
63.530
80.867
86.989
96.605

166.340
240.180
254.520

<^rotor, Hz

0.143
0.866
1.237
1.483
1.728
2.286
2.809
3.647
3.996
5.207
5.337
5.994
6.410
9.503

10.291
10.553
13.536
15.613
29.188
41.181
58.524
69.003
77.722

^system* Hz

0.127
0.864a

1.236a

1.479a

1.707a

1.734a

2.072a

2.351a

2.815a

3.707a

4.167
5.231a

5.433
5.467a

6.150
6.436
7.056a

8.153a

9.606a

9.613
10.294
10.420a

10.555a

13.534a

13.997
15.860
16.800a

20.591
21.280a

28.462
34.316
41.214
48.011
58.318
71.770a

82.129a

ingful. Situations arise in which, for a given Cdd, one or more
of CA. and CB (/ or j = 1,. . ., m) might not be positive. (If
Cdd - &\Id + feArfrf, where both @i and @2 are positive con-
stants, then the solutions of all of the CA. and CB. are guaran-
teed to be positive.) While positive CA. and CB. values imply
energy dissipation, a negative cAj, for example, implies the
addition of energy to the structure, a situation that is only
possible with active control.

To overcome this difficulty, the formulated optimization
problem may be modified with the additions of 4m inequality
constraints

1 > cA./[2o)A.] > 0, / = 1,. . ., m

> cBj/[2uBj\ > 0, j = 1,. ..,
(36)

m

The additions of these inequality constraints make it impos-
sible to solve the optimization problem analytically [see Eq.
(32)]. However, the constrained problem can be solved itera-
tively using, for example, the Fortran package for nonlinear
programming, NPSOL.16 This is a package that is designed to
minimize a smooth function subject to constraints, which may
include simple bounds on the variables [see Eq. (36)], linear
constraints, and smooth nonlinear constraints. The effective-
ness of NPSOL has been validated in numerous prior studies.

IV. Applying ModeDamp on a High-Order,
Finite Element Galileo Model

The effectiveness of the modes damping assignment
methodology (ModeDamp) will now be demonstrated using a
high-order finite element model of the cruise-configured
Galileo spacecraft. The three-body topology of the dual-spin
Galileo spacecraft is illustrated in Fig. 2.2 The rotor is the
largest and most flexible component represented with 243
DOF. The smaller and more rigid stator is represented with 57
DOF; the scan platform is the smallest body idealized as rigid
with 6 DOF.

For the purpose of controller design, low-order system
models, at all configurations of interest, over a frequency
range of interest (0-10 Hz) are needed. To this end, we apply
the MacNeal-Rubin (M-R) version of the COMPARE
methodology on the Galileo model. (The Craig-Brampton ver-
sion is equally applicable.) The first stage of COMPARE
requires the generations of MacNeal-Rubin mode sets for all
of the flexible components. Following standard procedures,
free interface normal modes of both the rotor and stator are
first determined and then truncated at twice the frequency of
interest (20 Hz). Next, these truncated normal mode sets are
each augmented with residual modes. These M-R mode sets
are then used to generate the needed CMS-based reduced-or-
der models of both the rotor and the stator.

Next, the CMS-based component models together with the
interface compatibility conditions are used to construct system

aExactly captured system flexible modes (cf., Table 1).

6z (Output)

Fig. 2 Galileo spacecraft cruise model.

STATOR
(Flexible)
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models at all system configurations of interest. Using the
modal influence coefficient2 as a selection criterion, important
system modes are picked at system configurations with clock
angles of 0, 60, 120, 180, 240, and 300 deg. A composite mode
set that encompasses important modes at all configurations is
then determined. This set, with 8 rigid-body and 21 flexible
modes, is indicated in Table 1.

The next step is to augment the composite mode set with
static correction mode(s). For the Galileo example, we aug-
ment the composite mode set with two residual modes, one for
an imput torque about the Z axis on the rotor side of the
rotor/stator interface and a second for an equal and opposite
torque on the stator side of the interface. The enlarged mode
set is then projected onto the flexible components, and a SVD
was used to remove linearly dependent modes in the projected
stator mode set. The resultant reduced-order models of the
rotor and stator have 29 (with 6 rigid body) and 21 (with 8
rigid body) modes, respectively. The assembled reduced-order
model has 44 (with 8 rigid body) modes. The natural frequen-
cies of these reduced-order component models and those for a
system model at a clock angle of 300 deg are tabulated in
Table 2. Note that all of the system flexible modes retained in
the composite mode set have been captured exactly in the

Fig. 3 Bode Plot Comparison of Full and Reduced-order Models
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Fig. 3 Bode plot comparison of the full- and reduced-order models.

Table 3 Damping factors of the rotor and stator flexible modes

Mode
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Rotor freq., Hz
0.143
0.866
1.237
1.483
1.728
2.286
2.809
3.647
3.996
5.207
5.337
5.994
6.410
9.503
10.291
10.553
13.536
15.613
29.188
41.181
58.524
69.003
77.722

Rotor £ %
0.4799
0.2505
0.2508
0.2502
0.4116
0.3238
0.2514
0.2214
0.7162
0.2435
0.3111
0.4924
0.7881
0.6807
0.0070
0.2503
0.3060
0.9075
0.9720
1.2991
1.3902
2.0869
2.8904

Stator freq., Hz
7.105
9.129
10.561
14.560
43.172
50.070
63.530
80.867
86.989
96.605
166.340
240.180
254.520

Stator f, %
0.3791
0.1638
0.2474
0.6307
1.0851
0.9665
2.1919
3.1790
0.4047
2.1883
10.0110
6.8794
5.4772

reduced-order system model. A Bode plot comparison of the
full- and reduced-order models, at a clock angle of 300 deg,
shows excellent result (cf., Fig. 3). Matches made at all other
clock angles are equally impressive.6

The ModeDamp methodology is now employed to deter-
mine appropriate damping levels for all the rotor and stator's
flexible modes so as to produce a desirable system damping
matrix Cdd. But what constitutes a desirable Cddl We might,
for example, want a Cdd with modal damping factors closely
matching those found experimentally. To this end, we could
use the experimentally determined modal damping factors of
the TOPEX/Poseidon satellite17: 1.0% for 5 < w < 8.5 Hz,
0.5% for 8.5 < co < 11 Hz, 1.0% for 11 < co < 35 Hz, etc. In
our research, the target Cdd is assumed diagonal, with the
following properties:

1) There must be a uniform damping of 0.25% for all of the
recaptured system modes that fall within the frequency range
of interest (0-10 Hz); that is, ft = 0.25%, for / = 2-10, 12, 14,
17, 18, and 19 (cf., Tables 2 and 4).

2) The damping factors of all of the recaptured system
modes that fall outside the frequency range of interest must be
at least 0.25%; that is, f, > 0.25% fory = 1, 22-24, 27, 29, 35,
and 36.

3) No specific requirement is made on the damping factors
of all of the remaining system modes.

These requirements on the damping factors of the system
modes are explained as follows. The recaptured system modes
are modes that make significant contributions to the system
input-to-output mapping. It is desirable to have a uniform
0.25% damping factor for all of the important recaptured
system modes below 10 Hz, which closely approximates the

Table 4 Damping factors of the reassembled system's flexible modes

Mode
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

(0SyS, HZ

0.127
0.864a

1.236a

1.479a

1.707a

1.734a

2.072a

2.351a

2.815a

3.707a

4.167
5.231a

5.433
5.467a

6.150
6.436
7.056a

8.153a

9.606a

9.613
10.294
10.420a

10.555a

13.534a

13.997
15.860
16.800a

20.591
21.280a

28.462
34.316
41.214
48.011
58.318
71.770a

82.129a

Mode set 1
Tsys, %

0.2500
0.2500
0.2487
0.1850
0.2795
0.1607
0.2748
0.2503
0.2520

0.2503

0.2401

0.2332
0.2577
0.2602

Mode set 2 Mode set 3
Tsys, % Tsys, %

0.4261

0.6438

0.3103

0.4784
0.7833

0.6782
0.0090

0.2500
0.2505
0.3070

0.5977
0.8979

0.6157
0.3918

0.8268
0.7813
1.0344
1.2990
1.2128
1.6181

2.2640
2.1006

aExactly captured flexible system modes in the reduced-order system model.
Damping factors in these mode sets must be close to 0.25% in mode set 1, higher
than 0.25% in mode set 2, and between 0 and 100% in mode set 3.
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level commonly and conservatively assumed for large space
structures. Recaptured system modes that fall outside the fre-
quency range of interest are of less importance. However, a
damping factor of at least 0.25% is preferred because they can
damp out the transient dynamics due to these modes. All of
the remaining system modes make little contribution to the
system input-to-output mapping and may have any nonzero
damping factors.

Having selected the described damping matrix Cdd, it should
be emphasized here that any other appropriately selected Cdd,
diagonal or nondiagonal, can also be used. For example, in
Ref. 18, all of the recaptured system modes of a 28-DOF
structure were assigned a uniform damping factor of 0.25%
whereas the highest frequency extraneous mode was assigned
a larger damping factor of 10%.

To realize requirements 1-3, the 36 x 36 symmetric weight-
ing matrix W must be carefully selected. First, the diagonal
elements of WKare selected with W(i,i) = fz^/f/w/ (/ = 2-10,
10, 12, 14, 17, 18, and 19), and W(i,i) = Q for all of the
remaining system modes. These selections will give equal
weighting to all of the recaptured system modes below 10 Hz,
paying no attention to the remaining modes. The off-diagonal
elements of the /th row of W are assigned the value
Woff = pW(i,i), where p = 0.11. If fFoff is small, i.e., we are
paying less attention to these off-diagonal terms, and we can
achieve the desired 0.25% damping level almost exactly. How-
ever, the magnitudes of some of the off-diagonal terms of Cdd
might be larger than the corresponding diagonal terms. The
matrix Cdd is no longer diagonally dominant, against what we
want. Conversely, if W0^ has a larger value, we will approach
a truly diagonally dominant Cdds but the required damping
levels for the diagonal terms in Cdd cannot be met closely. The
selected value of p is a trial-and-error compromise.

Inequality constraints on the component damping factors,
such as those mentioned in Sec. III.C should always be en-
forced. That is,

l>cf / [2cof]>0, i = 1,. . ., 23

l>c//[2o>7
s]>0, y = 1,. .., 13

(37)

In addition, we must establish new system-level inequality
constraints to implement requirements 2 and 3. These con-
straints take the form of [see Eq. (26)]

diag(Ct/) > diag + £ cfRf > diag(CL) (38)

where Cu and CL are upper and lower matrix bounds on the
system damping matrix. The matrix Cu is a diagonal matrix
diag(2 x 1 x [wf5,. . ., cofe5]7)- That is, the damping factors of
all of the system modes should be less than unity. Similarly,
CL is a diagonal matrix diag(2 x 0 x [cofs except
for modes y = 1, 22-24, 27, 29, 35, and 36, which should have
lower bounds of 2 x 0.0025 x cojys.

The damping factors of both the rotor and the stator are
now determined using the ModeDamp methodology. The re-
sults are tabulated in Table 3. The resultant damping factors
of the reduced-order system modes are given in Table 4. As
indicated in Table 4, the damping factors of all of the recap-
tured system modes below 10 Hz are indeed close to the
desired 0.25% level. The damping factors of modes 5 and 7, at
0.1850 and 0.1607%, respectively, could be made closer to the
desired 0.25% level by increasing the weighting factors on
these modes. However, the damping factors of other modes in
that mode set 1 might deviate from 0.25%. The damping
factors of all of the recaptured system modes above 10 Hz
(ranging from 0.2500 and 2.2640%) are all above the desired
0.25% level. The resultant Cdd matrix is also diagonally dom-
inant. In fact, if r/ = maxy-= l f . . .)36j^/c//c//| represents the
maximum of all ratios of the off-diagonal terms to the diago-
nal term, for mode / = 2-10, 12, 14, and 17-19 (important

system modes), then r/ are given by 0.49, 0.17, 0.07, 0.12,
0.47, 0.07, 0.04, 0.36, 0.40, 0.02, 0.27, 0.11, 0.06, and 0.35,
respectively.

V. Concluding Remarks
To simulate the dynamical motion of articulated, multiflex-

ible body structures, one can use multibody simulation pack-
ages such as DISCOS. To this end, one must supply appropri-
ate reduced-order models for all of the flexible components
involved. The component modes projection and assembly
model reduction methodology is one way to construct these
reduced-order component models. In conjunction, we must
also supply component damping matrices that when reassem-
bled generate a system damping matrix that has certain desir-
able properties. The problem of determining the damping
factors of components' modes given a system damping matrix
is addressed here.

To begin with, we must establish from first principles a
matrix-algebraic relation between the system's modal damping
matrix and the components' modal damping matrices. An
unconstrained/constrained optimization problem can then be
formulated to determine the component modes' damping fac-
tors that best satisfy that matrix-algebraic relation. In this
research, the proposed technique, called ModeDamp, has
been specialized to cases where the component modes are
obtained by the component modes projection and assembly
model reduction methodology. However, this technique can
be easily adapted to cases where the component modes are
determined using an alternative methodology. A high-order
finite element model of the Galileo spacecraft was used to
successfully validate the effectiveness of the developed damp-
ing assignment methodology. When properly implemented,
this methodology aids dynamicists in their studies of damped
dynamics of interconnected flexible bodies using multibody
simulation packages.
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