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Articulated, Flexible Multibody Dynamics
Modeling: Geostationary Operational
Environmental Satellite-8 Case Study
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The attitude dynamics of Geostationary Operational Environmental Satellite-8 (GOES-8) is simulated using
an articulated, flexible multibody approach, and simulation results are compared with the spacecraft flight data.
The solar array on this spacecraft is lightweight and flexible and is actuated by a stepper motor. The stepping
harmonics are shown to excite the vibrational modes of the solar array. Angular displacement sensors for each
of the spacecraft attitude degrees of freedom provided data accurate to subarcsecond levels. The simulations
provided insights into the on-orbit behavior of the solar array as a function of time of day. The solar array modal
data required modifications to obtain a good agreement with the flight data. Several causes that could necessitate
these modifications are identified. The assumptions behind the structural dynamics modeling and the articulated
multibody modeling of the three-dimensional flexible solar array are highlighted. Although the GOES-8 was not
set up to provide a platform for validating multibody dynamics models or approaches, it is concluded that these
approaches can indeed be employed for simulating the dynamics of other spacecraft or flexible manipulators even
when accuracies at the subarcsecond level are involved.

Nomenclature
b, =[b;y b;» bis]T,a Cartesian body frame and the
associated unit vectors
C; =b, -b] = (C")7, transformation matrix
between b, and b,
h® = a3 x N, rigid body rotational-elastic motion

coupling (modal angular momentum
coefficient) matrix for body i, expressedin b;.

I, = inertia matrix for body i about the hinge point
in its own coordinate system

= inertia matrix for the spacecraft bus about the
origin of the body frame, expressed in the bus
body frame

i = body index:i = s forthe bus,i = 0
for inertial frame, i 1 for solar array, and
i = 2 for solar sail

= N; x N; modal stiffness matrix for the solar
array. (If the modes are mass normalized, this
matrix will be diagonal with the squares of the
frequencies (in radians) as the elements.)

= unit vector along the rotational axis of the solar
array; £ =b, - £

; = mass of body i

= number of component modes used in modeling
body i flexibility

=[R, R, R.]", componentsof R in by;
R=Db, R

= position vector locating the spacecraft body
frame with respect to by

= a3 x 3 skew symmetric matrix formed using
the (three) components of any 3 x 1 column
matrix r

= components of vector ) to the center of mass
of body i from the hinge point; r") = b; - r®
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r; = components of vector r; from the origin of b,
to the body i-spacecraftinterface point;
ri=b-r;

v = components of R expressedin b,; V = b, - R

a® = a3 x N, rigid body translational-elastic
motion coupling (modal linear momentum

- _ coefficient) matrix for body i, expressedin b;

n\nd 775\’,‘) = time-dependentmodal amplitudes for body i

0 = variable describing articulation of solar array
with respect to spacecraftbus

Wy = a3 x 1 column matrix containing spacecraft

angular velocity components in by

Introduction

HE Geostationary Operational Environmental Satellite-8

(GOES-8) shown in Fig. 1 belongs to the GOES/I-M weather
satellite series; after the launch on April 13, 1994, GOES-I was
renamed GOES-8. Each of these spacecraft has a solar sail and a
magnetometer boom, both rigidly attached to the spacecraft, and
an articulating solar array that is driven by a stepper motor. In the
baseline stepping mode of the array, a single step corresponding to
a0.007-degrotation occurs every 1.69 s. The array and the sail have
four- and five-componentfixed-free vibrationalmodes, respectively,
with frequenciesbelow 2 Hz. The first fixed-free componentnatural
frequency of the magnetometer boom is over 4.5 Hz. Of these, the
first torsional mode of the array is expected to be excited most by
the constant stepping of the solar-array drive motor. A solar x-ray
imager (SXI) is to be flown on the yoke of the solar array on GOES-
M, scheduled for launch in 1999, and the jitter environment for the
SXI needed to be quantified. Since all GOES/I-M spacecraft have
the same kinematic structure and possess similar mass properties, it
was determined that any model that is developed for predicting the
SXT jitter must be validated first by comparison with the flight data
of one of the predecessors to GOES-M. GOES-8 is instrumented
with an angular displacement sensor (ADS) for each axis of the
spacecraft to study fine spacecraft motions. The ADS can measure
attitude accurately to an arcsecond. One SXI pixel correspondsto 5
arcseconds and thus ADS provides precisely the capability needed
for predicting the SXI jitter.

Often, in the space industry, the analysis of unmanned space-
craft with flexible appendages begins with the assumption that the
attitude and the vibrational motions of the spacecraft are uncou-
pled. Such analyses are performed for bounding the spacecraftjitter
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Fig.1 GOES-8 spacecraft.
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Fig.2 GOES-8 diagram.

due to instrument disturbances. Recognizing that the validity of
this assumption s limited to spacecraft that contain only nonarticu-
lating appendages, analyses of spacecraft with articulating flexible
appendages, such as solar arrays, are performed for different but
fixed orientations of the appendage. Consequently, in the articu-
lating appendage cases, such analyses omit the transition between
those orientations.

This is in contrastto analyzing models based on articulated, flexi-
ble multibody approaches,' 3 or simulating the response using artic-
ulated multibody dynamic analysis tools, such as TREETOPS? and
DISCOS,? that correctly model the array articulation.It is shown us-
ing flight data that, in the case of GOES-8, the persistentdisturbance
on the spacecraftis due to the articulation of the solar array, and
in particular due to the stepping process. As a result, modeling the
transitionbetween differentsolar-arrayorientations,even if they are
only 0.007 deg (one step for the stepper motor) apart, is paramount
for correctly simulating spacecraftresponse. Consequently,an artic-
ulated, flexible multibody dynamics model of GOES-8 is employed
in this study.

Component flexible-body models are used for the solar array and
the solar sail. The magnetometer boom is modeled as a rigid body
and its mass properties are combined with those of the spacecraft
bus. Although the dynamic equations can be derived using any of
the approaches in Refs. 1-3, this is the first time that spacecraft
flight data at the subarcsecondlevel are compared successfully with
simulation results from an articulated, flexible multibody dynamic
model, to the best of the author’s knowledge. It is not very often that
a spacecraftis instrumented with a fine attitude motion sensor such
as the ADS to present such an opportunity. The dynamic model,
the simulation results, and the lessons learned during the course of
this study are presented in this paper. Note that the modeling issues
addressedin this paper are not limited to GOES-8 and are applicable
to any spacecraft or articulating flexible multibody sytem.

Dynamic Model

A diagram of GOES-8 is shown in Fig. 2. The central body (bus)
and the magnetometer boom are modeled as rigid and are treated
as one body, and the already available component flexible-body
modal models for the solar array and the solar sail are used along
with an assumed modes approach* The component flexible-body
data are obtained via finite element analyses using NASTRAN. The
systemnow consists of three translationaland three attitude degrees
of freedom (DOFs) of the bus, one solar-array articulated DOF, and
N; and N, modal DOFs associated with the solar array and the
solar sail, respectively. In general, underlined characters represent
vectors and boldfaced characters represent matrices of appropriate
dimensions. Let

2 2 2
y = [VTwT@ﬂ(l) - (1) . 775\/11) ni )n;) . nﬁvz)] (1)

where the superscript 7 denotes transpose, the overdot represents
differentiation with respect to time, and

V=CR @)

The system mass matrix then is given by

mU —m;Ff, [0] Cia a?
L, It #HCa"+ChY B®

M= e £Th™M [0] (3)
Sym [1] [0]

(1]

where m, = m; + m; + m, denotes the total mass, r, contains the
components of the vector to the instantaneous system mass center
in b, U is a 3 x 3 identity matrix, and [0] and [1] denote null
and identity matrices of appropriate dimensions. The two diagonal
blocks of [1] represent Ny x Ny and N, x N, identity matrices
and these represent the mass normalized modal mass matrices of
the solar array and the solar sail, respectively. When the assumed
modes method* is used to express the elastic displacement u®(r, 1)
as

Ni
w0 =3¢V o @)

Jj=1

in terms of the assumed-mode shapes @(”(r) and their ampli-
tudes n(’)(t) the modal linear momentum Coefﬁcwnts Ol(,) and the
modal angular momentum coefficients h(’) are defined as>

o = | ¢ dm )
’ body i

and
by =/ rx ¢ (r)dm ©)
body 1

The momentum coefficients are computed in the component body
frame. In addition,
o’ =b; o R =b;- b )

The remaining quantities appearing in Eq. (3) have the following
expansions:

Ly=I1+1 +1,+m, (rITrlU—rlrlT)

T
+m, |:2r1TC51r§1)U -r (leril)) - C{rﬁl)rlri|

+m, (rzTrzU rort +2rlrPU — rzr(2 r? 2T> (8)
I,=1 +m (rlTleril)U - leril)rlr) 9)
Let K be defined as
[0]7x7  [Olixn;  [Ol7xw,
K= [0]N1x7 K® [O]leNz (10)

[Oly,x7  [Olnpuny, K@

Note thatthe flexibilityin the systemis associatedonly with the solar
array and the solar sail. This is the reason that the first seven rows
and seven columns of the system stiffness matrix K corresponding
to rigid body motions contain only zeros. In addition, we define
a damping matrix D with the same structure as that of K, with
diagonal viscous modal damping blocks for the flexible bodies. Let
q be defined as a (7 + N; + N,) x 1 column matrix of displacement
coordinates such that

g=[R"6.0,0.0n 0" . a\\ 0P a2 an
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The first six variables represent the spacecraft position and attitude
DOFs. Since V and w;, are components in a rotating body frame,
they cannot be integrated to obtain the displacements/orientations.
Equation (2) must be integrated to obtain the position of the space-
craft, and the following equation must be integrated to obtain the
attitude (6, , 6y, 6.)

C+o,0=0 (12)
The system equations of motion can then be written as
Mv +Dq+Kq+G(g,v) =U (13)

where G(g, v) is a column matrix containing nonlinear terms and U
is a column matrix containing excitations/disturbances.

Stepper motor tests indicated that the motor behaves like an un-
derdamped second-ordersystem. Consequently, the stepping action
of the motor is modeled using a PD controller:

UT) = —[Q20 — 0) + 209011, (2, 2) (14)
where 6 represents the desired angle and is increased by 0.007 deg
at the beginning of every step, and 2 and ¢ are parameters charac-
terizing the joint stiffness and damping, respectively.

Component-body modal data [a(i’), h(il)’ K] are needed to sim-
ulate dynamics using Eq. (13). A continuum representation of the
mode shapes can be used for structural elements such as beams and
plates. This also will enable the calculation of the momentum co-
efficients in a closed form.> However, complex structures such as
solar arrays on GOES-8 necessitate a finite element approach for
performing component-body eigenanalyses.

Obtaining the component-body data for use with the articulated,
flexible multibody dynamics model is a two-step procedurefor com-
plex structures such as solar arrays. In the first step, a finite element
component flexible body eigenanalysis is conducted to obtain the
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generalized mass and stiffness matrices and the associated mode
shapes. When the modes of vibrationare mass normalized, the modal
mass matrix will be an identity matrix and the stiffness matrix will
be diagonal with the squares of natural frequencies along the di-
agonal. The rigid body mass properties (mass, center of mass, and
inertias) also are provided as a standard output from the same finite
element analysis. _ _

The calculation of the momentum coefficients a(,.l) and h(,.l) for
each mode constitutes the second step and can be achieved in a
variety of ways. One way is to provide the finite element modal
solutions as inputs to the flex-preprocessors for TREETOPS? and
DISCOS.? A method for generating these coefficientsdirectlyinside
a finite element solution sequence is given elsewhere.” A third way
is to obtain these coefficients as the coupling terms in the Craig-
Bampton mass matrix. The last approach s used in this study.

GOES-8 Component Mass and Stiffness Properties

The mass and stiffness properties for various GOES-8 compo-
nents at the beginning of life are listed in Tables 1-3. The spacecraft
body frame has a nadir pointing z axis, its y axis is opposite the
orbit normal, and the x axis is obtained from the right-hand rule.
The spacecraft body axes do not coincide with the principal axes.
The solar array extends along the y direction. For the solar array and
the solar sail, the reference point for the inertias are the interface
points with the spacecraftbus.

The array consists of two solar panels connected via a hinge,
and a small third panel as the outermostbody. The innermost panel
is connected to the +y side of the spacecraft bus via a yoke. The
cross section of the solar array consists of a 31.75-mm aluminum
honeycomb core on both sides of which graphite face skins are
bonded. In addition, the cell side consists of a kapton layer as well
as the solar cells. A body frame is attached to the solar array at
the interface between the solar-array yoke and the +y end of the
spacecraft bus, such that its y axis is along the length direction of
the array and the body x axis is normal to the plane of the array.

Table 1 Component body mass properties

Mass, kg rﬁi), m

Component ri,m Inertia, kg- m?
Bus (i =) my = 1035.6025 0 0.01457 1028.8716 —10.9150 —23.6426
0 —0.23450 —10.9150 1026.2444 —17.8563
0 0.01566 —23.6426 —17.8563 1117.2465
Solar array my = 85.7443 —0.02045 —0.02764 1104.6067 9.3024 0.0576
i=1) 2.91590 0.78871 9.3024 28.7784 2.2498
—0.02455 —0.00844 0.0576 2.2498 1076.3055
Solar sail my = 9.6788 0 —0.11019 802.4238 0 0
i=2) —6.05443 —0.84560 0 0.24036 0
0 —0.21164 0 0 802.4238
Table 2 Solar-array stiffness properties
Mode 1 (OP1) Mode 2 (IP1) Mode 3 (OP2) Mode 4 (T1) Mode 5 (OP3)
a®, ke 6.362845 —0.000428 3.745014 —0.139602 3.858466
—0.060110 0.061114 —0.346686 —0.007505 0.220996
—0.000268 7.519367 0.001814 —0.196472 —0.000649
hY, Jkg-m —0.001312 33.233892 0.002936 —0.326803 —0.006997
—0.009509 0.329167 —0.067510 4.868742 —0.116229
—31.935654 0.001202 —5.618361 0.128195 —3.833407
Diag./(K1), Hz 0.172617 0.692549 1.072639 1.832541 2.507761
Table 3 Solar-sail stiffness properties
Mode 1 (B1) Mode 2 (B2) Mode 3 (T1) Mode 4 (B3) Mode 5 (B4)
a?, /g 0.375146 1.829846 0 —0.797597 0.643852
0 0 0 0 0
1.829846 —0.375146 0 —0.643852 —0.797597
h®, /kg -m —27.408293 5.619123 0 2.447389 3.031799
0 0 0.490192 0 0
5.619123 27.408293 0 —3.031799 2.447389
Diag./(K®), Hz 0.225012 0.225012 0.979085 1.796720 1.796720
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Mass-normalized fixed-free component modes are obtained for
the solar array via an eigenanalysis using NASTRAN. The fixed
point is at the solar array-spacecraft interface. The parameters
aV h® and KW for the solararray are listed in Table 2 for the first
five vibrationalmodes. The fixed-free modes have the property that
each of these modes may have nonzero linear and angular momen-
tum coefficient components™® associated with each axis of the body
frame. These coefficients provide a measure of how much the vibra-
tion of the solar array contributesto the linear and angular momenta
of the spacecraft, with the spacecraft and component-body frames
chosen as above. The momenta will not be conserved without these
contributions even in the case of no external excitations.

Based on the physical characteristicsof the array, the array modes
can be characterized as in-plane (IP) bending, out-of-plane (OP)
bending, or torsion (T). Referring to Table 2, we observe that the
OPj (j = 1,2,3) modes have the largest value in the first row
of aV, the array x direction. This implies that the array bends
along the body x axis in these modes of vibration. Note that a large
displacementalong the x axis also implies alargerotationaboutthe z
axis, and vice versa. Consequently, we observe that the OP j modes
contribute largest to the third row of A", Similarly, IP1 has the
largestentry in the (3,2) element of a" and thus would correspond
tothe displacementof the array alongthe z axis, i.e., in the y-z plane.
Therefore, the correspondinglargestangular momentum coefficient
can be found as AV (1, 2). Finally, for the only torsionalmode thatis
presentin the first five modes, the largest componentin AV is about
the y axis, as to be expected. This mode also has significantly smaller
linear momentum contribution than the bending modes. Note that
all of the modes have the x, y, and z spatial dependency, as can be
seen from the populated o' and A" matrices. Although the modes
have been characterizedas IP, OP, and T, none of the modes is purely
IP, OP, or T, as can be seen from Table 2.

The solar sail is a long flexible truss structure that is rigidly at-
tached to the —y side of the spacecraftand extends along the space-
craft negative y axis. Fixed-free component modes are used for the
sail as well. The associated component natural frequencies and the
momentum coefficients a® and h® are listed in Table 3. For this
boom-like structure, the modes canonly be characterizedas bending
(B)and T. Although there are repeated frequencies, they correspond
to bending in each of the y-z and the x-z planes, implying that the
eigenvectors for repeated frequencies are linearly independent.

Component vs System Frequencies

In structural dynamics, where no large articulation is permitted,
the development of component-mode synthesis* was necessitated
by the enormous task of modeling large aircraft as single bodies.
The system frequencies are obtained from a synthesized structural
model assembled from reduced-order component models. When
articulation is present, however, component flexible-body models
must be used in conjunction with articulated, flexible multibody
dynamics approaches. ™ In this case, the system frequencies are
not known until the eigenvalue problem for a linearized dynamic
model of the entire system is solved. The aV and £V properties of
the selected component-mode set have a significant effect on these
frequencies. This also raises the issue of what component modes
must be used and how the component frequenciesare aftected when
the whole system is synthesized.

Using a uniform articulated flexible beam as an example, it has
been shown’ that when the component-mode set represents a body
that is more constrained than the component in the physical sys-
tem, the system frequenciesobtained from the linearized articulated
multibody model will be higher than the respective component fre-
quencies. Fixed-free modes were used to represent a pinned-free
flexible beam undergoing articulation, and the system frequencies
were closer to but higher than the pinned-free frequencies. Table 4
demonstrates this fact for GOES-8 and also that it is these system
frequencies that must be expected in the flight data. At the system
level the array and the sail have a different end condition (large,
moving end mass and inertia of the spacecraft bus) from the fixed-
end condition that was employed at the respective interfaces with
the spacecraft bus during component-body modeling.

Table4 Component and system frequencies

System frequencies, Hz

One-body
Component Present NASTRAN
Component frequencies, Hz method analysis
Solar array 0.17262 0.19950 0.19960
0.69255 1.14354 1.12163
1.07264 1.11905 1.11077
1.83254 1.85410 1.85243
2.50776 2.59547 2.57851
2.81275 2.90904 2.91283
3.26070 3.26193 3.26067
Solar sail 0.22501 0.25791 0.25682
0.22501 0.33056 0.33677
0.97909 0.97920 0.97882
1.79672 1.81379 1.81375
1.79672 1.82298 1.81908

The initial orientation angle is set to 6 = 0 deg, the solar array
is assumed to be locked, the system of equations in Eq. (13) is lin-
earized, and the associated eigenvalue problem is solved to obtain
the system frequencies. Table 4 shows these results for Ny = 7 and
N, = 5. Only the nonzero frequencies are shown here. The first col-
umn in Table 4 describesthe component, the second column contains
the component frequencies, and the third column contains the cor-
responding frequencies obtained by solving the eigenvalue problem
mentioned above. Note thateach systemfrequencyis higherthan the
associated component frequency because of the differences in the
end conditions described in the preceding paragraph. The change
in the boundary condition has the most significant effect on the
solar-array IP1 mode. It is shown in the “Comparison of Flight Data
and Simulation Results” section that this observation is crucial to
understanding the flight data.

The system frequencies obtained via a one-body finite element
analysis for the whole system, with a rigid bus, are shown in the
last column in Table 4. The results are very close, thus provid-
ing confidence in both the articulated multibody dynamic modeling
approach and the appropriate use of model data. Modal truncation
accounts for some of these differences. In general, it is rarely feasi-
ble to setup one-bodymodels and verify the systemfrequenciesthis
way for large systems. Finally, note that the same sail component
frequencies give rise to quite different system frequencies. This is
because the spacecraft inertias are different in different directions,
and a lower inertiain one direction results in a higher frequency for
vibration corresponding to that direction.

Flight Data

The flight data for day 103 (April 13) of 1995 is used for compar-
ison. These data were obtained for a short period around the top of
each hour for 23 consecutivehours. The sampled data are at 800 Hz
(Nyquist frequency, 400 Hz) and, consequently, only data corre-
sponding to slightly over 5 min and 27 s (2'® samples) are collected
in each data set to provide a resolution of 0.003 Hz (=400/2!") in
the frequency spectrum. The ADS is a high-pass filter with a 2-Hz
cutoff. Hence, the flight data are corrected for the low-frequency at-
tenuation by using the inverse of the known ADS transfer function.
A 10-s strip of the time-domain data representing a steady state,
after the filter transients are attenuated, then is considered for com-
parison. Because all of the disturbances on the spacecraft are not
modeled, this may correspond to different time periods in each data
set. For example, the 10-s strip may correspond to the 170- to 180-s
portion of the data for one case, and the 30- to 40-s portion of the
data for another case, and so on.

Power spectral density (PSD) plots were generated with the 2'8
length corrected samples. The ADS outputs are typically in the
[—20, 20] n rad range and, at this level, the spacecraftresponses are
very sensitive to the smallest disturbance. All such disturbances are
not modeled. After discounting the known instrumentdisturbances,
it was found that the PSD peaks corresponded to 0.5917, 1.1834,
and 1.7751 Hz. Note that 0.5917 Hz (=1/1.69) is the frequency of
the stepping of the solar array and 1.1834 Hz and 1.7754 Hz are its
second and third harmonics, respectively. In general, the peaks at
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0.5917 Hz are much smaller than those at the other two frequencies.
Referringto Table 4, we observethat this is because these harmonics
are close to the system frequenciesthat arise from the IP1 (and with
enough parametric uncertainties, to OP2) and T1 frequencies of
the solar array. Note that by considering only component modal
frequenciesone may conclude incorrectly that the second harmonic
is closest to the OP2 modal frequency. The excitation may not be
characterized as resonance, but these harmonics clearly lie close to
the system natural frequencies.

Comparison of Flight Data and Simulation Results

The attitude control for the spacecraft is via independent pitch
and roll/yaw controllers. The bandwidth for the pitch controlleris
0.05 rad/s and that for the roll/yaw controlleris in the range 0.005-
0.0125 rad/s. Because all structural frequencies are well outside the
bandwidth of the attitude controllers, no attitude control is consid-
ered. Only the (internal) stepping action is considered as the excita-
tion in the system. Simulation results are obtained by numerically

integrating the dynamic equations in Eq. (13), with Ny = 5 and
N, = 2. The spacecraft rigid-body response is removed from the
simulated attitude response by using a high-pass digital filter with
a very low cutoff frequency.

Figure 3 compares the simulated results for 6(t = 0) = 0 deg
case with the nominal spacecraft data listed in Tables 1-3, and the
flight data around 11:00:00 Greenwich Mean Time (GMT). The
effect of stepping can be seen clearly in these plots. Although the
roll magnitudes compare reasonably well, the roll shape as well as
pitch and yaw amplitudes are quite different. We find the reason in
Fig. 4 where the PSDs for the roll, pitch, and yaw (RPY ) for the above
simulatedresultsand the PSDs for the flight dataare plotted. Note the
small peak at the 1.7751-Hzfrequencyin roll and the almostabsence
of the same in yaw, in the simulated results. The PSD plots for all
of the other 22 sets of the flight data also showed similar behavior.
Althoughthis frequencydoes notcoincide with the known T1 modal
frequency of the solar array, it is closest only to this system mode,
and the stepping action is expected to excite the torsional mode.
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Similarly, we conclude that the 1.1834-Hz frequency in the flight
roll PSD is close enough to the array IP1 mode to excite it.

The PSD plotsin Fig. 4 imply that the T1 mode is not sufficiently
coupled,and the IP1 mode may be coupled too much, with the roll for
0(t = 0) = 0-degcase,in the dynamic model. Since the coupling of
amode to attitude motion is throughthe rigid-elasticcoupling terms
(linear and angular momentum coefficients), we conclude that the
nominal values for these coefficients for the IP1 and the T1 modes
givenin Table 2 do not adequately representthe solar-array on-orbit
vibrational behavior.

Parametric studies were then conducted to determine the appro-
priate values for the array momentum coefficients for the IP1 and T1
modes in order to obtain a good agreement between the flight data
and the simulationresults. Referring to the mass matrix in Eq. (3) and
the solar-arraymodal momentum coefficients in Table 2, we observe
that the elements in the second row of the term 7,C{a" + C{h)
determine how much the spacecraft pitch is affected directly due
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to the solar-array stepping, and the remaining rows determine how
much roll and yaw are affected indirectly through the coupling with
the pitch. For the properties given in Tables 1 and 2, it turns out that
k™ contributes most to this term. Since the simulated pitchin Fig. 3
is much larger than the flight pitch, we conclude that the magnitude
of the element £V(2, 4) must be reduced. In addition, " (1, 4)
and a'V(3, 4) also needed to be modified. Similarly, because the
array T1 mode is almost absent from the simulated roll and yaw,
we conclude that the magnitudes of (1, 4) and (3, 4) elements of
A must be increased. A question on the sign of these elements
remained. Simulation results showed that AV (1, 4) must be nega-
tive and AV (3, 4) must be positive. Negative values for £V (3, 4)
resultedin numerical instabilities. The component frequencyfor the
T1 mode also was considered as a parameter because the excitation
of the T1 mode depends on how close this frequency is to the third
harmonic of solar-array stepping.

The IP1 peakin simulatedroll in Fig. 4 is about three times that of
the flight roll, and this implies that the nominal value of A (1, 2),
for the IP1 mode, used in the simulation is too large. It was found
that this value must be reduced and the £V (2, 2) and the AV (3, 2)
must be slightly increased to match the flight data. A discussion
on what these parameter modifications imply is presented in the
Discussion section.

The discussion in the preceding two paragraphs only points to
how these coefficients must change but does not tell by how much.
Linear eigenanalyses and Bode plots of the transfer functions also
did not help. Good matches with flight data were obtained only
after time-consuming numerical simulations. The parameters that
resulted in successful matches are shown in Table 5 for various
configurations of the solar array.

Last but not least is the question of what value must be used for
QinEq. (14). The test data indicated too stiff a value to be usefulin
these simulations. The roll for the 8 = 0 deg case and the yaw for the
0 = —90deg case were found to be sensitiveto this stiffness. For the
results presented here, 2 = 80 rad/s and ¢ = 0.1. The parametric
studies indicated that larger and smaller values for the joint stiffness
resultin largerand smaller high-frequencyoscillations,respectively.
However, smaller 2 valuesresultin larger amplitude low-frequency
(IP1 and T1) oscillations, and vice versa.

Figure 5 shows the simulated RPY time history for (r =0) =0
deg and with the modified coupling terms shown in Table 5. In all
cases, initial data that contained dynamic/filter transients have been
discarded.Simulationresultsin Fig. 5 are in good agreementwith the
flight data shown in Fig. 3b. Figure 6 shows similar comparison for
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Fig. 6 Flight data around 05:00:00 GMT and simulated time history with modified parameters for 8 = — 90 deg.
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Table 5 Parameter modifications needed for matching flight data

Spacecraft Linear momentum Angular momentum Component T1
Solar-array attitude coefficients &V, /kg coefficients kD . /kg - m modal frequency,
orientation DOF IP1 T1 IP1 T1 Hz
0 = —90 deg Roll (x) —0.0004 —0.3970 30.2520 —1.8487
and 0 deg Pitch (y) 0.0611 —0.0079 0.6723 4.3697 1.8325
Yaw (z) 7.5194 —0.3308 1.3916 1.6807
0 =45 deg Roll (x) —0.0004 —0.2647 26.8907 —1.8487
Pitch (y) 0.0609 —0.0079 0.6723 4.3697 1.79
Yaw (z) 5.2934 —1.0587 —1.3916 —0.8403
0 =90 deg Roll (x) —0.0004 —0.7940 26.8907 —1.1765
Pitch (y) 0.0609 —0.0079 0.6723 4.3697 1.79
Yaw (z) 6.6168 —0.2647 —1.3916 1.6807

the simulation results with 6(# = 0) = —90 deg and the flight data
around 05:00:00 GMT. The high-frequency oscillations in Figs. 5
and 6 are due to the stepper motor stiffness.

Table 5 lists the values for the momentum coefficients that are
needed for a good comparison with the flight data for various times
of the day. These variations can be explained as follows. Since the
spacecraft moves from a midnight to a noon configuration and then
back over a 24-hour period, the sun is expected to have significant
time-varying effects on the shape and hence on the vibrational be-
havior of the array. This was indeed found to be the case because
these coefficients had to be adjusted for each value of 6.

Discussion

Recall that we mentioned earlier that the momentum coefficients
are associated with modes of vibration and that they are calculated
after the modal solution is obtained. The disagreement between
the flight data and the simulation results with the nominal parame-
ters implies that the on-orbit array behaves differently, and may be
physically different, from the modeled array. If the physical array
is available, the two-step procedure outlined in the Dynamic Model
section must be followed for obtaining a better model. In the case of
the on-orbit array, because the physical structure was not available
for modeling, the first step mentioned above was eliminated from
the parametric study and the parameters listed in Table 5 were se-
lected only on the basis of matching the flight response. This has
the drawback of not knowing how each point on the solar array
vibrates because the modal vectors are not available and momen-
tum coefficients present only condensedinformation. However, this
information is not required for comparison with the ADS data be-
cause the ADSs are mounted on the spacecraft bus. Since the yoke
is very close to the south end of the bus, it can be assumed that the
modal vectors at the SXI mounting locations remain unchanged for
predicting the SXI jitter.

From a comparison of the solar-array nominal vibrational char-
acteristics (Table 2) and the modified characteristics (Table 5), we
note how different the behaviors of the on-orbit solar array and the
nominal array are. Significant AV (1, 4) and k" (3, 4) components
for the T1 mode imply that as the solar array twists, it also bends
considerably. For the IP1 mode, a significant value for £V (2, 2)
indicates that the array in-plane motion also results in torsional mo-
tion. The reduced value for 2V (1, 2) in Table 5 implies that this
mode now contributes less to the x component (in body frame) of
the angular momentum than the IP1 mode of the nominal array.

What are the reasons for this discrepancy? The reasons are es-
sentially the assumptions made while building the model—both at
the component level and at the multibody model level. First, the
component level assumptions: 1) Equivalent membrane and bend-
ing stiffnesses were used for the development of component-body
models for a multilayeredsolar array, 2) chemical bonding between
the layers of the solar array was not modeled in the finite element
model, and 3) thermal loads or thermal structural interactions were
not modeled. Consequently, the effect of bonding on the vibrational
modes, and the effect of differential heating across the array cross
section, especially with the chemical bonding adequately modeled,
were not addressed. This can be significant considering that a sepa-
rate thermal analysis® of the array showed that the array bends away

from the sun with a tip deflection of about 6.25 cm, and this can
accountfor the couplingbetween the torsionaland bending motions.
Note that a component-level thermal model for the array was built
and analyzed prior to the commission of this study.

At the multibody-model level, the assumption involves neglect-
ing thermal loads. These loads may be treated as those givingrise to
prestressed conditions. Differential stiffness matrices’ can be em-
ployed for modeling these time-varying loads and can be added to
the model described in the Dynamic Model section. However, it
was not pursued here because of the complexity and the factthat the
array componentmodel was developed elsewhere. At present, none
of the software codes (TREETOPS,? DISCOS,? etc.) available for
modelingarticulated,flexible multibody systems have the capability
to consider thermal-structural interactions.

Finally, some details on the numerical integration aspects of this
study are in order. It was demonstrated that the flight data and simu-
lation results can be shown to have good agreement at subarcsecond
levels, even with the limitations mentioned above. Such a precision,
however, requires that numerical integration be performed with a
tight tolerance—of at least 10~ on the states. Further complicating
the simulation is the fact that the system in Eq. (13), combined with
Eq. (14) and the joint stiffness considered in this study, is a stiff
system. These two factors result in very slow simulation speeds.
Increasing the stepper motor stiffness slows down the simulation
even further. In addition, because the simulations start with modal
rates and modal amplitudes that are bound to be different from the
steady-state results shown in Figs. 5 and 8, it is imperative that the
simulations be conducted long enough to attenuate the transients.
The simulations were conducted in a MATLAB®/SIMULINK en-
vironment on a Sun Sparc 20 workstation.

Conclusions

The attitude dynamics of GOES-8 is simulated using an articu-
lated, flexible multibody approach and simulation results are com-
pared with the spacecraft flight data. The solar array and the solar
sail are the primary flexible bodies on the spacecraft, and the solar
array is articulated by a stepper motor.

Simulation results obtained using the nominal modal solar-
array data were not in agreement with the flight data. After time-
consuming parametric studies resultedin the successfulmatching of
the flight data, it was concludedthat the vibrational characteristicsof
the solar array during day 103 of 1995 were substantially different
from the nominal/design values. The parameter modifications re-
quired in order for the simulation results to agree with the flight data
were different for different times of the day, and were attributed to
the effects of the sun and the assumptions behind the current model.

This study shows that multibody dynamicsapproachescanbe em-
ployed to model the dynamics of any spacecraft although GOES-8
spacecraft was not set up to provide a platform for validating multi-
body dynamics approaches. However, the modeling of GOES-8 us-
ing an articulated, flexible multibody approach provided valuable
insight into the issues associated with modeling three-dimensional
systems consisting of non-beam-like flexible bodies operatingin a
real-world environment. This study points out that the effects of
modeling assumptions made both at the component and multibody
levels and the limitations of such models must be understood. For
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example, although several articulated, flexible multibody dynamics
software packages are available, none of them model thermal-
structural interactions. To the best of the author’s knowledge, none
of these packageshave been employed to simulate real-world space-
craft data to the accuracies considered here.
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