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Thermally Induced Dynamics of Satellite Solar Panels

John D. Johnston* and Earl A. Thornton'
University of Virginia, Charlottesville, Virginia 22903

Thermally induced structural motions are known to affect the attitude dynamics of low Earth orbiting satellites
during eclipse transitions. Motions of flexible appendages such as solar panels lead to rigid body rotations of the
entire satellite because the total angular momentum of the system is conserved. These potentially large attitude
disturbances may violate pointing accuracy and jitter requirements. One type of thermally induced dynamics
exhibited by solar panels is thermal snap. The Upper Atmosphere Research Satellite is a prominent example
of a satellite that experiences thermal snap disturbances during eclipse transitions. This paper describes recent
studies of thermally induced dynamics of solar panels, including an analysis of satellite attitude dynamics resulting
from thermally induced structural motions and a laboratory investigation of the thermal-structural performance
of a satellite solar panel. Analytical and experimental results demonstrate thermal bending deformations with
acceleration transients that have characteristic thermal snap disturbance histories in response to rapid changes
in heating. The studies show that solar panel thermal snap disturbances are caused by through-the-thickness
temperature differences that vary at a nonconstant rate. Finite element analysis correctly predicts the thermal

snap phenomenon observed in the solar panel experiments.

Nomenclature
A = cross-sectionalarea, m?
c = specific heat, J/kg-K
Cqamp = damping constant,kg/m-s
h = facesheet centroid separation distance, m
Iy = composite mass moment of inertia for satellite,
kg-m?
k = thermal conductivity, W/m- K
L = length,m
My = thermal moment, N-m
q = generalized modal coordinate
Ry = hub radius, m
S = solar heat flux, W/m?
T = temperature, K
Tret = reference temperature, K
Ttp = thermally induced disturbance torque, N - m
t = time, s
y = displacement, m
Vas = quasi-staticdisplacement, m
w = width, m
Xx,y,z = spatial coordinates, m
Olete = coefficient of thermal expansion, 1/K
AT = temperature difference, K
¢ = damping coefficient
0 = attitude angle, rad
Oys = quasi-staticattitude angle, rad
v = Poisson’s ratio
) = density, kg/m?
¢ = shape function
10} = natural frequency, rad/s

Introduction

HE thermal-structural performance of deployable appendages
can have a significant effect on the attitude dynamics and
control of satellites. Nonuniform thermal loading may give rise
to cross-sectional temperature differences in appendages which,
due to differential thermal expansion, result in thermoelastic de-
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formations. Additionally, rapid changes in thermal loading initi-
ated as a satellite exits or enters the Earth’s shadow can excite
dynamic structural motions. Thermally induced structural motions
(TISMs) of flexible satellite appendages may be classified as ther-
mal bending, thermal snap, thermally induced vibrations,or thermal
flutter.!=3 Thermal bending motions are quasi-static structural de-
formations that result from slowly varying temperature differences.
A quasi-static deformation consists of a succession of equilibrium
displacements each corresponding to the temperature difference at
a given instant in time. Since the temperature differences driving
thermal bending motions develop slowly, appendage accelerations
are very small. Thermal snap (or thermoelastic shock) motions in-
volve rapid, nonoscillatory appendage deformations that are initi-
ated during orbital eclipse transitions. A thermal snap response is
similar to quasi-static TISMs in that it consists of a succession of
quasi-equilibriumdisplacementsthat result from time-varying tem-
perature differences in appendages. However, in the thermal snap
case, the rapid rise and decay of the temperature differences re-
sult in short duration acceleration transients at times corresponding
to eclipse transitions. Thermally induced vibrations, which consist
of a quasi-static deformation with superimposed oscillations, are a
stable dynamic response and may involve bending (flexural), tor-
sional, or combined bending and torsional motions. Similar to ther-
mal snap disturbances, thermally induced vibrationstypically occur
when flexible appendages are subjected to rapidly developing or
decaying temperature differences such as when the satellite under-
goes an eclipse transition. The most severe type of TISM is thermal
flutter. Thermal flutter is an unstable thermally induced vibrations
response. The instability mechanism is coupling between incident
heating and structural deformations. In the cases described previ-
ously, the structural motions involve thermoelastic bending defor-
mations driven by time-varying temperature differences. Structural
dynamics may also be initiated by thermally induced stick-slip mo-
tions in mechanisms,a phenomenon generallyreferred to as thermal
creak *

A common solar array design is the rigid panel solar array, which
is made up of one or more solar panels. Each panel consists of
a honeycomb sandwich panel substrate onto which solar cells are
mounted. Mathematical modeling of satellite attitude disturbances
resulting from TISMs of solar panels has been investigated by sev-
eral authors. Bainum et al.’ studied thermal bending of free-free
beams and plates subject to sudden changes in thermal loading
to predict the effect on satellite attitude dynamics and control.
Zimbelman® and Zimbelman et al.” performed an analysis of the
disturbance affecting the TOPEX satellite and developed an ana-
lytical model for predicting the disturbance torques resulting from
thermally induced deformations of rigid panel solar arrays initiated
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during eclipse transitions. These studies utilized a quasi-static ap-
proach for formulating the solar array structural response and the
corresponding thermal snap disturbance torque. Recently, Johnston
and Thornton®° studied the coupled dynamics of a simple satel-
lite with a solar panel that experiences TISMs. The study utilized
a formulation that includes both quasi-static and dynamic terms in
calculating the solar panel response. Several aspects of the solar
panel thermal snap problem have unanswered questions. First, what
is the explanation for the observed characteristics of satellite mo-
tions resultingfrom thermal snap disturbances?Second, how do they
differ from a thermally induced vibrations response? Additionally,
there is a lack of experimental data for thermally induced dynamics
for use in validating analytical models and investigating the per-
formance of satellite hardware. Thus, further research is needed to
improve analytical models for predicting thermally induced solar
panel dynamics and to characterize the thermal snap of solar panels
experimentally.

The overall objective of the present paper is to provide a de-
tailed explanation of solar panel thermal snap disturbances. First,
a review of flight data that demonstrates the thermal snap distur-
bance affecting the Upper Atmosphere Research Satellite (UARS)
is presented. Then, two recent studies® carried out to investigate
solar panel thermal snap are described. The first study utilizes an
analytical formulation for the coupled dynamics of a simple satel-
lite with a solar panel to study the effects of thermal snap distur-
bances on satellite attitude dynamics. The second study investigates
the thermal-structural performance of a satellite solar panel exper-
imentally. The experimental study utilizes a solar panel assembly
from the NASA Transition Region and Coronal Explorer (TRACE)
satellite to characterize the thermal-structural response of satellite
solar array hardware to laboratory-simulatedorbital eclipse transi-
tion heating. Results from the experiments are used to validate finite
element models for solar panel thermal-structuralbehavior.

UARS Thermal Snap
The UARS satellite experiences attitude disturbances during or-
bital eclipsetransitionsdue to rapid thermal bendingofits rigid panel
solar array. The disturbances are of sufficient magnitude to violate
the stability requirements for some of the science instruments on
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Fig. 1 UARS satellite thermal snap disturbance.

the satellite. Figure 1a presents a schematic of the UARS satellite,
which utilizes a single wing rigid panel solar array. Flight data'®
demonstrating the attitude acceleration (roll, pitch, and yaw shown
in arcsec/s?) during a sunrise orbital eclipse transition are presented
in Fig. 1b. The satellite attitude was calculated from fixed-head star
trackers and inertial reference unit data, and postprocessed to de-
termine the attitude accelerations. The disturbance is manifested
predominately in the roll (X) and yaw (Z) responses. The first peak
in the roll response is approximately —1.8 arcsec/s®, followed by
another peak of +1.5 arcsec/s?. Note that the form of the acceler-
ation transient resembles a impulselike negative spike followed by
a positive steplike response that exponentially decays to zero. The
entire disturbancetransientlasts approximately 100 s. This behavior
is representative of a typical thermal snap disturbance torque that
consists of a short duration transient having two parts: an impulse-
like response followed by exponentially decaying steplike response
of the opposite sign.% In the following sections, the results of an-
alytical and experimental studies of solar panel thermal-structural
behavior are used to explain the characteristics of the thermal snap
disturbances observed in satellite flight data.

Analytical Studies

This section presents an analysis of the problem of TISMs of
solar panels initiated during eclipse transitions and their effect on
satelliteattitude dynamics. The objectives of the analyses are to pre-
dict the thermal response of solar panels to orbital eclipse transition
heating and to predict the dynamics of a simple satellite with a solar
panel undergoing TISMs. First, the solar panel thermal analysis is
presented, followed by the satellite dynamics analysis. Then, a nu-
merical example is given to demonstrate the thermal and dynamic
responses of a simple satellite during a sunrise eclipse transition.

Thermal Analysis
The thermal analysisinvolvestwo steps: 1) calculationof the inci-
dent heating and 2) calculation of the solar panel thermal response.

Orbital Eclipse Heating

The orbital eclipse heating analysis calculates the time-varying
heating experienced by a satellite during orbital eclipse transitions.
Consider the case of a sunrise eclipse transition. Initially, the satel-
lite is in the region of total shadow called the umbra. The satellite
then crosses through the region of partial shadow (penumbra) and
finally emerges into full sunlight. The intensity of the incident solar
heat flux experienced by a satellite in the penumbra is proportional
to the area of the solar disk that s visible to the satellite. This area is
determined by considering the angular sizes of the Earth/sun disks
and the angular separation between the centers of the Earth and sun
as viewed from the satellite. The time history of the incidentheating
must be determined accurately to predict the solar panel thermal re-
sponse. The heating analysis makes the following assumptions: 1)
the satellite is in a circular orbit, 2) the orbit plane coincides with
the plane of the Earth’s orbit around the sun (the ecliptic plane), and
3) variationsin solar heating dominate the thermal response during
eclipse transitions; thus, Earth-reflected (albedo) and Earth-emitted
heat fluxes are neglected. The orbital eclipse heating analysis calcu-
lates the actual solar heat flux history during penumbral transition
based on the geometry of the sun-Earth-satellite system utilizing
results given by Baker.!!

Solar Panel Thermal Response

The thermal response of the solar panel subject to the calculated
time-varying incident heating was determined using finite element
analysis. The results of the thermal analysis are required for input
to solar panel thermal-structural models in the satellite dynamics
analysis. Traditional thermal analyses for satellite structures are per-
formed to predict surface temperature histories. For TISMs studies,
it is necessary to also calculate cross-sectional temperature differ-
ence histories as well as the first and second time derivatives of the
temperature difference as functions of time.

The thermal analysis assumes one-dimensional conduction
throughthe thicknessof the solar panel subjectto radiationboundary
conditions on the frontand back surfaces. The boundary conditions
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consist of a uniform solar heat flux S(#) directed normal to the front
surface of the solar panel and thermal radiation from the front and
back surfaces to a deep space temperature of 0 K. The solar heat
flux S(t) is calculated as described in the previous section. The
analysis assumes that the solar panel is sun-tracking over the en-
tire orbit, thus the solar heat flux is always incident normal to the
front surface of the panel. Also, the absorbed heat flux is assumed
to remain constant for small solar panel deformations, that is, the
thermal response is assumed to be independent of the structural re-
sponse. The temperature of the solar panel, T'(z, t), is assumed to be
uniformin the x and y directions and to vary through the thickness
of the panel in the z direction. The temperatures at the surfaces of
the front and back facesheets are Ty () and Ty, (1), respectively.
The temperature difference through the thickness of the solar panel
is given by AT (1) = Ton () — Tpaex (). The transient thermal re-
sponse was computed using the commercial finite element analysis
program ABAQUS.'? The one-dimensional finite element model of
the solar panel uses a total of 25 two-node rod elements through
the thickness of the panel. Each of the different layers in the solar
panel (facesheets, adhesive, and core) is represented in the model.
The honeycomb core is represented as a solid using effective prop-
erties. Postprocessing yields the temperature difference through the
thicknessof the panel and the time derivativesof the temperature dif-
ference that are required for solar panel structural response studies.
Studies performed using a three-dimensional model demonstrated
that the one-dimensional model is accurate for the case of uniform
heating of an solar panel with isotropic in-plane properties, that is,
where in-plane heat transfer is negligible. The topic of solar panel
thermal modeling will be revisited later in the paper during the dis-
cussion of the analysis of the laboratory experiments.

Satellite Dynamics Analysis

The objective of the satellite dynamics analysis is to investigate
the effects of TISMs on the planar dynamics of a simple satellite
that consists of a rigid hub and a flexible solar panel. The approach
taken is based on a technique developed by Junkins and Kim!? that
utilizes a generalized form of Lagrange’s equations to obtain the
governing equations of motion and boundary conditions for a class
of hybrid coordinate multibody systems representative of satellites
with flexible appendages. Using this approach, a new formulation
for the problem of TISMs was presentedby Johnstonand Thornton®
and is used herein.

The problem consideredis the planarmotions of a simple satellite,
Fig. 2, consisting of a rigid hub and a cantilevered flexible solar
panel. The rigid hub has a mass my,, and a radius Ry. The flexible
solar panel is modeled as a beam of length L, mass per unit length
pA, and bending stiffness EI. The two coordinate systems used in
the analysis are also shown in Fig. 2. The I1-12 axes are located
in an inertial reference frame fixed with respect to motions of the
satellite. The B1-B2 axes are locatedin abody fixed referenceframe
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Fig. 2 Satellite mathematical model and coordinate systems.

attached to the hub with the B1 axis coinciding with the neutral
surface of the undeformed solar panel. The origins of both sets
of axes coincide with the center of the hub. The attitude angle 6(¢)
measuresrigid body rotations of the hub aboutits center, and v(x, t)
is the displacementof the flexible appendagerelative to the B1 axis.
Only planar motions of the system consisting of small rotations of
the hub aboutits center and bending motions of the solar panelin the
[1-12 plane are considered. There are no external forces or moments
acting on the system, so the total angular momentum is conserved.
The governing equations for the coupled dynamic response of
the system are obtained using a generalized form of Lagrange’s
equations for hybrid coordinate systems. The resulting governing
equation for the rigid body rotations of the hub is given by

L
Ismé+/ PA(Ry + x)Vi(x,t)dx =0 (1)
0

An expression for the thermally induced disturbance torque Trp ()
is obtained from Eq. (1) by moving the terms corresponding to
motions of the flexible solar panel to the right-hand side of the
equation:

L
Trp(t) = —pA/ (Ry + x)V(x, t)dx 2)
0

Note that the thermally induced disturbance torque is directly pro-
portional to the second time derivative of the solar panel displace-
ments. The governing equation for the solar panel deformations in
the body fixed reference frame is given by

PA(Ry + x)0 + pAV + Cgopv + EVY =0 3)

where Cyamp =2 ®,pA is an equivalent viscous damping constant
representing structural damping, m, are the natural frequencies of
the solarpanel,and ¢ is the damping factor. The boundary conditions
for the solar panel are

v(0,1) =0 (4a)
v(0,1) =0 (4b)
EIV'(L,t) + My(t) =0 (4c)
ENV"(L,t) =0 (4d)

where at x =0 the solar panel is fixed and at x = L the solar panel is
free. Note thatin Eq. (4¢), the usual boundary condition of zero mo-
mentat a free end is modified by theinclusionof the thermalbending
moment Mr(t). The development of the following expression for
the thermal moment in a solar panel is given in Ref. 2:

My (1) = Eg0te (Wiich/2) AT (1) ®)

where Ey is the modulus of elasticity for the facesheets, o is the
coefficient of thermal expansion of the facesheets, W is the width
of the solar panel, f;. is the facesheet thickness, / is the separa-
tion distance between the facesheets, and AT (t) is the through-
the-thickness temperature difference. The time-dependent thermal
moment acts as the forcing term in the solar panel equations of
motion.

Quasi-Static Response

A quasi-static response occurs for the case where inertia effects
are negligible, that is, when there are negligible vibrations. The
quasi-static structural response consists of a succession of equilib-
rium displacements that correspond to the temperature distribution
ata giveninstantin time. The quasi-staticdisplacements of the solar
panel, v4(x, t), are obtained by neglecting terms corresponding to
inertia forces in Eq. (3). Solving Eq. (3) subject to the boundary
conditions Eq. (4) yields the following solution for the quasi-static
displacements:

—M: (@)

2EI (6a)

Vgs(X, 1) =
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A modified bending stiffness EI = E¢.t;,h>W/[2(1 — v*)] is utilized
to account for the structure being a relatively wide as opposed to
a narrow-width beam. The quasi-static displacements can be ex-
pressedin terms of the temperature difference through the thickness
of the solar panel by substituting Eq. (5) for the thermal moment
into Eq. (6a), giving

ves(x, 1) = [=aee(1 = VAT (1)/ 21 ] (6b)

This result shows that, for a positive value of AT (7o > Tpack ), the
solar panel will exhibit negative displacements, that is, bend away
from the direction of the incident heating. The displacements vary
spatially with the square of the distance x along the solar panel and
vary in time due to the time dependenceof the through-the-thicknes
temperature difference. Differentiating Eq. (6b) with respectto time
yields the velocity and acceleration of the solar panel that are di-
rectly proportional to the first and second time derivatives of the
through-the-thickness temperature difference. These derivativesare
normally zero except for a shortinterval of time surroundingeclipse
transitions when the temperature difference varies at a nonconstant
rate.

Dynamic Response

An approximate form of the equations of motion stated in Egs. (1)
and (3) is obtained using the quasi-static solutionand modal expan-
sion. The assumed form of the solution is

N
VOE D) =g, 1)+ Y 6,(N)q (1) @

n=1

where v (x, 1) is the quasi-staticresponse, ¢, (x) are the nth shape
functions, g, (¢) are the nth generalized modal coordinates, and N
is the number of modes considered. The shape functions are cho-
sen to be the eigenfunctions from the free vibration response of a
fixed-base cantileveredbeam. Substituting the assumed form of the
displacementsinto the governingequations,a system of N + 1 cou-
pledlinear ordinary differentialequationsfor the discrete coordinate
0(t) and the generalized modal coordinates g, (¢) is obtained. The
resulting equations are written in matrix form as

[M]{}+ [Cl{x} + [K]{x} = {F(D)} ®)

where {x}' ={0 ¢q, g, --- qy} are the generalized coordinates
for the system and [M], [C], and [K] are N + 1 by N + 1 constant
coefficient matrices. The forcing vector {F'(¢)} contains terms in-
volving time derivatives of the temperature difference through the
thickness of the solar panel. Thus, both the temperature difference
and its time derivatives are key parameters in the study of TISMs.
Numerical integration of the governing equations leads to solutions
for the thermally induced dynamics of the satellite.

Disturbance Torque

Recall that during eclipse transitions a disturbance torque arises
due to the acceleration of the solar panel. Substituting Eq. (7) into
Eq. (2) results in a new expression for the thermally induced dis-
turbance torque Tmp (), which consists of a superposition of quasi-
static Ts(#) and vibratory Tyigg(?) terms:

Trp (1) = —[Tos(t) + Type(t)] 9)
where

Tos(t) = [pAcuc(1 = V1) [2h](RoL?/3 + L*/4) AT (10a)

N L
TVIBE(t)=pAZ /(R0+x)¢n(x)dx (1) (10b)
0

n=1

The quasi-static component of the thermally induced disturbance
torque, Eq. (10a), is directly proportional to the second time deriva-
tive of the temperature difference through the thickness of the solar
panel, whereas the vibratory component, Eq. (10b), is proportional
to the second time derivatives of the modal amplitudes. The relative

Table1 Solar panel parameters for thermal response
numerical examples

Parameter Facesheet Adhesive  Honeycomb core
Material Aluminum 6061 Epoxy Aluminum 5056
Thickness, m 2.54E-04 1.27E-04 0.0254
Thermal conductivity, 168 0.4 1.2

Wi/m -K
Density, kg/m? 2800 1150 30.0
Specific heat, J/Kg-K 960 750 920

dominance of the quasi-static and vibratory terms determines the
type of response exhibited by the system. Systems for which the
quasi-static term dominates experience thermal snap disturbances,
whereas systems in which the vibratory term dominates exhibit ther-
mally induced vibrations 2

Numerical Example

The following numerical example illustrates the thermal snap
phenomenon for a simple satellite with a solar panel undergoing
TISMs. Results for the thermal response of the solar panel and the
dynamic motions of the satellite are presented.

Thermal Response

Finite element analysis was used to predict the thermal response
of a solar panel subject to orbital eclipse transition heating. The
analysis considers the case of a 600 km circular orbit whose orbital
plane lies in the ecliptic. This altitude is representative of typical
low Earth orbital satellite altitudes, such as that used by the UARS
satellite. The parameters used in the study are given in Table 1 and
are representative of typical satellite solar panels. Additionally, the
front surface of the solar panel has an absorptivity a =0.79 and
an emissivity € =0.81, whereas the back surface has an emissivity
£=0.86.

The incidentsolarheatingand solar panelthermal responseduring
a sunrise orbital eclipse transition are presentedin Fig. 3. The inci-
dentsolarheat flux historyis givenin Fig. 3a. At =0, the solar panel
isin total shadow (S =0 W/m?), and at # =10, it enters the penum-
bra and begins the transition to full sunlight (S = 1350 W/m?). The
transition time between total shadow and full sunlight is approxi-
mately 8.5 s. Figures 3b and 3¢ present plots of the surface temper-
atures and temperature difference as functions of time. Subsequent
to entering the penumbra, the surface temperatures begin a gradual
rise. However, a temperature difference develops rapidly, reaching
its steady-state value of 11 K in approximately 75 s. As noted ear-
lier, the time derivatives of the temperature difference are needed
for TISMs studies. Plots of the first and second time derivatives of
the temperature difference are given in Figs. 3d and 3e. The deriva-
tives of the temperature difference were calculated using central
difference approximations. The rate of change in the temperature
difference,Fig. 3d, reaches a peak value of +0.4 K/satt =18 s. The
second time derivative of the temperature difference, d*(AT)/d¢?,
is shown in Fig. 3e. The first peak in the transient occurs at # =13
s and has a value of +0.13 K/s2. The transient has a value of zero
at the =18 s corresponding to the peak rate of change in the tem-
perature difference and then reaches a second peak of —0.09 K/s?
at f =19 s. Note that the d>(AT)/d¢? transient consists of an pos-
itive impulselike response followed by a exponentially decaying
negative steplike response. During a sunset eclipse transition, the
signs of the impulse and decaying step are reversed. Note that the
d*(AT)/dr? transient has the same form as the thermal snap time
history described earlier.

Satellite Dynamics Response

The equations of motion, Eq. (8), were numerically integrated
using the central differences method to determine a solution for
the dynamic response of the system. The simulation utilized five
flexible modes, with a timestep based on the highestmode included.
The rigid hub has a mass of 5000 kg and a radius of 1.0 m, whereas
the solar panel has a length of 9 m and a width of 3 m. Addition-
ally, the solar panel has a mass per unit length, pA, of 7.4 kg/m and
a bending stiffness EI of 2.0E+04 N - m?.
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Fig. 3 Solar panel thermal response during orbital sunrise.

The solar panel thermal-structuralresponse is given in Figs. 4a-
4d. The temperature difference through the thickness of the solar
panel, Fig. 4a has a steady state value of 11 K with a rise time of
approximately 75 s. Figure 4b presents a plot of the tip displacement
v(L, t) in the body fixed reference frame as a function of time. The
tip displacement has a steady state value of —0.4 m with negligible
superimposed oscillations. The maximum peak-to-peak amplitude
of the oscillations (solar panel jitter) is less than 5.0 E —05 m and is

too small to be seen in the figure. Thus, the solar panel motions may
be classified as a quasi-staticresponse. The solar panel exhibits ve-
locity and acceleration transients of approximately 100-s duration
that are initiated as the satellite enters the penumbra. The duration
of the transients corresponds closely to the rise time for the tem-
perature difference response. The tip velocity, Fig. 4c, has a peak
value of —0.026 m/s that occurs at t =18 s, corresponding to the
time at which the temperature difference reaches its maximum rate
of change (see Fig. 3). The acceleration at the free end of the solar
panel, Fig. 4d, exhibitsa characteristicthermal snap history with the
addition of a small superimposed 0.5 Hz component corresponding
to the fundamental frequency of the coupled system. The values of
the first and second peaks of the acceleration transientare —0.0061
and +0.0032 m/s?, respectively. Note that even though vibrations
are negligible in the displacement response, their presence is still
manifested in the accelerations.

The rigid hub response is presented in Figs. 4e-4h. The solar
panel motions result in an internal disturbance torque that acts to
change to orientation of the hub. The thermally induced distur-
bance torque Trp(?), shown in Fig. 4e, displays a characteristic
thermal snap profile. The disturbance torque has overall peak val-
ues of +1.1/—0.6 N-m with small amplitude damped oscillations
at a frequency of 0.5 Hz due to the low level appendage dynamics.
The disturbancetorque is dominated by the quasi-static term whose
form is determined by the second time derivative of the tempera-
ture difference. However, due to the presence of the vibratory terms,
Eq. (9) predicts values for the first and second peaks in the torque
that are, respectively, 30 and 15% greater than if only the quasi-
static terms were considered. Thus, it is important to include both
quasi-staticand dynamic terms when calculating thermally induced
disturbancetorques. The attitude angle 0 response, Fig. 4f, consists
of a slowly developingrotationin the direction opposite of the solar
panel motions. The attitude angle has a steady state value of 0.01
rad with negligible jitter (attitude angle jitter < 1E—05 rad). The
attitude response exhibits rate and acceleration transients similar to
the solar panelresponse, but with the signs reversed because the hub
motions are always opposite those of the solar panel. The attitude
rate, Fig. 4g, has a peak value of 9.1E—04 rad/s that occurs at the
same time as the peak in the solar panel velocities. The attitude ac-
celeration, Fig. 4h, exhibits the characteristic thermal snap history
with peak values of +2.2E —04 and —1.2E —04 rad/s>.

Recall from the satellite dynamics analysis that for a quasi-static
response, the solar panel accelerationsand the correspondingdistur-
bance torque acting on the rigid hub are directly proportional to the
second time derivative of the temperature difference, d*(AT)/dz>.
Thus, thermal snap disturbancesare characterizedby the form of the
d*(AT)/dr? transients that consist of an impulselike response fol-
lowed by a exponentiallydecaying steplike response of the opposite
sign. In contrast to the thermal snap disturbancesillustrated here, a
thermally induced vibrations disturbance transient exhibits oscilla-
tory behavior and is larger in magnitude and longer in duration due
to large amplitude solar panel vibrations.

Although considerable attention has been focused on the anal-
ysis of satellite disturbance data and analytical modeling of these
phenomena, relatively few experimental studies have examined the
thermal-structural behavior of satellite appendages. In the follow-
ing section, the details of an experimental investigation performed
to study solar panel thermal-structuralbehaviorin the laboratory are
presented.

Experimental Study

For the experimental study, the objectives were to investigate the
behavior of solar panel flight hardware and to provide data for vali-
dation of finite element models. The following sections describe the
laboratory test setup for the solar panel experiments and representa-
tive test results demonstratingkey aspects of the thermal-structural
behavior.

Test Setup

The laboratory experiments subject a solar panel test article to
radiant heating on one face and measure the resulting thermal and
structural responses. A photograph of the test setup for the solar
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Fig. 4 Dynamic response of simple satellite during sunrise eclipse transition.

panel experiments is presented in Fig. 5a. The test setup consists
of the following elements: a backstop support structure to which
the solar panel is mounted, an array of infrared lamps for heat-
ing the panel, the TRACE solar panel test article, and instrumen-
tation for recording the thermal-structural response. The backstop
is constructed of structural steel I-beams mounted directly to the
wall of the laboratory and acts as a rigid support structure. The
solar panel is attached via a mounting plate that serves as an inter-
face between the solar panel deployment hinges and the backstop.
Radiant heating is provided by an array of quartz tube/tungsten
filament infrared lamps that are capable of heating an area ap-
proximately 1300 X 800 mm. The lamp array is located at a fixed
stand-off distance of 400 mm from the undeformed solar panel and
is mounted such that the heat flux is directed normal to the sur-
face of the panel. Heat flux characterization tests are performed to
determine the spatial and temporal characteristics of the heat flux
produced by the lamp array. For the tests reported, the lamp array
provided an incident heat flux of 2000 W/m? on the front surface

of the solar panel. The TRACE solar panel has an overall size of
960 X 510 mm and utilizes a metallic sandwich panel construction
consisting of 0.254 mm thick aluminum 6061-T6 facesheets adhe-
sively bonded to a 9.5-mm thick aluminum 5056-H39 honeycomb
core. Machined aluminum structural inserts are placed throughout
the substrate for the purpose of mounting components to the so-
lar panel. The surfaces of the solar panel are painted with high-
temperature paint to provide known surface properties. The heated
side of the panel is painted flat black (o =0.9, € =0.9), whereas
the unheated side is painted white (¢ =0.9). The test setup uses
the same design deployment hinges to attach the solar panel to the
mounting plate as are used to attach the actual solar panels to the
satellite bus. To isolate the effects of the solar panel from that of
the deployment hinge mechanisms, an alternate pair of structural
supports was fabricated. The alternate supports, referred to hence-
forth as the rigid supports, consist of a pair of machined solid steel
blocks of approximately the same overall size as the deployment
hinges.
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Fig. 5 TRACE solar panel thermal-structural experiments.

The solar panel experiments characterize both the transient and
steady-stateresponse of the test article in terms of front (heated) and
back (unheated) surface temperatures, through-the-thickness tem-
perature differences, and displacements at the free end of the panel.
Measurement locations on the solar panel are shown schematically
in Fig. 5b. Thermocouples (Type T, 30 gauge) are used to measure
the temperatureat 13 points on the heated surface and five points on
the unheated surface and to provide measurements of the through-
the-thickness temperature differences at five points. Displacements
at the free end of the solar panel are measured using laser displace-
mentsensors. These sensorsprovide noncontactmeasurementof the
displacements with a resolutionof 0.01 mm. Three sensors measure
displacementsat a fixed distance of 910 mm from the supportedend
of the panel at heights correspondingto the top edge (y =200 mm),
centerline (y =0 mm), and bottom edge (y =—200 mm) of the
panel. During postprocessing of the test results, the velocity and
acceleration of the solar panel are calculated from the displacement
data using finite difference approximations.

For a typical test, a run begins when the data acquisition system
is activated and 20 s of data are obtained with the test article at room
temperature. Then, the infrared lamp array is turned on, providing
a rapid heating profile that simulates a sunrise eclipse transition.
The lamp array is operated at a constant power level for a dura-
tion of 2000 s, at which time the solar panel has reached thermal
equilibrium. Next, the infrared lamp array is turned off, simulating
the rapid decrease in heating that occurs as a satellite crosses into
orbital eclipse.

Test Results

Results are now presented to demonstrate the thermal-structural
responseof the TRACE solar panel for the case of deploymenthinge
supports.Figure 6 presentsresults for theincidentheat flux, through-
the-thickness temperature difference, displacement, velocity, and
accelerationof the solar panel for the first 100 s of a typical test run.
The incident heat flux at the geometric center of the solar panel is
shown in Fig. 6a. The heat-up transient consists of two parts: a rapid
rise in the heat flux lasting approximately 10 s followed by a more
gradual rise to steady-state lasting approximately another 200 s.
The first phase corresponds to the initial rapid rise in the infrared
lamp filament temperatures, whereas the second phase relates to
the slower response time of the quartz tube envelopes. This heating
historyissatisfactoryforsimulatingorbitaleclipsetransitionheating
because it approximates the rapid change in solar heating (lasting
approximately 10 s for low Earth orbit satellites) that occurs as a
satellite passes through the penumbra. The temperature difference
at the geometric center of the panel, Fig 6b, rises rapidly following
the initiation of rapid heating from the lamp array at t =20 s, and
reaches a steady-state value of 9 K approximately 200 s later. The
rise time for the solar panel temperature difference is greater in the
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Fig. 6 Representative laboratory test results for TRACE solar panel.

laboratorythanin spacebecausethe infrared lamp array takes longer
to transition from zero to full heating.

The temperature difference through the thickness of the panel
results in a time-varying thermal moment that causes the panel
to bend away from the direction of the applied heating. The dis-
placement at the free end of the solar panel (x =910 mm, y =0
mm), Fig. 6¢c, reaches a steady state value of —5 mm in approx-
imately 200 s. The displacements at the top and bottom edges of
the solar panel are approximately 10% greater than that measured
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along the centerline, which is indicative of thermal bending of the
panel about its centerline (x axis). The displacements develop on
the same time scale as the temperature difference, and the response
is a quasi-static TISM. Recall that even though the displacements
are classified as quasi-static, rapid structural motions during heat-
up result in acceleration transients that impart disturbance torques
on satellites. Figures 6d and 6e present plots of the calculated ve-
locity and acceleration at the free end of the solar panel. During
heat-up, there is a velocity transient (Fig. 6d) as the solar panel
moves away from the heat source. The transient consists of a rapid
change from the initial zero velocity state to a maximum value of
—0.32 mm/s. The acceleration transient (Fig. 6e) consists of two
parts. The first part involves an impulselike response followed by a
zero crossing at the time corresponding to the maximum velocity.
The second part of the transientconsists of another peak that has the
opposite sign of the first peak followed by a decaying exponential
response to zero. The first and second peak values of the heat-up
acceleration transient are —0.15 and 0.03 mm/s>. Note that the ac-
celeration transient observed in the solar panel laboratory experi-
ments has the same form as the solar panel acceleration transient
predicted by the analytical solution. Thus, the acceleration tran-
sients observedin the experiments are representative of the thermal
snap disturbances known to affect satellites with rigid panel solar
arrays.

In addition to the thermal snap accelerationtransientduring heat-
up, several intermediate acceleration transients are observed after
approximately 75 s of heating. Reference 2 presents the details of
a study completed to investigate the source of the intermediate dis-
turbances. These disturbances were suspected to be related to the
solar panel deployment hinges. A series of tests were completed in
which the deployment hinges were replaced by rigid steel blocks
to eliminate the nonlinearities associated with free-play and hys-
teresis in the hinge mechanisms. Figure 7 presents a comparison
of the heat-up acceleration histories for the deployment hinge and
the rigid support cases. The intermediate transients are consistently
absent from the response of the rigidly supported system, thereby
identifyingthe hinges as the source of the intermediatedisturbances.
The intermediate transients are believed to be thermal creak distur-
bances resulting from thermally induced stick-slip motions within
frictional interfaces in the hinge mechanisms.
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Fig. 7 Comparison of solar panel acceleration histories.

Analysis of Experiments

The objective of this analysis is to predict the thermal-structural
behaviorof the TRACE solar panel observedin thelaboratoryexper-
iments. Recall that a one-dimensional thermal analysis and a beam
structural model were presented earlier for studying the thermal-
structural response of simplified solar panels in the space envi-
ronment. Since thermal loading in the laboratory differs substan-
tially from the space environment, it is necessary for this thermal
analysis to model effects such as nonuniform radiant heating and
natural convection to account for in-plane as well as through-the-
thickness temperature variations. Additionally, the laboratory ex-
periments demonstrated that the solar panel structural response ex-
hibits plate behaviorinvolving thermal bending deformations about
two axes. Modeling these effects necessitates the use of a three-
dimensional finite element model to represent the laboratory test
environment and the thermal-structural behavior of the test article
accurately.

The finite element program ABAQUS'? was used to perform the
thermal and structural analyses. The elements selected to model
the solar panel are general purpose, first order shell elements with
four nodes (ABAQUS DS4 elements for the thermal model and
S4R elements for the structural model) and allow for through-
the-thickness temperature variations. The elements account for the
sandwich construction of the solar panels with three layers corre-
sponding to the top facesheet, core, and bottom facesheet. The hon-
eycomb core was modeled using effective thermal and structural
properties. Additionally, the model includes approximate represen-
tations of the structural inserts. The finite element mesh consisted
of 21 elements along the length of the panel and 8 elements across
the width of the panel. The same mesh and number of tempera-
tures through the thickness were used in the thermal and structural
models.

The transient thermal-structural response of the solar panel was
predicted utilizing a sequentially coupled thermal stress analysis in
which the nodal temperature histories from an uncoupled thermal
analysis serve as the thermal loading in a static structural analysis.
The uncoupled thermal analysis calculates the transient response of
the solar panel subject to a spatially nonuniform, time-varying heat
flux on its front surface with energy loss from natural convection
and thermal radiation on both front and back surfaces. The temporal
and spatial characteristics of the incident heat flux are determined
from independent laboratory tests and are included in the analysis
by specifying a time-varying amplitude for the incident flux and
mapping the appropriate spatial variation of the heat flux over the
finite element mesh. The sequentially coupled structural analysis
then computes the quasi-static response of the solar panel to the
specified time-varying temperatures from the thermal analysis. The
case of the rigid structural supports was chosen for the comparison
of analysis and experiment because modeling the complex nonlin-
ear behavior of the deployment hinges is beyond the scope of this
study. Thus, in the structural model, the solar panel is free along
three edges and fixed againstrotation and displacementalong a por-
tion of its fourth edge correspondingto the location of the supports.
The structural finite element model was validated by performing a
frequency analysis of the solar panel, whose mass properties are
well known, and comparing the predicted value for the fundamen-
tal frequency with the value measured in the laboratory. The finite
element model correctly predicts the fundamental frequency for the
solar panel with an error of less than 3%.

A detailed comparison of test results and predictions from the
finite element model for the thermal-structuralresponse of the solar
panel is given in Ref. 2. Figure 8 presents a comparison of analyt-
ical and experimental results for the structural response. Figure 8a
presents a plot of the predicted and measured displacements at the
free end (x =910 mm and y =0 mm) of the solar panel vs time
for the first 100 s of the testrun. The finite element analysis predicts
the general trend in the displacement history correctly; however,
the predicted values are greater than the test results. Steady-state
values for the displacement from the finite element analysis and
the experimentare —6.5 and —5.7 mm respectively. The difference
between the measured and predicted steady-state displacements is
8%. Figure 8b presents a plot of the velocity during the heat-up
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Fig. 8 Comparison of predictions from finite element analysis and test
results for solar panel structural response to simulated orbital eclipse
transition heating.

transient. The peak values in the velocity transient from the finite
element analysis and the experiment are —0.50 and —0.44 mm/s,
respectively. The finite element model predicts the form of the tran-
sient correctly; however, the predicted peak velocity is greater than
the measured response by 14%. The discrepancy between the pre-
dicted and measured values for the velocity transient peaks results
from the overpredictionof the solar panel displacements. A plot of
the accelerationtransientduring heat-upis presentedin Fig. 8c. The
predicted and measured values for the first peak in the accelera-
tion transientare —0.18 and —0.14 mm/s?, corresponding to a 28%
difference. The finite element model correctly predicts the form of
the acceleration transient that has the characteristic thermal snap
response. However, as was the case with the velocity transients, the
acceleration values predicted by the analyses are greater than the
test values.

The analysis of the laboratory experiments demonstrates that a
three-dimensional finite element model is required to model so-
lar panel thermal-structural behavior accurately in the presence of
nonuniform heating and natural convection. Qualitatively, it was
found that the finite element models predict the thermal-structural
behavior observed in the laboratory experiments correctly. Impor-
tantly, the finite element models are able to predict the thermal
snap disturbance transients observed in the experimental studies.
Quantitatively, the predictions for the response of the TRACE so-
lar panel show fair agreement with test results. The discrepan-

cies between the predicted and observed behavior are due to a
combination of difficulties in modeling the laboratory thermal en-
vironment, the solar panel construction, and the structural sup-
ports.

Conclusions

This paper has presented analytical and experimental inves-
tigations of solar panel thermal snap disturbances. The follow-
ing insights were gained from the thermally induced satellite
dynamics analysis and the solar panel thermal-structural experi-
ments:

1) The critical parameters from the thermal response of rigid
panel solar arrays (solar panels) are the through-the-thickness tem-
perature difference and its time derivatives. Sudden changes in so-
lar panel thermal loading, such as during orbital eclipse transitions
or steplike changes in heating from the infrared lamp array in the
laboratory tests, result in the rapid developmentor decay of temper-
ature differences and cause short duration transients in the histories
of the first and second time derivatives of the temperature differ-
ence.

2) The solar panel structural response is driven by the time-
varying through-the-thickress temperature differences and may
consist of either quasi-static or thermally induced vibrations mo-
tions. Solar panels undergoing quasi-static deformations experi-
ence brief thermal snap acceleration transients during heat-up and
cool-down, whereas solar panels experiencing thermally induced
vibrations exhibit acceleration histories involving decaying oscilla-
tions.

3) Rapid structural motions during heat-up and cool-down result
inaccelerationtransientsthatimparta disturbancetorque to the main
body of a satellite. The disturbance torque is directly proportional
to the solar panel accelerations; thus, the time history of the torque
has the same form as that of the accelerations. Thermally induced
disturbance torques from thermal snap disturbances are dominated
by solar panel accelerations resulting from d>(AT)/d¢? transients,
whereas torques from thermally induced vibrationsdisturbancesare
dominated by solar panel accelerationsresulting from vibrations of
the system.

Finally, comparisonof the attitude disturbancesobservedin flight
datafromthe UARS satelliteand thedisturbancetransientspredicted
by the satellite dynamics analysis and observed in the laboratory
experiments reveals the same characteristic thermal snap profile in
each case. Although this research has provided significant insight
into solar panel thermal snap, ultimately the phenomena should
be the focus of a space-based experimental study. This research is
necessary to overcome the limitations of ground-based testing of
space structures and to provide in situ measurements of TISMs for
validation of analytical models.
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