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on Spacecraft Dynamic Response

Stanley E. Woodard¤

NASA Langley Research Center, Hampton, Virginia 23681-0001

Results of investigating the orbital and con� guration in� uences on the Upper Atmosphere Research Satellite’s
dynamic response are presented. Orbital in� uences were due to temperature variation from crossing the Earth’s
terminator and variation of the solar incident energy as the orbit precessed. During the terminator crossing,
the rapid ambient temperature change caused the spacecraft’s two � exible appendages to experience thermal
elastic bending (thermal snap). The resulting response was dependent on the orientation of the solar array and
the solar incident energy. Orbital in� uences were also due to onboard disturbances, environmental disturbances,
and spacecraft con� guration changes resulting in dynamic responses that were repeated each orbit. Con� guration
in� uences were due to the solar array rotation’s changing of the spacecraft modal properties. The orbital and
con� guration in� uences produced measurable spacecraft attitude variations as well as modal and amplitude
trends in those variations.

Nomenclature
A = plant matrix
B = control in� uence matrix
C = output matrix
E = beam modulus of elasticity
I = beam area moment of inertia, ft-lb s2

Ir , I p , Iy = space platform roll, pitch, and yaw inertia,
respectively, ft-lb s2

Itip = free-free beam rotational tip inertia, ft-lb s2

` = beam length, ft
m tip = free-free beam tip mass, lb
t = time, s
U = control torque input matrix
X = � rst-order state vector
Y = output vector
b = complement of the angle between the orbit normal

and the Earth-to-sun vector, deg
C (X, t ) = mode shape matrix
h (t ) = vibration amplitude, deg
h max = maximum vibration amplitude, deg
h min = minimum vibration amplitude, deg
k n = root of characteristic equation normalized by beam

length, `
k n` = root of characteristic equation for nth mode
q = beam mass/unit length
x n = natural frequency of nth mode, Hz
x 0 = space platform orbital velocity, Hz

Introduction

F LIGHT data from the � rst 737 days after the launch of the Up-
per Atmosphere Research Satellite [UARS, launched Sept. 12,

1991 (Refs. 1–4)] were analyzed to determine the orbital and space-
craft con� guration in� uences on spacecraft dynamic response. The
spacecraft is shown in Fig. 1. Orbital in� uences were due to temper-
ature variation from crossing the Earth’s terminator and variation
of the solar incident energy as the orbit precessed. Con� guration
in� uences were due to solar array rotation. The rotation changed
spacecraft modal properties and the amount of solar energy inci-
dent upon the solar array. During the terminator crossing, the rapid
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ambient temperature change caused the spacecraft’s two � exible
appendages to experience thermal elastic bending (thermal snap).
The resulting response was dependent on the orientation of the so-
lar array and the solar incident energy. Orbital in� uences were also
caused by onboard instrument and system motion, environmental
disturbancesfrom orbital temperaturevariation,and spacecraftcon-
� gurationchanges(due to solar array rotation), resultingin dynamic
responses that were repeated each orbit.

The UARS’ solar array rotated about an axis parallel to the space-
craft’s pitch axis at a rotation rate that resulted in a complete revolu-
tion for each orbit. Solar array rotationkept the array facing the sun.
The roll, pitch, and yaw axes are the X , Y , and Z axes, respectively,
in Fig. 2. The solar array rotation was dynamically equivalent to
the solar array being stationary and the spacecraft rotating about
the solar array drive shaft. The UARS’ yaw inertia was signi� cantly
higher than the roll inertia. During rotations, the inertia at the end
of the drive shaft (tip inertia) would vary from the spacecraft roll
inertia to the yaw inertia. The tip inertia, the modal properties of
the solar array, and the response amplitude varied harmonically at
twice the orbital frequency. Three effects were observed. The � rst
was that, when the disturbances remained constant, the vibration
amplitudevaried inversely with the tip inertia.3 A second effect was
that variationsof the tip inertia (boundaryconditions) producedcor-
responding changes in the solar array frequencies of vibration and
mode shapes.3 The third effect that occurred because of the rotation
of a � exibleappendagewas thevariationof disturbancetransmission
resulting from the changing orientation of mode shapes.3

This paper presents the effects of orbital in� uences and con� g-
uration variation on spacecraft dynamic response. Previous papers
published on UARS’ in-� ight dynamics in this journal have in-
cludedRefs. 5 and 6. Reference5 examinedtheanalysisof payload–
payload interaction and structure–payload interaction. The paper
discussed the impact of UARS’ solar array vibration and the distur-
bance due to the constant scanning motion of the High Resolution
Doppler Imager (HRDI), which is mounted amidships on UARS,
on the instrument pointing of the Halogen Occultation Experiment
(HALOE, also mounted amidships on UARS). The disturbing fre-
quenciesof the solar array vibrationand the HRDI scanningmotion
appeared as frequency modulations (similar to FM radio transmis-
sion) of the HALOE tracking frequency.5 The analysisof the space-
craft’s instrument and pointing interactions demonstrated that, on
spacecraftwith multiple scanning (or other disturbance-generating)
instruments having stringentpointing tolerances, the disturbanceof
one instrument can confuse the pointing system of another. Refer-
ence 6 presented analysis of the UARS onboard instrument distur-
bance impact on the spacecraft attitude. Speci� cally, the impact of
the solar array and high-gainantennaharmonic gear drivedynamics
on the solar array vibration were discussed. Two solar array modes
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Fig. 1 UARS being released from the Space Shuttle Discovery’s (STS-
48) robotic arm.

90 deg 0/360 deg

270 deg 180 deg

Fig. 2 UARS solar array positions.

of vibrationwere resonatedby theoutputfromboth harmonicdrives.
The spacecraftattitude response was latitude speci� c. Furthermore,
Ref. 6 identi� ed and presentedthe impact of the high-gainantenna’s
static friction (stiction) on the spacecraft attitude.

After an overview of the UARS spacecraft, spacecraft jitter am-
plitude variation with tip inertia rotation is presented. Jitter is the
angularexcursionof an instrument’s line of sight in a referencetime
interval (such as a sampling time period). The impact of solar array
rotationdirectionand the solar incident energy on jitter amplitude is
discussedafterward.Next, the spacecraftmodalvariationwith tip in-
ertia rotation is presented.The variation in inertia resulted in modal
bandsfor the solararray’s edgewiseand � atwisemodes.The � atwise
and edgewise modes are transverse vibration about axes parallel to
the roll and yaw axes, respectively. Three subsystem disturbances
[the solar array harmonic drive, the high-gain antenna harmonic
drive, and the Solar/Stellar Pointing Platform (SSPP) harmonic
drive] had frequencies that overlappedthe modal bands. The results

of examiningcon� gurationand orbital variationon thermalbending
of the solar array are presented next. The last section is an analysis
of the disturbance transmission variation with appendage rotation.

UARS Overview
The UARS observatory (Fig. 1) included 10 science instruments,

a high-gain antenna for communication links, the SSPP that carried
three of the instruments, and an attitude control system. In addition
to the suite of science instruments, UARS had a solar array con-
sisting of six panels and an instrument extensional boom that were
excited by disturbance sources onboard the spacecraft. A detailed
descriptionof UARS is given in Ref. 3. Onboard disturbanceswere
caused by UARS’ � ve gimballed instruments and subsystems, atti-
tude control reaction wheels, and propulsion subsystem, as well as
the thermal elastic bending (thermal snap) of the solar array as the
spacecraft passed through the Earth’s terminator.3¡9 Many of these
disturbances were triggered by the spacecraft’s position in orbit,
such as the thermal snap of the solar array or the HALOE events
during orbital sunrise and sunset.Some disturbanceswere the result
of UARS’ relativepositionto other spacecraft, such as the high-gain
antenna’s line of sight to the Trackingand DataRelay Satellites (east
and west) in geostationary orbits. These disturbances affected the
precision pointing of the remote sensing instruments and coregis-
tration of measurements.

To have produced accurate measurements, each instrument must
have had its line-of-sight pointing jitter maintained within accept-
able levels. Knowledge of the spacecraft orientation was provided
by the attitude control system. The UARS attitude control system
had several onboard sensors for attitude determination; however,
only the rate gyros in the Inertial Reference Unit (IRU) could deter-
mine attitude to the precision needed for a jitter study. These gyros
had a resolutionof 0.05 arc-s (one telemetry count) and a sampling
rate of 7.8125 Hz (Refs. 3 and 6).

Jitter Amplitude Variation with Solar Array Rotation
UARS’ solar array positionsare shown in Fig. 2 (Ref. 3). The an-

gle was measured from the spacecraft’s Y –Z plane. The orientation
of the solar panelschanged360 deg each orbit. When the solar array
vibrated, its vibration was imparted to the spacecraft and resulted
in spacecraft vibration.Because of conservationof momentum, the
vibration was scaled so that its maximum amplitude occurred when
the tip inertiawas the spacecraft roll inertia Ir , and its minimum am-
plitude occurred when the tip inertia was the spacecraft yaw iner-
tia Iy . The Ir , I p , and Iy for UARS are 13,400, 35,209, and 39,974
ft-lb s2 , respectively.When the solar array was rotatingat the orbital
angular velocity x 0 , the tip inertia varied as

Itip(t ) D
Iy C Ir

2
C

Iy ¡ Ir

2
sin(2x 0t ) (1)

and the correspondingvibration amplitude h (t ) varied (assuming a
disturbance with constant amplitude and transmission path) as

h (t) D
h max C h min

2
C

h max ¡ h min

2
cos(2x 0t ) (2)

The vibration amplitude h (t) was dependent on the tip inertia. By
the time integral of conservationof momentum,

Iy h min D Ir h max (3)

The variationof spacecraftmedian roll and yaw jitter (from day 233
past spacecraft launch) with solar array rotation is shown in Fig. 3.
When the solar array was in the 90/270 deg position, the edgewise
mode vibrated about an axis parallel to the spacecraftyaw axis, and
the � atwise mode vibrated about the roll axis. When the solar ar-
ray was in the 360/180 deg position, the edgewise mode vibrated
about an axis parallel to the spacecraft roll axis, and the � atwise
mode vibratedabout the yaw axis. Therefore, the peaks for yaw and
roll median jitter occurred at the 90/270 deg and 360/180 deg po-
sitions, respectively.Thus, results shown in Fig. 3 demonstrate that
the solar array edgewise mode was the dominant mode of vibration.
The nonharmonic amplitude variation of the solar array edgewise
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Fig. 3 Variationofmedianroll andyawjitter with solararray position.

Maximum roll jitter

Average roll jitter

Fig. 4 Spacecraft roll jitter for day 128 through day 737 past launch.

mode indicates that the disturbance transmitted to the mode was not
constant.

Figure 4 shows the maximum and average roll jitter for days 128
through 737 past the launch of UARS. The effect of the solar array
rotation direction is apparent. The averages and maxima shown in
Fig. 4 excluded jitter during the thermal bending of the solar array.
Because of the precession of the orbit plane, the b angle swept out
an angle of §80.45 deg (Ref. 2). The b angle is the complement of
the angle between the orbit normal and the Earth-to-sun vector.3,9

At large values of the b angle, solar array energy collection and
sun impingement on the payloads became a problem. To alleviate
the problem, the spacecraft was rotated 180 deg about its yaw axis
approximately every 30–36 days. After each yaw maneuver, the
direction of solar array rotation was changed. When the solar array
was rotatingin reverseddirection,the jitterwas higher than when the
solar array was rotating in the forward direction,as shown in Fig. 4.
The UARS jitter requirementwas 4 arc-s/2 s. The signi� canceof this
� nding (Fig. 4) is that the requirementwas violatedmoreduringdays
when the solar array was rotating in the reverse direction. Hence,
the accuracy of scienti� c measurements,which had to adhere to the
4 arc-s/2-s requirement, varied approximately every other month.

Because the orbit plane precessed between yaw maneuvers, the
tracking instruments varied their tracking trajectories correspond-
ingly. The change in tracking trajectoriesproduceda corresponding
change in the spacecraft response. Figure 5 shows the variation in

Maximum roll jitter

Average roll jitter

Fig. 5 Spacecraft roll jitter variation with ¯ angle for day 128 through
day 737 past launch.

spacecraft roll jitter with b angle for the same days used in Fig. 4.
Jitter measurements during thermal bending of the solar array were
also excluded from the results shown in Fig. 5. The dominant trend
observedwas that, as the magnitudeof the b angle increased,the roll
jitter increased. However, the values in the reversed direction were
higher than those in the forward direction of solar array rotation. It
can be inferred from Fig. 4 that, between yaw maneuvers, the jitter
levels grew monotonically.

Appendage Modal Variation with Solar Array Rotation
One effect of variable spacecraft mass and inertia on appendage

transverse vibration was the changing modal frequenciesand mode
shapes. Reference 3 has presented a detailed development and ex-
aminationof the Eulerbeamequationwith the appropriateboundary
conditions, which showed short-term (orbital) periodic changes in
modal characteristics when � exible appendages rotated and long-
term effects due to mass expenditure (either fuel or cryogen ex-
penditures or both). The characteristic equation for the Euler beam
resulting from Ref. 3 is as follows:

k 4
n [1 ¡ cos( k n )̀ cosh( k n )̀]

C k n

m tip x 2
n

E I
[sin( k n )̀ cosh( k n )̀ ¡ cos( k n )̀ sinh( k n )̀]

C k 3
n

Itip x 2
n

E I
[cos( k n )̀ sinh( k n )̀ C sin( k n )̀ cosh( k n )̀]

C Itipm tip
x 2

n

E I

2

[1 C cos( k n )̀ cosh( k n )̀] D 0 (4)

Every combination of boundary conditions, i.e., tip mass and
inertia, resultedin differentfrequenciesand mode shapes.However,
the frequencies and mode shapes varied from those of a free-free
beam to those of a clamped-free beam as the mass and inertia both
approached in� nity. The characteristic equation, Eq. (4), results in
the following combinations of frequencies and mode shapes: that
of the free-free beam with no tip mass and no tip inertia, � xed-free
for in� nite tip mass and in� nite tip inertia, sliding-free for in� nite
inertia and no tip mass, and pinned-free for in� nite mass and no tip
inertia. The natural frequency of the nth mode is given as

x n D ( k n )̀2 E I / q 4̀ (5)
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The resultsdemonstratethatusingfree-freemodeshapesfor � exi-
ble appendagesis validonly for spacecraftwith small valuesof mass
and inertia. The cantilevermode shapes are valid only for large val-
ues of inertia and mass. All values of mass and inertia between zero
and in� nity have modal properties that are dependent on Eq. (4).
Equation (4) demonstrates that orbital variation in the tip inertia
(as the solar array rotates) caused variations in modal frequencies
and mode shapes. The variations were harmonic and exhibited a
frequency of twice the orbital rate.

As shown in Fig. 6, a consequence of this analysis is that when
the modal frequenciesvaried with orbit so did the potential for res-
onance due to instrument disturbances. The two resonance peaks
shown in Fig. 6 are those for the end frequencies of a modal band.
A modal band is the resulting range of frequencies that a mode of
vibration can have as the result of a harmonic change in bound-
ary condition, e.g., rotation of tip inertia. The resonance peak var-
ied harmonically throughout an orbit (two cycles per orbit). As
mass is expended, e.g., fuel for orbit adjust and cryogen sublima-
tion, spacecraft mass and inertia will be reduced, and the modal
band will be shifted to increasing frequency. Figure 7 shows the
range of the UARS’ solar array � atwise and edgewise frequen-
cies measured from day 128 through day 737 for the 90-, 180-,
270-, and 360-deg positions. At each position, there was a spread
of the frequencies. However, the lower and upper extremities of
the spread were harmonic with respect to the 360 deg of rotation.
This harmonic variation of the extremities is indicative of modal
bands. The modal band is de� ned by the highest frequency ob-
served (0.29 Hz at 180 deg) and the lowest frequency observed
(0.21 Hz at 90 deg). Figure 7 also shows the output frequencies of
the harmonic drives for the solar array (0.23 Hz), the high-gain an-
tenna (HGA; 0.22 Hz), and the gimballed instrumentmount (SSPP;
0.22 Hz). The harmonic drive output frequencies overlapped the
modal band. The implication is that, during the orbit, each of the
three harmonic drives was in transitory resonance with the solar
array � atwise and edgewise modes of vibration. Furthermore, the

Fig. 6 Structural resonance peak displacement and modal band re-
sulting from solar array rotation.

Fig. 7 Solar array modal frequency range measured from day 128
through day 737 past launch for 90-, 180-, 270-, and 360-deg positions.

combinationof the three transitory resonancespossibly contributed
to the nonharmonicvibration amplitude variation of the solar array
edgewise mode of vibration (Fig. 3).

Another implication of this result is that, when one considers
structuralmodels in controldesign,modalbandsmust be considered
instead of discrete frequencies. Controller design must be robust
enough to accommodateentirebands.Furthermore,controllerscon-
ceived via optimization strategies are usually designed about some
nominal con� guration.Thus, variations in modal propertieswill re-
sult in suboptimal control performance for all other con� gurations.

Disturbance Transmission Variation
with Solar Array Rotation

Many onboard spacecraft disturbanceshad � xed points of appli-
cation and � xed directions of force or torque. Their transmission
through the spacecraft was constant. However, the resulting distur-
bance response due to rotating � exible appendages varied with the
appendage orientation to the disturbancesource.3 This was true for
all disturbances except for the solar array drive mechanism. The
mode shapes changed (owing to varying tip inertia from rotation)
their orientation with respect to the disturbances. The overall dy-
namical system can be generalized as

PX D AX C BU, Y D CX (6)

with U � xed and

BT D [0 C (X, t )] (7)

The mode shapes C (X, t ) varied harmonically with a frequency
of twice the solar array rotation frequency (orbital frequency). With
� xed disturbancesimparted to the rotatingsolar arrays, the resulting
jitter responsehad amplitudevariationsthat were also harmonicand
in synchronizationwith twice the solar array rotation rate. Because
the spacecraft’s latitudevariedwith solararrayrotation,the resulting
jitter response was latitude speci� c.6 This result was signi� cant be-
cause atmosphere-observingsatellites may attribute measurements
that appeared as latitude speci� c to be due to atmospheric phenom-
ena when they were actually due to the latitude-speci�c vibration
pattern of the platform from which measurements were taken. Fur-
thermore, because this result was due to variation of mode shape
orientation with respect to � xed disturbances, this effect was inde-
pendent of the tip inertia variation due to rotation of the solar array.

Thermal Elastic Bending Variation
with Orbit and Orbital Precession

This section presents analyses of environmental disturbance ef-
fects that resulted from the temperature gradient created when a
spacecraft entered or exited the Earth’s terminator. As a space-
craft’s appendageentered sunlight, the side facing the sun heated at
a faster rate than the side not facing the sun.8,9 The thermal gradient
caused the appendage to bend away from the sun. As the spacecraft
entered the Earth’s shadow, the side facing the sun cooled more
rapidly than the other side. The solar array temperature gradient
was inversely dependent on the b angle. Thermal bending is illus-
trated in Fig. 8. The bending resulted in an attitude perturbation.

Fig. 8 Bending of UARS solar array at orbital terminator crossing.
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a) Thermal bending on 139th day after launch

b) Thermal bending on 370th day after launch

Fig. 9 UARS attitude response to thermal elastic bending of the solar array and instrument boom.

Fig. 10 Variation of sunrise thermal snap trough-to-peak roll attitude
displacement with solar array position and ¯ angle.

Perturbations were more pronounced about the spacecraft roll axis
(axis of least inertia). The larger perturbations were caused by the
solar energy incident upon the large surface area of the array panel
and the panel’s large mass moment of inertia about the spacecraft
roll axis. The spacecraft attitude control system responded to the
change in attitude with a correcting torque that restored the space-
craft’s nominal attitude.

The thermal bending of the solar array was the most pronounced
disturbanceevent recorded with the attitude control system rate gy-
ros. Figure 9 shows the roll attitude during two orbital sunrises for
two orbits with different b angles. These angles are indicated in
Figs. 9a and 9b. The peaks in Fig. 9, caused by solar array thermal
bending,are approximately125 arc-s and 75 arc-s for b anglesof 25
and 38 deg, respectively. In addition to thermal bending, the solar
array shadow temporarily shielded the instrument boom containing
the Zenith Energetic Particle System instrument from the sun. This
resulted in the thermal elastic bending of that boom being delayed
by 300–400 s. The delay varied inversely with the b angle. The in-
strumentboom bendingeffectswere less pronouncedbecauseof the
smaller solar incidentsurfacearea and smallermass inertia.Further-
more, the bending stiffness for the instrument boom was an order
of magnitude higher than that of the solar array. Much attention has
been focusedon the solar array thermal bendingand its effect on the
scienti� c measurements. However, the instrument boom produced
a roll attitude displacementof 12 arc-s. This displacementmay also
have had some marginal effect on the measurements.

Fig. 11 Variation of sunset thermal snap trough-to-peak roll attitude
displacement with solar array position and ¯ angle.

Data from orbits were examined at approximately 15-day inter-
vals from days 128 through 737 past launch. The trough-to-peak
roll attitude displacement and displacement duration were mea-
sured for each orbital sunset and sunrise thermal bending event.
The displacements were then correlated with the b angle and solar
array orientation during the displacement. Figures 10 and 11 show
the trough-to-peakroll attitudedisplacementresulting from thermal
bending of the solar array during orbital sunrise and sunset, respec-
tively. The displacements are annotated (rounded to nearest arc-s)
for the respective b angle and solar array position. The magnitude
of roll attitude perturbationwas dependent on the b angle and solar
array orientation with respect to the drive shaft.

During orbital sunrise (Fig. 10) the displacement was larger for
b angles near 17 deg and solar array orientations of 160 deg. The
sunrise attitude displacementswere as high as 271 arc-s. During or-
bital sunset (Fig. 11), the displacementwas larger for b angles near
0 deg and solar array orientations near 90 deg. The sunset attitude
displacementwas as high as 425 arc-s.The perturbationeventswere
usually 180 s in duration. Duration was dependent on the b angle
and the solar array orientation with respect to its drive shaft. The
solar array completed approximately 1

3 revolution between sunset
and sunrise.When the solar arraywas orientedat 90 deg (or 270-deg
position) for maximum electrical power production, it also experi-
enced the maximum attitude perturbation for sunset (sunrise).

The effect of spacecraft mass loss on thermal bending was
also examined. The UARS’ cryogen was completely outgassed on
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a) Roll attitude displacement during sunset thermal snap (arc-s)

b) Roll attitude displacement during sunrise thermal snap (arc-s)

c) b angle during thermal snaps

Fig. 12 Sunset and sunrise thermal snap peak-to-peak displacement
variations with solar array position and orbital solar incidence angle.

May 5, 1993 (day 603 past launch). The UARS’ launch weight
was 14,820 lb. Approximately 7% of UARS’ mass was outgassed.
The mass loss should have resulted in the perturbation amplitude
changing approximately 7%. Perturbations varied 180% owing to
variations in b angles. Perturbations varied 323% because of vari-
ations in solar array orientation angles. Figures 12a and 12b show
the roll attitude displacements from days 128 through 737 for sun-
set and sunrise thermal snaps, respectively.The displacementswere
referenced to the solar array position (ordinate) and day past launch
(abscissa). The displacements were annotated in a way similar to
the approach used in Figs. 10 and 11. The b angles for the displace-
ments given in Figs. 12a and 12b are given in Fig. 12c. The effect
of changing solar array position or b angle dominated the in� uence
of thermal bending. Measurement of mass loss effects on thermal
bending was not discernible because of those effects.

The UARS must meet a long-termstabilityrequirementof bound-
ing roll attitude displacement to 108 arc-s during any 60-s interval.
Many of the perturbationsexamined violated this requirement.The
stability requirements were necessary for interpretation of scien-
ti� c data. Analysis has shown that the thermal bending of the solar
array results in trough-to-peak roll attitude displacements of 425
arc-s during a 47-s interval. The perturbations have also been ob-
served on LANDSAT 4 and 5. Symmetric dual-solar-arraysatellites
experienced such perturbations, but they are more pronounced for
asymmetric single arrays. When unobstructed viewing from space
is required, such as on UARS or the Earth Observing System A.M.
satellite, it is necessary to use single-array spacecraft. Because the
perturbationsviolated the long-term stability requirements and can
be expected for single-array spacecraft, it is critical that spacecraft
designershavevalid dynamicmodels to predict the responseto ther-
mal bending.

Concluding Remarks
Analysisusing theUpper AtmosphereResearchSatellite(UARS)

� ight data from the � rst 737 days past launch has provided better
understanding of UARS in-� ight dynamics. Although UARS had
many disturbancesources,orbital and con� gurationchangesgreatly

in� uenced the dynamic response.Flight data have shown that modal
frequencies and jitter amplitudes varied with a frequency of twice
the solar array rotation rate. The variation of the solar array modal
frequencies(near 0.25 Hz) produceda modal band.Within the band,
the resonance frequency varied harmonically. Three UARS distur-
bances had frequencies that overlapped the modal band and thus
produced a transitory resonance. Another consequence of modal
variations due to con� guration change was that disturbance trans-
mission was also dependent on the modal properties of the system.
Hence, as the modal properties changed, the disturbance transmis-
sion path changed.

The precession of the orbit caused the b angle to increase. So-
lar and stellar tracking instruments adjusted their tracking trajecto-
ries to accommodate the precession.The increased trackingactivity
produced higher disturbance levels, which resulted in higher jitter
amplitudes as the b angle increased. Between yaw maneuvers, the
jitter increased monotonically.The direction of solar array rotation
also had a pronouncedeffect on the subsequentjitter levels. The re-
versed solar array rotation resulted in higher jitter amplitudes than
forward rotation.

Analysis of the thermal elastic bending of the solar array has
shown the effect of b angle and the solar array orientation on the
spacecraft dynamic response. Trough-to-peak amplitude variation
was as high as 425 arc-s. During sunset, the bending was higher for
b angles near 0 deg and solar arrayorientationsnear 90 deg. The roll
attitude perturbations resulting from the solar array bending varied
180% owing to b angle variations and 323% as the result of solar
array orientation variations. The effect of the 7% mass loss on the
thermal bending perturbations was not discernible because of the
effects of array orientation variations and b angle variations.

The results of studying the in-� ight dynamics of UARS have
shown the signi� cance of spacecraft inertia variationson the modal
characteristics of � exible appendages and on spacecraft jitter. Fur-
thermore, results of these analyses can be extended to spacecraft
with similar dynamic characteristics such as the Mir and the Inter-
national Space Station.
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