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Damping Synthesis for a Spacecraft
Using Substructure and Component Data

K.W. Lips* and F.R. Vigneron*
Department of Communications, Ottawa, Canada

A method for calculation of system damping factors based on solving the "general" eigenvalue problem for
the motion equations, given component data as the base input information, is demonstrated. The method ex-
hibits no computational difficulties and is confirmed by comparison to approximate results based on the Method
of Averaging. The method is applied to the Hermes spacecraft, a configuration that consists of a central rigid
body, two flexible solar array substructures, a momentum wheel, and a liquid-mercury damping device. The syn-
thesized modal damping values for the structural modes vary relative to those measured in orbit by factors rang-
ing from 0 to 5.

Nomenclature
d\ ,d2 = offset of damper from system center of

mass, Fig. Ic
IF] = forcing function applied to roll/yaw state

vector, Eq. (6b)
H0 - momentum wheel bias vector
Iij = system mass moment of inertia about xyz

axes
IP, OOP = in-plane and out-of-plane, respectively
M€,Ke,Ce = substructure mass, stiffness, and damping
Jd,Gd,Cd = matrices, respectively, associated with coor-

dinates e = U, W, and a; Eqs. (7)
Oj = base of array and origin of local array

reference frame, Fig. Ib
Qk =mode shape for /rth "constrained" mode
R2,Ri = offset of Oi relative to undeformed space-

craft center of mass, Fig. la
{ S l } , { S 3 } = integrals of assumed mode shape functions,

combined as in Eqs. (7d-f)
M/jW^ce/ = in-plane (x/), out-of-plane (z / ) , and twist

displacement respectively
Uj, Wiy ai = time-dependent deformation coordinates for

/th array, Fig. Ib
Xi,yifZi local appendage coordinates with origin at

Oh Fig. Ib
ffr,a>fc = equivalent linear viscous damping ratio and

frequency of kih "unconstrained" mode
\k =kih eigenvalue, Eq. (8)
ok,tik = equivalent linear viscous damping ratio and

frequency of kih "constrained" mode
{^), {<f> j, {A) = set of shape functions assumed for in-plane,

out-of-plane, and twist deformations,
respectively

co0 = nominal orbital angular velocity of
spacecraft center of mass

{ j, [ ] = column matrix, square matrix

NOTE: All damping factors are negative, but only mag-
nitudes are presented. It is common to refer to matrix quan-
tities without an identifying bracket.
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Introduction

I T is generally recognized that improvement is needed in
methods for forecasting the damping characteristics of

spacecraft structures in orbit. The need for improvement
stems from the current trends toward spacecraft that are so
large and flexible that conventional laboratory measurement
of structural properties of the completely assembled
spacecraft is not possible.

A method of synthesizing damping that is straightforward
in principle is: 1) establish a mathematical model that includes
damping for each substructure and main component, by
ground test and/or analysis; 2) mathematically assemble the
submodels into an overall structural model of the spacecraft;
and 3) derive modal damping factors, modal frequencies, and
mode shapes from the overall model by eigenproblem
analysis. The method is, of course, an extension of standard
practice for calculating modal frequencies and mode shapes
for situations where damping can be ignored. With damping
included in the procedure, a number of practical difficulties
are encountered. Tractable models of damping of the subparts
are difficult to establish and often are unreliable. This is par-
ticularly true for material damping in members, for com-
ponents with unrestrained fluids, and for connections between
structures. Differences between gravitational, thermal, and
vacuum conditions in orbit and on the ground add complica-
tion and uncertainty to the process. Inadvertent omission of
damping sources is a potential problem as well. Truncation of
modes and off-diagonal damping matrix terms can also con-
tribute errors. There are few documented case studies where
damping factors synthesized by this type of method are com-
pared to measured results and, hence, the degree to which this
type of method is successful, and the limitations, are not yet
very well established. References 1-4 and associated cited
works are among the recent contributions to damping
synthesis.

In Ref. 3, a method of the above-described type is applied
using ground test data and compared with some of the flight
results from the Hermes satellite [also known as the Com-
munications Technology Satellite (CTS)]. In many cases, the
in-orbit measured values are higher than the calculated ones
by a factor of 2 or 3. Between 1976 and the end of the mission
in 1980, a great deal more flight data were acquired from
Hermes. These data confirm the original measurements
reported in Ref. 3 and establish that the damping values are
essentially constant with time. In addition, measurements for
several more flexible modes are made.5'7 Damping informa-
tion on the nutational mode, with momentum wheel spinning8

and despun,9 is obtained as well.
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Fig. 1 Schematic for Hermes class of spacecraft: a) overall con-
figuration, b) array coordinates, c) offset and coordinates of liquid-
mercury damper.

In this paper, the synthesis method outlined above is applied
to a case study of in-orbit damping characteristics of the
Hermes spacecraft in the three-axis stabilized state. As well as
damping, the system possesses gyroscopic stiffness. The extent
to which damping in the solar array substructure and the
liquid-mercury damper can be related to damping in the
overall spacecraft is investigated. Of particular interest is the
damping source for the nutational mode. Approximate func-
tional relationships between component damping factors and
damping of the nutational mode, based on the Method of
Averaging, are used to validate the calculations associated
with the eigenvalue analysis. Flight-derived modal data for
Hermes are updated, summarized, and then compared with
the synthesized results.

System Model
Configuration

The spacecraft consists of a central rigid body, two flexible
solar arrays, a liquid-mercury damper, and a momentum
wheel, configured as shown in Fig. 1. The reference frame
(Oxyz) is attached to the central rigid body, with O at the
nominal system mass center (without deformation) of the total
configuration. The arrays rotate about the Oy axis together
and nominally track the sun. The central body nominally
tracks the Earth. The angle between the arrays and the central
body is denoted by 7, and its rate is maintained constant at 1
rev/day by a drive and track mechanism. (Oc, I, 2, 3) is an
orthogonal orbiting reference frame with origin fixed at the in-
stantaneous mass center Oc, I aligned along the tangent to the
trajectory in the direction of motion, 2 parallel to the orbit
normal, and 3 pointing inward along the local vertical toward
the center of the Earth. Thus, the frame is rotating about the
Oz axis at the negative of the orbit rate (-o>0).

Satellite attitude motion is defined by Eulerian rotations <j>
(roll), 0 (pitch), ^(yaw) of body-fixed frame (O,x,y,z) with
respect to the orbit frame (Oc, 1,2,3). The central body
rotates relative to inertial space with rates (co1,a>2,w3), which
in turn are related to pitch, roll, and yaw rates, to linear order,
by

Component Models
Momentum Wheel

The momentum wheel is assumed to spin at constant speed,
relative to the central body, and to be aligned so that its
angular momentum vector h0 points in the negative Oy
direction.

Liquid-Mercury Damper
The damper is a cylindrically shaped tube partially filled

with mercury and aligned parallel to the predeployment spin
axis, depicted schematically in Fig. 1. Detailed modeling of in-
orbit performance is not straightforward and, further, is dif-
ficult to verify by ground test because of Earth gravity effects.
Both geometric (size, orientation, and offset with respect to
center of mass) and dynamic (mass, natural frequency, energy
dissipation rate, spin rate, and gravitational field) parameters
play a role in determining the damper's performance.

Originally, the Hermes damper was designed for the specific
purpose of damping out the nutation associated with the spin-
stabilized phase (before deployment of the arrays and start up
of the momentum wheel). It was tuned to provide a maximum
damping effect at about a 0.40-Hz nutation. Flight data
available for this phase indicate that the nutational mode had
damping ratios ranging from 0.001 to 0.007.8

For the spacecraft in the three-axis-stabilized phase with ar-
rays fully deployed, the damper is excited by roll/yaw nuta-
tion, pitch axis librations, and symmetric and antisymmetric
array vibrations. Specifically, the spacecraft motion consists
of a combination of a slow rotation about pitch (once in 24 h),
a small low-frequency nutation (0.2 deg at 2.11 x 10~3 Hz),
and flexing of the various structural modes (at 0.15 Hz and
higher). Relation of the damper's operation in this dynamic
environment to Earth-based test or spin-phase operation is not
entirely clear. In orbit, centrifugal and gravitational forces
acting on the mercury are in equilibrium; hence, surface ten-
sion effects can be expected to cause the mercury to form a
single slug. It is possible, for example, that the liquid-mercury
damper will function as a ball-in-tube-type damper, resonant
at all times with the rate of nutation. Due to the uncertainties
and complexities associated with the fluid behavior, the ap-
proach adopted herein is to model the damper as a single-
degree-of-freedom translational mass-spring-dashpot device
(see Fig. 1). The mass (mD) is the actual mass of the mercury
and is assumed to be a slug in equilibrium at ( — dlt — d2) in
(Oxyz), and the dashpot and spring parameters (CD and kD)
are selectable to match desired damper energy dissipation and
resonance characteristics. Although CD and kD cannot be ob-
tained with certainty for Hermes, the range of possible in-
fluence of the damper on the spacecraft can be established by
varying these parameters. Such a representation is common in
the literature.10 With the nutation damper fixed in space, the
kinetic, potential, and dissipation functions are, respectively,

2
D; l/2kDx2

D;

= 0 — C00, (1)

(2)

Solar Array Substructures
Each solar array substructure is described in the overall

system model by specifying its fixed-base (constrained) modal
data; namely, modal frequencies (0), shapes (g), and damp-
ing factors ( a ) . The analytic structural model for determining
modal frequency and mode shape assumes that deformations
are discretized in the spirit of the Rayleigh-Ritz method and is
described in detail in Ref. 11. The related computer software
has been extended to calculate the modal integral coefficients
required in the system dynamics. A comparison of these coef-
ficients (Table 3 of Ref. 8) and the generalized mass data in-
dicates that the fundamental mode is dominant, thus ensuring
that truncation to the first few modes will be valid.

Unlike modal frequencies and shapes, damping factors can-
not be obtained using analysis only. Neither can they be
measured directly in ground test, due to the difference be-
tween gravitational effects on the ground and in orbit. Conse-
quently, a combination of l-g test data and 1- to 0-g conver-
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Table 1 Modal frequency and damping factors for the fixed-based
(constrained) Hermes array as determined using ground test

and adjusted by analysis to £ = 0 (Ref. 3)

Mode

Out-of-plane

1
2

In-plane

1
Twist

1
2

Frequency

0.16
0.51

0.32

0.15
0.50

Damping ratio

0.003a-0.006b

0.008-0.012°

0.014-0.020

0.090-0.160
0.013-0.022

aBased on hysteretic damping law. Based on viscous damping law.
c Constructed using Table 1 of Ref. 3.

Table 2 Unconstrained modal frequency and damping ratio
computed for spacecraft Hermes using damped

Natural Modes Theory

Mode No.,
Mode description k

Pitch dynamics:
Out-of-plane, symmetric
Out-of-plane, symmetric
Out-of-plane, symmetric
Out-of-plane, symmetric
Out-of-plane, symmetric
In-plane, symmetric
In-plane, symmetric
In-plane, symmetric
Twist, symmetric
Twist, symmetric
Twist, symmetric
Damper

Roll/yaw dynamics:
Nutation
Damper
Out-of-plane, antisymmetric
Out-of-plane, antisymmetric
Out-of-plane, antisymmetric
Out-of-plane, antisymmetric
Out-of-plane, antisymmetric
In-plane, antisymmetric
In-plane, antisymmetric
In-plane, antisymmetric

1
2
3
4
5a

1
2
3a

1
2
3a

-

—
-
1
2
3
4
5a

1
2
3

Frequency
«*, Hz

0.149
0.506
0.957
2.489

11.600
0.324
3.268

19.270
0.144
0.493
0.925
0.400

0.00277
0.400
0.444
0.509
0.970
2.542

12.165
0.851
3.319

19.300

Damping
ratio, r£

0.0061
0.0060
0.0060
0.0060
0.0060
0.0153
0.0150
0.0150
0.0909
0.0909
0.0909
0.0040

4 x l O ~ 8

0.0043
0.0173
0.0066
0.0063
0.0060
0.0060
0.0393
0.0155
0.0150

aModes are not exact due to limitations of the Rayleigh-Ritz method used.
bBased on input damping ratios of 0.006 out-of-plane, 0.015 in-plane, and
0.090 in twist for the constrained array substructure (Table 1) and a nominal
value of 0.004 for the damper.

Table 3 Modal frequency and damping ratio
as measured in-orbit on Hermes7

Mode
No.

Nutation
1
1
2
1
1
1
2
1
2

y, rad

0
0
0
0
0

7T/2
0
0
0

Description of mode

Roll/yaw
Out-of-plane, symmetric
Out-of-plane, antisymmetric
Out-of-plane, antisymmetric
In-plane, symmetric
In-plane, antisymmetric
In-plane, antisymmetric
In-plane, antisymmetric
Twist, symmetric
Twist, symmetric

uk>
Hz

0.00293
0.150
0.440
0.500
0.300
0.820
0.980
0.890
0.130
0.460

r*
0.00015

0.030-0.038
0.015-0.022
0.007-0.008
0.030-0.039
0.012-0.016

0.080-0.090

sion analysis can be tried, such as that done prior to the launch
of Hermes (Table 1).

Using the model of Ref. 1, mode shapes and modal frequen-
cies for 1-g state are obtained by solving the undamped
eigenvalue problem. Experimentally measured modal frequen-
cies and modal damping factors are also determined in ground
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Fig. 2 Orbital data reflecting nutational decay of Hermes with arrays
fully deployed.

tests. Then the analytical model and ground-test results are
brought into agreement by appropriate adjustments to the
analytical model.6 In turn, this model is then used to calculate
in-orbit modal frequencies and shapes by setting g equal to
zero.3'6

Based on the above formulation, the kinetic, potential, and
linear viscous dissipation functions are, respectively, for the
north Eq. (1) array:

1/2 UT
1MUU1 + V2 Wr

V2 UT
1CUU1 + V2 W\CW W{ + 1/2 af C& & j

(3a)

(3b)

(3c)

It is convenient to transform to "symmetric" and "antisym-
metric" coordinates. For example, for the in-plane degrees of
freedom,

Us = !/2 ((/! - U2); Ua - l/2 (U{ + U2) (4)

Equations of Motion
Second-order equations governing the attitude motion

(pitch, roll, and yaw) and array vibrations for the Hermes-
type configuration of Fig. la, just described, are well
documented.12'13 In the absence of a damper, symmetries in-
herent in the configuration serve to uncouple dynamics of
pitch from roll and yaw. In addition, symmetric array oscilla-
tions interact with pitch only and vice versa. Similarly,
roll/yaw degrees of freedom interact only with antisymmetric
bending vibrations and vice versa. This paper extends the
above representation to account for the liquid-mercury
damper. With the damper included, roll/yaw and pitch are, in
general, coupled. If offset d{ is nonzero and offset d2 is zero,
the damper couples to pitch but not roll/yaw; if dl is zero and
d2 is nonzero the damper couples to roll/yaw, but not to pitch.
To aid in isolating the effect of the damper, this study is con-
fined to these bounding cases. The complete second-order
system of equations for this case is contained in Ref. 8.

Following the approach outlined in Ref. 14, which is similar
to that of Ref. 15, the equations are transformed to a first-
order set through introduction of a state vector made up of
generalized displacement and generalized velocity. By choos-
ing a suitable constraint between generalized velocity and
displacement, system matrices are rendered symmetric, or
skew symmetric. Algebraic manipulation is used to avoid use
of complex numbers when generating a response from the
resulting eigenvalue problem and its adjoint. Once system
eigenvalues and eigenvectors are known, response depends on
the solution of coupled, real-valued, scalar, first-order equa-
tions. For the roll/yaw dynamics, the state vector chosen is

T (5)

The transformed equations then take the form

where
(6a)

(6b)
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[A} =

[B] =

7n 713 -2shTySf -2cosyS3 —mDd2

713 733 — 2co$7Sf 28^7$^ 0

-2sinySl -2COS7S! 2MV 0 0

— 2cos7»S3 2sin7<S3 0 2MW 0

-mDd2 0 0 0 mD

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

~ 0 /z0 0 0 0 0 0 0 "

-HQ o o o o o o o
0 0 2CV 0 0 2KV 0 0

0 0 0 2CW 0 0 2KW 0

0 0 0 0 CD 0 0 kD

0 0 -2KU O O O O O

0 0 0 -2KW 0 0 0 0

0 0 0 0 -kD 0 0 0

0 0 0 "

0 0 0

0 0 0

0 0 0

0 0 0

2KU 0 0

0 2KW 0

0 0 kD (6c)

with array deployment and slewing, and from specially im-
plemented excitation (SPEX) by the thrusters. Damping fac-
tors are deduced from the decay envelope of free vibration
(log decrement method) and from the sharpness given by the
Fourier transform of the vibrational data.

To obtain a single and updated consistent set of in-orbit
values, both published and unpublished data were reviewed.
Table 3 summarizes the results. For most modes reported, the
accelerometer data from which the results are deduced is of ex-
cellent quality, and the confidence level in the measurements is
rated high. For the second out-of-plane antisymmetric mode,
the accelerometer data are of lower quality and the confidence
level is rated medium.

Late in the mission, an in-orbit dynamics test was carried
(6d)

Also, assuming shape functions {^) and {<!>) for in-plane and
out-of-plane deformations,

T TMV = }W dm; Mw = ]$><$> dm (7a)

2 2KV= UMV\ Kw = ttwMw (7b)

Cu = 2M^uou^ Cw = 2MwUwow (Ic)

Bl=\y^fdm\ B3 = $y$dm (Id)

Dl = f ̂ fdm\ D3 — \$dm (7e)

out to establish the characteristics of nutation in the three-
axis-stabilized mode. A nutation cone of 1 deg was initiated,
the thrusters were inhibited, and the satellite was allowed to
nutate without disturbance for 12 h. Data from the tests are
reproduced in Fig. 2. The nutation period and damping ratio
are measured to be 341 s and 1 .5xlO~ 4 , respectively (see
Table 3). Good agreement exists between the measured and
calculated nutation frequencies.

of
Once in orbit

Parametric Assessment
Component Damping Effect

, there exists a degree of uncertainty as to what
level of damping to use for the components. Whereas damper
mass and offsets are well known, OD and QD are not. Simi-

Sl=Bl+R2Dli S3=B3+R2D3 (If) larly, in the modal representation for the array, the exact level
of damping associated with each mode and the effect of mode

The associated eigenvalue problem for Eq. (6a) (taking truncation are not known with confidence. By first isolating
L\ = £3 =0) is and then varying these parameters, their range of possible in-

fluence on the spacecraft can be determined. For the case of
(\k[A] + [B] ) [Xk] = {0} (8) the damper this includes varying frequency, in addition to

damping, in order to simulate resonance with either the array
The development for the symmetric pitch dynamics is

analogous and the relevant equations are available in Ref. 8.
Based on this formulation, computer software is developed

to solve for system natural modes, frequencies, and damping
factors for both the roll/yaw and pitch dynamics. Results
computed using the roll/yaw software are demonstrated for
the Hermes satellite configuration of Fig. 1, in Table 2. A set
of nominal input parameters is assigned, which includes the
measured/computed modal characteristics for the constrained
array, together with the spin-phase damper design
characteristics (ra^ 0.1 145 kg, !}D = 0.40 Hz, aD = 0.004).8
The frequencies calculated agree quite well with those pub-
lished in Refs. 5 and 7, and other works, thus validating the
software. No numerical or computational problems are exper-
ienced with the method.

vibration or nutation. A special case for the arrays involves
determining the effect of critical damping in the constrained
mode input. This knowledge of system sensitivity to inputs at
the component
derived data.

level is helpful in understanding the flight-

Role of the Array Substructure
To establish the degree to which damping factors measured

in orbit can be attributed to damping sources in the arrays, an
is set equal to
damping input,

zero and computer runs are made using, for
those values as determined from the ground-

based substructure test results of Table 1, along with varia-
tions as adopted in Table 4.

It is seen, from Table 4, that the inherent damping of the ar-
rays has little influence on damping of the system nutation. In-
put modal damping parameters a* associated with the

Update of Measured Hermes Data
Measurements of natural frequency and damping factor for

the vibrational modes of the Hermes satellite are reported in
Refs. 3,5, and 7, and other unpublished internal reports. The
in-orbit data are derived from residual oscillations associated

substructure are varied between 0.001 and 0.100. Over this
range, when there is in-plane damping only, a nutation damp-
ing of ^=5 x 10 ~10 and 10~8, respectively, results (i.e., £N is
proportional to CT^IP)- On the other hand, input damping
associated with array out-of-plane motions only is seen to
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Table 4 Contribution of array substructure to damping of system roll/yaw modes

Array substructure input damping

In-plane Out-of-plane Nutation

(7j (J2 ^3 0"i @2 ®3 V/V o* 1

0.001 0.001 0.001 5xlO" 1 0 2.6 X10"3

0.100 0.100 0.100 5xlO" 8 2.7X10"1

0.001 0.001 0.001 6 x l O ~ 9 2x lO" 6

0.100 0.100 0.100 6 x l O ~ 7 I x l O " 4

0.100 0.100 0.100 0.100 0.100 0.100 6xlO" 7 2.7X10"1

0.020 0.020 0.020 I x l O " 8 5 .2xlO"2

0.020 0.020 0.020 0.006 0.006 0.006 5x lO" 8 5 .2xlO"2

0.020 0.006 0.010 5X10"8 5.2xlO"2

0.020 1.0 1.0 0.006 0.010 1.0 5x lO" 8 5 .3xlO"2

0.020 0.020 0.020 6x lO" 9 5.2 x lO" 2

1.0 3x lO" 7 1
1.0 I x l O " 1 2 4x lO" 4

1.0 1.0 1.0 3 x l O ~ 7 1

a(co 2) I P=0.58 Hz for this case.
Note: m £> = (). 1145 kg; aD = 0; dl = 0; d2= -0.29 m. Blank entires are zero.

have an effect an order of magnitude greater which, however,
is still not significant when compared with the measured level
of fjy= 1.5 x 10 ~4 . The overall effect on £N is no greater when
in-plane and out-of-plane damping inputs are combined.
Also, using input damping ratios consistent with typical
ground-based array measurements still results in an insignifi-
cant effect on the nutation, i.e., fN — 5x lO" 8 , i n this case.

Table 4 also provides information about the relationship
between damping ratio for unconstrained antisymmetric
modes (f^) and the input damping associated with the con-
strained arrays (ok). It is seen that, when the substructure is
damped in-plane only, the system damping is greatest in-plane
as well. The same holds true for the out-of-plane degrees of
freedom. Specifically, the magnitudes of damping calculated
for these modes, referred to as the second and third system
modes in-plane or out-of-plane, are very close to the levels of
damping input for the second and third substructure modes.
However, damping computed for the first modes, in each
category of motion, is significantly larger than the damping
input for the fundamental mode of the array alone. This is
consistent with the nature of the dynamic interactions occur-
ring for this class of spacecraft and is analogous to the dif-
ferences in frequencies recorded between the system and sub-
system data.8 In addition, note that the presence of a nonzero
out-of-plane damping input gives rise to nonzero damping
ratios for unconstrained in-plane modes and vice versa (i.e., if
°k,\p = 0.10 or ok oop = 0.10, then f l o o p = l x l 0 " 4 or
fi.ip = 1 x 10 "4). In a similar parametric study carried out us-
ing software developed for the pitch dynamics, it was found
that modal damping of the symmetric spacecraft modes re-
mains very close to that input for a single constrained array
(within 2%).

The techniques used for measuring damping, as explained
earlier, depend on having an oscillatory response. It is possible
that a critically damped or overdamped substructure mode
could be missed in the test results or truncated. This issue is
addressed for the roll/yaw dynamics in Table 4. For example,
ok = 1.0 for the fundamental constrained in-plane mode yields
unconstrained damping ratios for the first, second, and third
in-plane modes which are critical, 0.006, and 0.0003, respec-
tively. That is, the degree of intermodal coupling in damping
is slight. This is found to be the case also if the higher modes
are input with critical damping. A similar situation exists for
the pitch dynamics. It is implied by such behavior that the f's
of spacecraft modes measured in orbit are not sensitive to the
input a's of those higher-order, and, in most instances,
unmeasured, modes.

In-plane

r2
I x l O " 3

Output modal damping

Out-of-plane Damper

r3 fi r2 r3 &>
I x l O " 3 I x l O " 6 I x l O " 7 6x lO" 7 I x l O " 9

1.04X10"1 l . O l x l O " 1 I x l O " 4 9 x l O ~ 6 I x l O " 5 l x !0~ 7

7X10"10

7 x l O " 8

1.04X10"1

2.1xlO"2

2. I x l O " 2

4x lO" 4

1
2.1X10"2

6x lO" 3

1
0.98a

10-2-,

io-3-

10 N

10~4~

io-5-

4 x l O ~ 1 3 2 .9xlO" 3 l . l x l O " 3 l . l x l O " 3 4 x l O ~ 6

4 x l O ~ n 3. I x l O " 1 1.04X10"1 1.05X10"1 4 x l O ~ 5

3.0X10"1 l . l x l O " 1 1.04X10"1 1.06X10"1 4 x l O ~ 5

2x lO" 2 2x lO" 5 2x lO" 6 I x l O " 5 2 x l O ~ 8

2 x l O " 2 1 .7xlO" 2 6 .6xlO" 3 6.6X10"3 2 x l O " 5

6x lO" 6 1.7xlO"2 I x l O " 2 3 x l O " 4 2 x l O ~ 4

1 1.9xlO"2 I x l O " 2 1 2 x l O ~ 5

2 x l O " 2 2 x l O " 5 2x lO" 6 I x l O " 5 5 x l O " 9

3x lO" 4 8x lO" 5 4 x l O ~ 6 2 x l O " 6 2 x l O " 7

I x l O " 5 4 x l O " 9 I x l O " 9 2 x l O " 7 I x l O " 1 2

1 8 x l O " 5 4 x l O " 6 2 x l O " 6 2 x l O ~ 7

\\\
\ ————— N A T U R A L MODES SOLUTION
\
\ — — METHOD OF A V E R A G I N G

\
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Fig. 3 Calculated nutation damping of Hermes for the case of a reso-
nant damper.

The approach then is to vary QD and OD over a wide range in
order to ascertain the theoretical limits for the damper's effect
on spacecraft damping in orbit.

A parametric study using the roll/yaw software yields the
following results. When damper input frequency (QD) is away
from the nutation frequency (UN = 0.00277 Hz), the damping
factor of the system nutation remains extremely small (10" 12),
even if damping input associated with the damper itself
becomes large (e.g., aD = 0.5). As 0D approaches UN, the in-
fluence of the damper, although still small, nevertheless in-
creases noticeably (i.e., for 120 = 0.0015 Hz and OD = 0.006,
fN = 5 xlO"8). If the damper component frequency is set
equal to the nutation rate, a resonant condition exists and the
effect on level of nutation damping is dramatic, as shown in
Fig. 3 where &D — UN and 10 "5 < OD < 1 . Over this range of in-
put fN achieves a maximum value of 9x 10 ~ 4 , which is com-
parable to the flight-determined level of 1.5 x 10 ~4 .

The calculated nutation damping factors extend over at
least eight orders of magnitude, thus raising concern about
whether or not the software-generated data are reliable over
such a wide range. For this reason, the following approximate
formulas are derived by the Method of Averaging,8 and ap-
plied to check the software:

«.

?„-

* / ^D"2 J ( ) V,p (On\

4 V / / \ fD / ^ °D

2. , . 3
^ 1 / f^D^2\ f ^N \ when -<n (9h}

Role of the Liquid-Mercury Damper
To isolate the effect of the damper, input damping

associated with the array substructures is set equal to zero.
Results from the two methods are compared in Fig. 3 for the
resonant case. It is seen that the Method-of-Averaging data
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Table 5 Measured vs calculated damping factors

Mode description

Nutation
1st symmetric, out-of-plane
1st symmetric, in-plane
1st symmetric, twist
1st antisymmetric, out-of-plane
2nd antisymmetric, out-of-plane
1st antisymmetric, in-plane

Calculated21 $k\
ground-based

Viscous

4 x l O ~ 8

0.0061
0.0153
0.0909
0.0173
0.0066
0.0393

ak from
datab

Hysteretic

2 x l O ~ 6

0.0061
0.0163
0.0977
0.0059
0.0067
0.0153

Calculated3 $k\ ok
derived from in-orbit

symmetric modes0

Viscous Hysteretic

2x lO- 7 I x l O " 5

0.0305 0.0305
0.0305 0.0325
0.0806 0.0868
0.0872 0.0297
0.0328 0.0335
0.0788 0.0308

Flight-
measured

& (Table 3)

1.5xlO~ 4

0.030-0.038
0.030-0.039
0.080-0.090
0.015-0.022
0.007-0.008
0.012-0.016

aDamping from array substructure only, aD = 0. b0.015 in-plane, 0.006 out-of-plane, and 0.090 in twist. C0.030 in-plane, 0.030 out-of-plane, and 0.080
in twist.

yield excellent agreement with the software calculations over
the range 0.001 <OD<0.100 and, thus, confirm operation of
the software. Note, however, for the Method of Averaging to
work the degree of interaction must be weak. The analysis of
Ref. 8 (Appendix A) shows that this is not the case at
resonance when the damper is very lightly damped. In par-
ticular, from Fig. 3, it is seen that the exact formulation is re-
quired when dealing with levels of damper input smaller than
10~3. Away from resonance, the methods agree reasonably
well. At WD = 0.020 Hz and fD = 0.005, [N becomes 3 x 10~n

and 10x 10"n when computed by the Method of Averaging
[Eq. (9b)] and the Natural Modes Theory, respectively.

The functional relationships described by Eqs. (9) show, as
well, that damper effectiveness in increasing the fN output is
proportional to mD and varies quadratically with the offset
geometry d2. A similar set of relations applies to the effect of
substructure damping input on fN.

The effect of the damper on other system modes is small.
With OD = 0.5 and damper frequencies either near or removed
from the nutation resonance condition, the output damping
ratios for the antisymmetric modes remain less than 10~6. The
only exception occurs for fiD = 0^>OOp =0.44 Hz, where, if
00 = 0.1, then ^1,00? = 2x 10~4, which is still considerably less
than the measured values of 0.015-0.022. For the symmetric
modes the greatest damper effect occurs with the damper
tuned to be near resonance with the first twist mode. In this
case, a maximum damping ratio of only 10~5 is found for the
fundamental twist mode over the input range 0.001 <
OD<0.100—significantly less than the flight-measured values
of 0.08-0.09.

In summary, it can be concluded that 1) the liquid-mercury
damper could have contributed the damping of the nutational
mode, however, to do so the fluid would have had to be ex-
cited to resonance by the nutations; and 2) the damper did not
contribute significantly to the damping factors of either the
symmetric or antisymmetric vibrational modes.

Correlation of Computed
and Flight-Derived Modal Damping

In Table 5, damping factors measured in orbit are compared
to corresponding ones synthesized from substructure compo-
nent damping. The damper is not included in this comparison
because its influence has already been discussed in detail in the
parameter study, where it was found that it can be a signifi-
cant factor only when resonant with the nutations.

For one set of calculations the input damping adopted is the
nominal ground-test-derived damping of the constrained ar-
ray. The substructure modeling assumes an equivalent linear
viscous modal damping process. The results computed are
contained in the first data column of Table 5 and originate in
Table 2. When compared with the flight-measured informa-
tion, it is seen that agreement is quite good for the first and
second antisymmetric out-of-plane modes and for the fun-
damental symmetric twist modes. The nutation, the first out-

of-plane symmetric, as well as first in-plane symmetric and an-
tisymmetric modes, however, do not correlate well.

A possible reason that agreement is poor in some cases, is
that the viscous model put forth for array damping is inade-
quate. An alternative is the hysteretic model for which the
damping coefficient, rather than being a constant, varies in-
versely with the frequency. Calculations carried out using a
hysteretic model and the nominal ground-based array damp-
ing input give the results contained in the second data column
of Table 5. Although both nutational damping and the damp-
ing for the first antisymmetric in-plane mode compare more
favorably with the measured result, there is no consistent im-
provement in correlation achieved with this approach.

Another attempt is made to improve the calculated result by
revising the input damping factors. Since input-constrained
modes are very similar to the flight-measured symmetric un-
constrained modes (the spacecraft central body is heavy
relative to the arrays and is essentially a fixed base in orbit), it
is logical to try, as the input o's, the corresponding flight-
measured symmetric f's. The runs corresponding to this con-
cept are listed in Table 5 as well, for both viscous and
hysteretic models. As would be expected, the f's for the sym-
metric modes match the flight data well. However, the an-
tisymmetric modal damping correlation is considerably
poorer. Again the hysteretic model does not result in any con-
sistent improvement over the viscous prediction.

Conclusions
A Natural Modes approach is used to synthesize the compo-

nent and substructure damping of a spacecraft into the
system-level damping factors associated with the damped
gyroscopic modes. The method is seen to be systematic and to
have no computational instabilities. The functional relation-
ships between component damping factors and the damping
factor for the nutational mode, as derived by the Method of
Averaging, confirm the functioning of the computer software
developed for the eigenvalue analysis.

The performance of the method is demonstrated by apply-
ing it to the Hermes data. All synthesized modal frequencies
agree with flight data and, thus, are consistent with previously
reported works based on models with no damping. Ignoring
the special case for nutation, the synthesized modal damping
factors are found to differ relative to those measured in orbit
by factors ranging from 0 to 5. Also excluding the nutation
mode, the source of damping for the system-level modes is the
structural damping of the solar array. On the other hand, it is
the liquid-mercury damper that likely contributed to damping
of the nutational mode.

The agreement achieved between measured and synthesized
damping factors is similar to that of the few earlier published
works. Shortcomings in correlation could be due to inade-
quacies in the law chosen to model damping of the solar ar-
rays, or possibly, to omission of a damping source (such as
friction between the substructures).
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