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Spacecraft Spin Stabilization Using a Transverse
Wheel for Any Inertia Ratio

Richard A. Fowell,* Richard 1. Milford,” and John FE. Yocum?*
Hughes Space and Communications Company, El Segundo, California 90245

Hughes Space and Communications Company recently launched the first of a series of satellites featuring a
patented control strategy capable of stabilizing spin about a given spacecraft axis, regardless of spin-to-transverse
inertia ratio. The control system, which functions during the ascent phase of the mission, makes use of on-station
control hardware, a gyro and a transverse reaction wheel, to stabilize spin. This is believed to be the first instance
of stabilization of spin with arbitrary inertia ratio using a single transverse wheel. For stability reasons, these
satellites are the first Hughes satellites to spin negatively in transfer orbit. It is paradoxical that, for some inertia
ratios, negative spin can be stabilized when positive spin cannot. Note that, in such cases, even the negative spin,
though stable, may be technically uncontrollable at one point in the mission. The history of active spin control is
discussed, and some global principles for spin stabilization using a single wheel are established. Theory, design,
and flight experience of the Hughes active spin controller are presented and contrasted to prior solutions. Finally,
ground simulations and flight telemetry are presented and compared.

Introduction

HE spin stabilization system for the Hughes Space and Com-

munications Company high-power communications space-
craft, model HS601HP, is designed to stabilize spin about the ascent
motor thrust axis. Spin stabilization during transfer orbit is attrac-
tive compared to 3-axis stabilization because it provides a benign
thermal environment, requires less control equipment, and has rel-
atively simple failure response scenarios. To maximize equipment
layout flexibility, the spin stabilizationis required to work whether
the spin axis inertia is major, minor, or intermediate. All three con-
ditions can occur in a single ascent because the large mass of fuel
expended during ascent greatly changes the inertias. To minimize
fuel consumption and onboard equipment, the primary spin stabi-
lization system avoids thrusters and uses only sensors and actuators
that exist for on-station control (the gyro and momentum wheel).
This is believed to be the first instance of intermediate axis spin
stabilization using a single transverse wheel.

From a dynamics point of view, it is most convenient to spin a
satellite about the principal axis of greatestinertia, major axis spin,
because this is inherently stable. However, launch vehicle stowage
volumes are usually long and narrow, and this provides an incentive
to spinasatelliteaboutits longaxis, the principalaxis of leastinertia.
This minor axis spin equilibrium is a high-energy state and is un-
stable to the extent that energy dissipation mechanisms (principally
fluid motion) act on the satellite. To stabilize minor axis spin, a spin
axis stabilization (or nutation) control system is used. Because the
instability of minor axis spincan be made relatively mild (oscillatory
with slow growth), many satellites have been minor axis spinners
during ascent. Whereas spin about the axis of intermediate princi-
pal inertia is an equilibrium, it is an unstable equilibrium, with or
without dissipative mechanisms. It is exponentially divergent with
a time constanton the same order as the spin period. Because of this
strong instability, intermediate axis spin has usually been avoided
in the past.

Satellite nutation control systems using a single fixed transverse
wheel to stabilize minor axis spin have a long history. Such a system
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was described by Beusch and Smith' in 1970, by Perkel in 1971,
and flown on LAGEOS in 1976.3* More recently, MSAT flew such
a system in April 1995, and Galaxy IIIR used a similar design in
combination with momentum augmentation at % rpm in December
19955 However, no literature was found suggesting the use of a
single transverse wheel for active feedback control of intermediate
axis spin.

Two techniques that have been used in space to stabilize interme-
diate axis spin or similar instabilities are momentum augmentation
and two-axis thruster control. During part of the Intelsat VI ascent
(1989), the satelliteas a whole hadits intermediatemoment of inertia
along the spin axis. The oblate section of the satellite thatis despun
in operation (the platform) was spun to a higher speed than the rotor
to achieve a two-body dynamic state analogous to major axis spin.®
Similar approachesusing internal wheels can be used to convert the
intermediate axis spin equilibrium to an equilibrium analogous to
major or minor axis spin by adding or subtracting momentum about
the spin axis.”® This system was flown on Galaxy IIIR. If enough
momentum is added, the desired spin direction is globally stable in
the presence of energy dissipation.”!° Two-axis thruster stabiliza-
tion of intermediate axis spin has also been analyzed'! and flown
for brief periods.

Aninitialreactionto the suggestionthat a single transverse wheel
couldbe used to stabilizeintermediate axis spin was that two wheels
seemed to be necessary. Analysis showed that, indeed, a single
fixed transverse wheel cannot stabilize a given sign of interme-
diate axis spin for arbitrary mass properties. However, the range
of mass properties seen during an ascent is limited enough that,
if the sign of spin can be chosen appropriately, the satellite spin
is stabilizable throughout ascent, although it is not controllable
throughout.

Spacecraft Dynamics Analysis

This section presents a discussion of the spacecraft dynamics,
with emphasis on intermediate axis spin. It derives an analytical
model and seeks to extract from that model some physical insight
into the behavior of an intermediate axis spinner.

Equations of Motion

Consider a spacecraft, shown in Fig. 1, comprising a rigid body
with spinrate w, to which s attached a singlemomentum wheel with
its unit spin axis w defined by the angle B in the spacecraft’s 1-2
plane. The axes {p|, p., p3} are the spacecraft principal inertia axes
and Fig. 1 shows a body spinning about its intermediate moment-
of-inertia (MOI) axis p; because this configuration is the primary
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Fig.1 Spacecraft model: rigid body plus momentum wheel.

focus in this paper. The rigid-body equations of motion for such a
spacecraft are

Ll = Jl(,l.)l + hsﬂ + (J3 — Jz)(,()z(,l)3 — h(,l)3Cﬂ
Lz = sz)z + hCﬂ + (‘]1 - J3)(,()1(1)3 - h(,l)3sﬂ

Ly = hos + (S, — JDw 0, + hocf — hapsp (1)

where (*) indicates differentiation with respect to time, {J;, J>, J3}
are the principal moments of inertia; {L, L,, L3} and {w,, w,, w3}
are external torques and body angularrates, both expressedin body
axes; and & is the scalar angular momentum in the wheel relative
to the spacecraft body. The notation s and ¢f denotes sin(f) and
cos(f).

From Egq. (1), one may deduce the well-known result that, in
the absence of external torques and with 7 =0, a nontrivial con-
stant solution exists for motion about any one of the three principal
axes. Consider the solution where w;, =w, =h=0and w; =Q =a
constant. By linearizing the equations about this solution and defin-
ing of the body momentum components 2% = Jyw,, hf = J,w,, and
h% = J;3, one obtains the followinglinearized equationsfor torque
free motion:

he = (1, — J5)QhE [ ), + Qhcp — hsp
hy = (J5 — J)Qhf [ 1, — Qhsp — hep, =0 @

For these dynamics, we envision a control system wherein the con-
trol u is proportional to the wheel torque:

u=h (3)

Combining Egs. (2) and (3), one obtains the following linear state-
space equations describing the spacecraft nutational dynamics:

h® 0 —upAJpQ QB ht
hB = —AJ;3Q/ 0 —Qsp ht
i 0 0 0 J h
—Sﬂ
+ 4 —cB tu 4)
1

where the following nondimensional parameter definitions apply:
AJyp= (3= D)), Adiz=(J; — J3)/J2, and 1, = J; /J,. Note
that the parameters AJs, and AJ;3 have been defined with an in-
termediate MOI axis spin in mind. When J; is intermediate both
parameters have the same sign and the product A J3; - AJy3 is posi-
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Fig. 2 Typical variation of uncontrollable wheel alignment over
mission.

tive. Equation (4) casts the dynamics in a relatively simple standard
state-space format to which the powerful tools of linear analysis
may be readily applied.

Controllability

The system described by Eq. (4) has some interesting charac-
teristics, which we explore in this section. Define a state, x =
{h® hZ h}7, and let A and b denote the coefficient matrices in
Eq. (4). To determine if the system is controllable, one may check
the rank of the controllability matrix:

Q.=1[b Ab A’b] )
After a little algebra, one may show that
det(Q,) o AJssin®(B) — AJy; cos’(B) (©6)

From Egq. (6), it is evident that the system becomes uncontrollable
if the wheel is aligned at an angle 8, such that

tan B, = £/AJ;3/AJ3, 7

but otherwise it is completely controllable.In practice, the physical
wheel alignment S is fixed, whereas the alignment leading to un-
controllability, 8,, varies with inertias as the spacecraft propellant
is depleted during transfer orbit. Figure 2 shows §, vs spin inertia
as the spin inertia varies from maximum to minimum MOL. It il-
lustrates that, in a worst-case mission, the range of B, covers a full
circle so that inertia variations will virtually guarantee that at some
pointan alignmentcorrespondingto an uncontrollablesituation will
arise. However, an eigenanalysis of the system will lead to a better
understandingof the implicationsof Eq. (7) and will show that, even
in a worst-case mission when the system is uncontrollable, a stable
control system is still possible.

Because the system is fairly simple, one can analytically deter-
mine the eigenvalues and eigenvectors. The eigenvaluesof A are

r=(+QVAJsAL,  —QYAJsATn,  0) (8)

and the correspondingeigenvectors (in columns) are

iV ATy VAT —pnAdnsp
9

AJisq

V= —\/AJB A AJ13 %ﬂ
12

0 0 AJpAJis

Note that, if J5 is maximum or minimum MOI, then the two nonzero
eigenvalues are imaginary, representing oscillatory motion (gener-
ally called nutation), and the eigenvectorsare complex. For the case
of primary interest here, J5 is the intermediate MOI axis, and the
eigenvalues and eigenvectors are real. One of the eigenvaluesis in
the left-half plane, representing a stable exponential mode, whereas
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one is in the right-half plane representing a divergent exponential
mode.

Equation (9) may be used to perform a modal coordinate trans-
formation

x=Vn (10)
to diagonalize the system. The result is
n=A"n+b"u (11)
where A" is diagonal and contains the eigenvalues of A

QVAJpAJT 0 0

A" =VAV = 0 —QV AT AT OJ (12)
0 0 0

and the transformed control input vector b” is given by
(J3/J1)(Sﬂ«/ Ay + By AJ13)

3/ 1)) (B AT, — cB/BT15)
1

b=V b= ——

(13)

Examination of Eq. (13) sheds light on the controllability condition
in Eq. (7). Evidently, if the wheel is aligned with

B == —arctan(,/AJB/AJn) (14)

then the first mode, with the eigenvalueat A = +Q+/(AJ3, AJy3), is
uncontrollablewhereas the second and third modes are controllable.
Likewise, if the wheel is aligned with

B=PBn= +arctan(\/AJ13/AJ32) (15)

then the secondmode, with the eigenvalueat . = —Q+/(AJ3 AJp3),
is uncontrollablewhereas the first and third modes are controllable.

Further insight may be gained by noting, from inspection of the
eigenvectors in Eq. (9), the angles that the rate vectors associated
with the two modes make with respect to the p, axis are

Wi hf/Jl iV AJn /)

tan o, = — =
10}

«/AJ32
mode 1 hg/JZ mode 1 Y A‘]13/‘]2

—vAJi3
(16)

tan ) = — — hf/J‘ _roavAIn/h VAT,
" VAT VAT

@ mode 2 hg/‘lz mode 2
an

[Ny

[\

These define the directions in the body frame of the constant rate
vectors of the two modes associated with the nonzero eigenvalues.
Figure 3 shows the geometry of these rate vectors, often referred
to as separatrices,? relative to the body principal axes and relative
to the critical wheel alignment $,; that causes mode 1 to become
uncontrollable. The arrowheads on the separatrices indicate the di-
rection of motion, assuming that the body spin rate €2 is positive.
The directions are reversed when €2 is negative. Note that when the
wheel is aligned such that mode 1 is uncontrollable, the wheel’s
spin axis is perpendicular to the separatrix defining mode 2, that
is, Bu1 + a2 =90 deg as shown in Figure 3. Conversely (and not
shown in Fig. 3), when the wheel is aligned such that mode 2 is un-
controllable,the wheel’s spin axis is perpendicularto the separatrix
defining mode 1, thatis, 8,, + «,; =90 deg.

Physical Interpretation of Uncontrollability

To gain a physical understanding of this behavior, one may con-
trast the intermediate axis spin dynamics and control problem with
the major or minor axis spin dynamics and control problem. In the
case of major or minor axis spin, the modes of motion are complex
(as opposedtoreal) and coupled, one being 90 deg out of phase with
the other. Moreover, the rate associated with a mode moves around
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Fig. 3 Geometry showing wheel alignment leading to uncontrollable
mode.

in the body (the transverse rate vector rotates at body nutation fre-
quency). Thus, a momentum wheel placed at almost any orientation
(except with the wheel spin axis parallel to the body spin axis) will
be capable of producing torque to oppose the motion if one is sim-
ply smart enough to phase the torque properly with respect to the
moving body rate vector. Because the modes are coupled, control of
one mode implies control of the other. This is the basis for a nutation
control system used on many spacecraft.

In the case of intermediate axis spin, the situationis much differ-
ent. Both the wheel torque directions and the rate vectors defining
the modes of motion are fixed in the body frame. The orientations
of the modal rate vectors are determined by spacecraftmass proper-
ties, whereas the wheel torque directions are fixed independently by
the wheel’s alignment. Moreover, the two body modes are indepen-
dent. For certain positions of the wheel, both modes are controllable;
however, if the wheel is positioned incorrectly it may be possible to
control one mode, but not the other.

To determine, through physical arguments, what the incorrect
wheel orientation is, consider that the wheel exerts torques on the
spacecraftbody in two ways: 1) a direct torque component/w is ex-
erted by the wheel spin motor, and 2) a gyroscopictorque w x H"/8
is generated by the wheel as the spinning body precesses the mo-
mentum vector of the spinning wheel. The torque Aw is parallel
to the wheel spin axis whereas w x H"/? is perpendicular to it.
In general, it is the w x H"/? torque that performs control of the
vehicle, whereas the Aw torque serves to create and remove wheel
momentum that enables the w x H"/B torque to become effective.
This notion is supported by simulation results that show that the
w x H"/B torque component is generally dominant. This differs
from nutation control, where the wheel spin torque is used to pump
the body energy state to a minimum (for major axis spin) or a max-
imum (for minor axis spin). The energy change is proportional to

/woﬁhdt

For intermediate axis spin, controlling the body’s kinetic energy is
insufficient, as the kinetic energy at the null is the same as that for
the tumbling motion along the separatrices.

Given this insight, it is now clear that if the wheel spin axis
is perpendicular to the stable mode as shown in Fig. 4, then the
w x H"/B torque is parallel to the stable mode separatrix, and that
mode is directly controllable by the w x H"/? torque component
[see Initial Condition 1 (I.C. 1) in Fig. 4]. Now, with the same wheel
orientation, consider an initial condition wherein only the unstable
mode is excited (I.C. 2 in Fig. 4). Note that one component of
the mode is parallel to w x H"/? and can be controlled, whereas
the other component is perpendicularto w x H"/# and cannot be
controlled. The resultant motion will diverge along the unstable
separatrixif no controlis applied, or along the directionof the wheel
spin axis if control is applied to null the controllable component,
which is perpendicularto the spin axis.
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One might have expected that a mode becomes uncontrollable
when the wheel is aligned parallel to its rate vector, for this would re-
sultin a geometry where the w x H"/® torque componentis perpen-
dicular to the rate vector and, therefore, unable to control any com-
ponentof the mode. This expectationis incorrect,as shown in Fig. 5,
which shows a wheel alignment parallel to the separatrix of the un-
stable mode. Consideran initial condition wherein only the unstable
mode is excited. Figure 5 shows that, while the w x H"/? torque is
perpendicularto the unstable mode, it can still be used to drive the
initial condition along a path perpendicular to that mode until the
rate lies on the separatrix of the stable mode, after which the motion
will decay to null of its own accord. Thus, we see that the condition
of uncontrollability for a given mode occurs when the w x H"/8
control torque is parallel to the separatrix of the other mode, not
when it is perpendicularto the separatrix of the given mode.

These observations raise an interesting prospect. Suppose we
have a design situation where the physical wheel alignment lies
somewhere in the range from 0 to —90 deg. It is clear from
Fig. 2 and Eq. (13) that the first mode, with eigenvalue at A =
+ Q+/(AJ55AJy3), will experience a condition of uncontrollability
at some pointin the mission. If we selecta positive spin rate €2, then
the first mode is also unstable, a very bad situationindeed. However,
by choosingto fly the mission with anegativespinrate, we will cause
the first mode to be the stable one. Thus, that the first mode is un-
controllable at one point is immaterial. It is still stable. At the same
time, the second mode with eigenvalue at A = —Q+/(AJ3, AJy3)
becomes unstable. This is tolerable, however, because that mode is
now controllable over the entire mission via feedback through the
control u = h. This is an unusual phenomenon wherein one’s ability
to stabilize the control loop is critically dependent on the direction
of spin. With positive spin in the example cited, a stable control

loop throughout the mission is not possible, whereas with negative
spin it is. This unusual phenomenonis not encountered when J; is
either the minimum or maximum MOI axis. In these latter cases,
one’s ability to stabilize the system via feedback is independent of
the direction of spin.

Controller Design and Flight Results

In this section, the detailed spin stabilization design for the
HS601HP spacecraft is presented, based on the stability criteria
developed in the preceding section. The controller synthesis is
presented, followed by performance predictions, and finally flight
results.

HS601HP Communications Satellite

The Hughes Space and Communications Company HS601HP
satellite is a high-power geosynchronous communications satellite
series, the first four of which were launched in 1997. Figure 6
shows an HS601HP satellite in its stowed transfer orbit configu-
ration. Whereas all satellites in the series are similar, Astra 1G is
of particularinterestbecause it separated from the booster spinning
about its intermediate MOI axis. Figure 7 shows, as a function of
mission events, the maximum and minimum inertia ratios for the
Astra 1G satellite. After the first apogee raising maneuver (AMF),
fuel depletion caused the spin axis to transition to the minor axis
of inertia. Once the spacecraft reached geosynchronous orbit, the
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communications reflectors and solar panels were deployed, during
which time the spin axis transitioned up through intermediate to
major axis. Figure 7 shows that the spacecraftlayout, together with
the mass properties changes associated with fuel depletion (over
1000 kg of propellent), resulted in a spacecraft that exhibited spin
in all inertia ratio regimes (major/minor/intermediate) during the
transfer orbit.

Feedback Controller Design

The intermediate and minor axis spin phasesnecessitatethe use of
active control for most of the mission. To minimize cost, the control
system utilizes existing sensors and actuators, i.e., units required
for on station control. To minimize fuel usage, a momentum wheel
control actuator was selected over thrusters. Figure 8 shows a block
diagram of the controller that was developed.® Spacecraft rates
are sensed by a 3-axis inertial reference unit, and control torque is
generated by a single momentum wheel, whose spin axis is perpen-
dicular to the spacecraft spin axis. The flight processorimplements
the stabilizing control law and outputs a torque command to the
momentum wheel. The momentum wheel speed is controlled via
a digital tachometer loop. Both control loops operate at an 8-Hz
sample rate. Sampling effects and high-frequency filter dynamics
are not modeled here because they are second order with respect to
stability and performance. However, such second-order effects are
included in simulations.

On-station control of the satellite employs a single momentum
wheel actuator aligned with its spin axis along the spacecraft pitch
axis Y. This orientationis orthogonal to the transfer orbit spin axis
Z, which is parallel to the liquid apogee motor thrust axis. Whereas
this wheel alignment is reasonably well suited for spin stabiliza-
tion, its predetermined orientation allows no room for optimizing
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Fig. 10 Closed-loop plant poles.

controllability by choosing its orientation with respect to spacecraft
principal axes, as described in earlier sections.

The wheel orientation,combined with spacecraftmass properties,
resulted in unfavorable stability characteristics when the spacecraft
spins positively about +Z. Figure 9 shows the physical controlla-
bility of the spacecraftbased on the concepts described earlier. Fig-
ure 9 shows the alignment of the wheel relative to the separatrices
and indicates the two alignment angles that result in uncontrolla-
bility of the respective modes. It shows that with positive spin, the
wheel alignment is within 20 deg of allowing the unstable mode to
become uncontrollable, whereas selecting negative spin improves
the margin to 60 deg. Although it is still possible to stabilize the
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spacecraft with positive spin, it is not possible to achieve controller
robustness with a fixed gain design. Therefore, a negative Z spin
direction was selected.

In derivingthe equationsof motion, it was shown that the essential
dynamics can be represented with a 3 element state vector

hE roll axis body momentum
hE ¢ =
2

h wheel spin momentum

x = pitch axis body momentum (18)

The state-spaceequationsdescribing the vehicle dynamics were de-
fined in standard state-space format in Eq. (4). The feedback control
law used to compute wheel torques is

u(t) = h(t) = —Kx(t) (19)
showing that the commanded wheel torque is a linear combination
of both transverse angular momentum components (roll and pitch)
and the momentum wheel angular momentum. The state matrices
vary significantly over the entire mission; however, the variation is
slow enough that they can be treated as time invariant at any given
pointin time. After selecting a negative spin direction to maximize
controllability of the unstable mode, a number of approaches could
be used to design the feedback control law. Here, the control gain
matrix K is calculated using a robust pole placement method, where
the design objectives were to minimize control effort, avoid motor
torque saturation, and achieve robustness over the range of satel-

lite inertias for the HS601HP product line. Details of the design
implementation include the following.

1) The stable eigenvaluepole [at 1 =+Q+/ (A5 AJj3) with Q
negative]is notsignificantly shifted at the selecteddesignpoint. This
affords a twofold benefit: a) It minimizes control effort because it
avoids using any control effort to change the already stable dynam-
ics.b) It minimizes perturbationof the closed-looppoles under mass
properties variation.

2) Controller bandwidth is constrained to avoid actuator satura-
tion under the known bounded disturbances. The momentum wheel
saturates at 0.19 Nm, and it is desirable to avoid saturation if possi-
ble, even though the primary control torque is due to the w x H"/?
torque component.

3) Gains were chosen to achieve approximately 0.7 closed-loop
damping ratio at booster separation.

A pointdesign was constructed correspondingto spacecraft mass
properties at the midpoint, with respect to fuel depletion, of the
transferorbit. The inertias used to compute the flight gains are based
on early predictions of the spacecraft mass properties because the
design had to be burnt into firmware early in the spacecraft devel-
opment. Consequently, the actual closed-loop poles vary slightly in
the as-launched configuration.

Figure 10ashows arootlocusof the system whereinall three gains
are varied proportionally. The unstable dynamics pole is forced into
the left-hand plane whereas the stable dynamics pole is left nearly
unchanged. The root contour plotin Fig. 10b shows the variationin
closed-loop plant poles as a function of mission phase for the fixed
gain design. Because of the large change in inertias, there is sub-
stantial perturbation of the closed-loop poles; however, the system
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Fig.11 Simulated booster separation: ——, closed loop, and - - -, open loop.
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Fig. 12 Flight results; Astra 1G Booster Separation: ——, flight data, and - - - simulation.

remains stable with gain margin >8 dB and phase margin >45 deg
throughoutthe transfer orbit using the fixed gain controller. For ref-
erence, the closed-loop poles corresponding to the design point are
also indicated. Optimized gains can be uploaded, should it be de-
sired to adjust performance, although this has not been necessary to
date except during the deployments phase.

Controller Performance Predictions

Figure 11 shows a nonlinear simulation of the booster separation
event when the control law is first initiated to stabilize spin about
the spacecraft yaw axis. At separation, the Astra 1G yaw axis is
intermediate with inertia matrix expressed in the body frame

3433 —130 -10
I=|—-130 3456 6 | kg-m’ (20)
-10 6 3357J
and in the principal axis reference frame
3314 0 0
J=| 0 3576 0 | kg-m? (21)
0 0 3356J

A high-fidelity digital simulation environment is used, including a
complete emulation of the flight code and detailed sensor/actuator
models. The steady-state equilibrium spin exhibits 4 deg of coning
because the spacecraftis not perfectly balanced about the yaw axis,
as evident from the inertia matrix. The feedback controller yields

the additional benefit of partially attenuating the steady-state con-
ing; the coning is completely eliminated at a later stage during the
mission, by appropriate configuration of the controllingmomentum
wheel and a second wheel.’ Also shown in Fig. 11 is the open-loop
response, which is a characteristic tumble (evident from yaw rate
reversal) due to the intermediateaxis spin; clearly this is undesirable.

Flight Results

Flightresults are presented from the 1997 Astra 1G launch, where
the spin stabilizationcontrol law, defined in Fig. 8, was implemented
in flight hardware and software. The controller was autonomously
activated at separation from the launch vehicle, which ejected the
spinning spacecraft at —6 deg/s about the yaw axis and with a very
small 0.15 deg/s transverse rate. Figure 12 shows telemetry from
the separation event and subsequent spin stabilization under ac-
tive wheel control. The response is slightly underdamped, taking
about one closed-loop nutation period or 10 min for the transients
to settle. Simulation results with matched initial conditions have
been overlaid, from which it is clear that both the spacecraft dy-
namics and controller performance have been well characterized.
Similar closed-loop performance is observed throughout the trans-
fer orbit, with no discernible differences after the transitionto minor
axis, where the controllerbehaves more like a conventionalnutation
controller.

Figure 13 shows telemetry from the reflector deployment phase
of the mission, which was performedusing the same control system,
but with optimized gains. As shownin Fig. 7, the satellite transitions
from minor axis up through intermediate axis to major axis spin,
covering all inertia ratio regimes during the deployment sequence.
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Conclusions

A single transversemomentum wheel, controlled with fixed gains
based on sensed gyro rates, can stabilize satellite spin while the
mass properties travel from minor axis spin, through intermediate
axis spin, to major axis spin. It has been shown that, although sta-
bilizability can be guaranteed, controllability cannot, resulting in a
satellite whose direction of spin must be chosen to enhancestability.
The preferred spin direction depends on spacecraft mass properties
and wheel alignment. The flight results show that the flight con-
trol system built from this theory works in the practical world of
propellant slosh, wobble, and structural flexure.
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