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Asymmetric Body Spinning Motion with Energy Dissipation
and Constant Body-Fixed Torques

Rafael Livneh¤ and Bong Wie†

Arizona State University, Tempe, Arizona 85287-6106

The spinning motion of an asymmetric body under the in� uence of both energy dissipation and constant body-
� xed torques is investigated using a generic semirigid model with a spherical slug surrounded by a viscous layer.
The study objective was to achievea more fundamentalunderstandingof the general spinningmotionof a semirigid
spacecraft duringa typicalspin-upmaneuver, a � at-spintransitionmaneuver, and/or a � at-spinrecovery maneuver.
A set of nondimensionalequationsof motion is derived for the stability analysisof equilibrium points. In particular,
three-dimensional phase-space trajectories are studied for three different cases of constant body-� xed torques
along the major, intermediate, or minor axis. For these cases with energy dissipation, some new analytical as well
as computer simulation results are discussed in terms of equilibrium manifolds, separatrix surfaces, periodic or
nonperiodic solutions, etc.

Introduction

F OR a torque-free semirigid body with internal energy dissi-
pation, the kinetic energy decreases and the energy ellipsoid

becomes smaller with time. This results in an open polhode path
that spirals outward from the minor axis, crosses the separatrix,
and approachesthe major axis. Consequently,a spacecraft spinning
about its minor axis in the presence of energy dissipation is said
to be unstable; i.e., the spacecraft will eventually reorient and spin
about its major axis with either a positive or negative spin rate. A
classic example of the minor-axis instabilityphenomenonis the � rst
U.S. satellite, Explorer I, launched in 1958.

Although a spacecraft spinning about its minor axis is unstable
in the presence of internal energy dissipation, spacecraft are often
required to spin about their minor axis for several reasons. Fairing
constraints of most launch vehicles require that the minor axis of
the payload spacecraft be aligned with the longitudinal axis of the
launch vehicles.Furthermore,most launch vehicles spin about their
longitudinal axis before payload separation, resulting in a minor-
axis spin of the spacecraft after separation.

Some launchvehiclesor upperstagesdo nothavespin-upcapabil-
ity for payload spacecraft and spin-up of the spacecraft is achieved
after separation.Because of initial angular rates at separation,a typ-
ical spin-up maneuver usually results in a residual nutation angle
and a spin-axisprecessionfrom the separationattitude.The spin rate
selection depends on many factors, including the pointing accuracy
requirement.

Spacecraft spinning about their minor axis are often stabilized
using an active nutation control system consisting of thrusters and
accelerometers. Spinning spacecraft are also required to spin down
or reorient their spin axis during the various phases of spacecraft
operation.For example, a spin-axisreorientationis required to align
the spacecraft spin axis in the proper direction for apogee-kickmo-
tor � ring. After apogee-kickmotor burn, a spin-axis reorientationis
also required to orient the spin axis to the orbit normal. During the
operational life of spin-stabilized spacecraft, periodic spin-axis re-
orientationmaneuversare also requiredto compensatefor theeffects
of externaldisturbancetorques,primarily causedby solar pressures.

One of the simplest rotational maneuvers is the reorientation of
the spin axis of a spacecraft using internal energy dissipation. A
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semirigid spacecraft with internal energy dissipation is stable only
when spinning about its major axis. A spacecraft spinning about
its minor axis in the presence of energy dissipation is unstable;
i.e., the spacecraft will eventually reorient to spin about its major
axis. Such a passive reorientation maneuver is called a � at-spin
transitionmaneuver.The orientationof the spacecraft relative to the
inertially� xed angularmomentumvectorat theendof the maneuver
is, however,unpredictable;i.e., the spacecraftcan end up with either
a positive or a negative spin about the major axis.

To study such a � at-spin transition maneuver, Rahn and Barba1

considereda rigid body with a spherical fuel slug that is surrounded
by a viscous � uid layer. The passive, � at-spin transition maneu-
ver, when augmented by few thruster � rings based on rate gyro
signals, can provide a predetermined, � nal spin polarity, however.
For example, a control logic proposed by Rahn and Barba1 utilizes
angular rate sign changes to determine when a separatrix has been
crossed and when thrusters must be � red. The sizing of the thruster
� rings is, however, based on estimates of the energy dissipation in
the spacecraft.

A transition from a spinning mode to a bias-momentum stabi-
lized mode of a three-axis stabilized spacecraft is often achieved
by applying a constant torque to a wheel that is initially orthogo-
nal to the spacecraft momentum vector, thus causing angular mo-
mentum transfer from the spinning spacecraft to the wheel. Such
an attitude acquisition maneuver scheme, developed in Barba and
Aubrun,2 simultaneously achieves � nal despin of a spinning space-
craft, wheel spin-up, and a proper reorientation of the spacecraft.
A similar procedure is also applicable to the recovery of dual-spin-
stabilized or spinning spacecraft, which is known as the � at-spin
recovery maneuver.3

In this paper we will study a generic model of a spinning, asym-
metric spacecraft under the in� uence of both energy dissipation
and constant body-� xed torques. The purpose is to provide a more
fundamental understanding of the spinning motion of a semirigid
spacecraft during various rotational maneuvers, such as a typical
spin-up maneuver, a � at-spin transition maneuver with spin polar-
ity control,or a � at-spin recoverymaneuverusing spin-up thrusters.

The main results of this paper can be summarized as follows: 1)
for constant torque about the major axis, we have a typical major-
axis, spin-up maneuver; 2) for torque about either the minor or
intermediate axis, the spacecraft approaches an equilibrium point
with a large angular velocity componentabout the major axis; 3) the
polarityof the � nal equilibriumpoint is sensitiveto initial conditions
and also tends to convergeto the nearestbranchof the corresponding
hyperbola of equilibrium points; and 4) for a certain case with a
constant minor-axis torque, the spacecraft continues to spin about
the minoraxis beforeconvergingto an equilibriumpointwith a large
angular velocity component along the major axis.
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Similar to the case of a general rigid body under the in� uence
of constant body-�xed torques, described in Refs. 4 and 5, we � rst
derive a set of nondimensional equations of motion of a semirigid
body subject to constantbody-�xed torquesfor the stabilityanalysis
of its equilibrium points.

Equations of Motion
The effect of energy dissipation on the rotational motion of a

spacecraftsubject to constantbody-�xed torquescan be investigated
simply by considering a spacecraft model with a spherical slug of
inertia J , which is centeredabout the centerofmass of the spacecraft
and surrounded by a viscous layer of viscosity ±. The rotational
equations of motion of such a simple semirigid spacecraftare given
by1

.I1 ¡ J / P!1 ¡ .I2 ¡ I3/!2!3 ¡ ±¾1 D M1 (1)

.I2 ¡ J / P!2 ¡ .I3 ¡ I1/!1!3 ¡ ±¾2 D M2 (2)

.I3 ¡ J / P!3 ¡ .I1 ¡ I2/!1!2 ¡ ±¾3 D M3 (3)

P¾1 C P!1 C .±=J /¾1 C !2¾3 ¡ !3¾2 D 0 (4)

P¾2 C P!2 C .±=J /¾2 C !3¾1 ¡ !1¾3 D 0 (5)

P¾3 C P!3 C .±=J /¾3 C !1¾2 ¡ !2¾1 D 0 (6)

where I1 , I2 , and I3 are the principal moments of inertia of the main
body plus the spherical slug of inertia J ; !1 , !2, and !3 are the an-
gular velocityvectorcomponentsof the main body; M1 , M2 , and M3

are the constant body-� xed torque vector components; ¾1 , ¾2, and
¾3 are the angular velocity vector components of the spherical slug
relative to the main body; and the overdotdenotes the differentiation
with respect to time t .

Let

®i ´
Ii ¡ J

J
; u i ´

Mi

Ii ¡ J
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where the various ®i are the nondimensional inertia parameters,
and ¿ , ³ , xi , yi , and ¹i are the scaled quantities associatedwith the
time, damping, spacecraft angular velocity, angular velocity of the
sphericalslug, and the time-varyingbody-� xed torque, respectively.
Then we can rewrite Eqs. (1–6) as
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®1
y1 D ¹1 (8)

dx2
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.x1 y2 ¡ x2 y1/ D 0 (13)

For the special case of a constant body-� xed torque vector, we can
further eliminate the dependenceof Eqs. (1–3) on the magnitude of
the torque vectors M1 , M2 , and M3 as follows. Let

u ´
k2k3u2

1 C k1k3u2
2 C k1k2u2

3

k
(14)

and also de� ne ¿ , ³ , ¹i , xi , and yi as

¿ D t
p

ku; ³ ´ ± J
p

ku; ¹i ´ 1 u
p

k u i ki

xi ´ !i uki ; yi ´ ¾i ki u

i D 1; 2; 3 (15)

Then, we can rewrite Eqs. (1–6) as Eqs. (8–13) with the following
constraint:

¹2
1 C ¹2

2 C ¹2
3 D 1 (16)

Because k1 , k2 , and k3 are de� ned in terms of ®1 , ®2 , and ®3, the
nondimensionalformulationof the rotationaldynamicsof a damped
semirigid body of Eqs. (8–13) depends only on four independent
parameters, namely, ®1, ®2, ®3, and ³ , compared with the case of
the dimensional formulation of Eqs. (1–6) with the � ve parame-
ters I1 , I2 , I3 , J , and ±. Contrary to the complete independence of
the nondimensional formulation for the rigid system on its inertial
properties,4 the nondimensional formulation of Eqs. (8–13) for the
semirigidbody is dependentupon the system’s inertial and damping
characteristics.

The equations of motion at steady state become

¡X2 X3 ¡ .³=®1/Y1 D ¹1 (17)

X1 X3 ¡ .³=®2/Y2 D ¹2 (18)

¡X1 X2 ¡ .³=®3/Y3 D ¹3 (19)

X2Y3 ¡ X3Y2 C k1³Y1 D 0 (20)

X3Y1 ¡ X1Y3 C k2³Y2 D 0 (21)

X1Y2 ¡ X2Y1 C k3³Y3 D 0 (22)

where (X1 , X2, X3 , Y1 , Y2 , Y3 ) denotes the equilibrium point. For a
semirigid spacecraft, combining Eqs. (17–22) gives

k1Y 2
1 C k2Y 2

2 C k3Y 2
3 D 0 (23)

which can be satis� ed if and only if

Y1 D Y2 D Y3 D 0 (24)

Substituting Eq. (24) into Eqs. (17–22) yields

.¹1; ¹2; ¹3/ D .¡X2 X3; X1 X3; ¡X1 X2/ (25)

Hence we can readily conclude that both the damped and the un-
damped cases have the same equilibrium points for the angular ve-
locities with the additional condition of equilibrium points at zero
for (¾1 , ¾2 , ¾3 ) in the damped case. De� ning the state perturbation
terms as

1xi ´ xi ¡ X i ; 1yi ´ yi ¡ Yi ; i D 1; 2; 3 (26)
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and keeping ¹i constant, we obtain the linearized equations of mo-
tion about the equilibrium point as

1 Px1

1 Px2

1 Px3

1 Py1

1 Py2

1 Py3

D

0 X3 X2 s1³ 0 0

¡X3 0 ¡X1 0 s2³ 0

X2 X1 0 0 0 s3³

0 ¡X3 ¡X2 ¡.s1 C 1/³ r1 X3 ¡r1 X2

X3 0 X1 ¡r2 X3 ¡.s2 C 1/³ r2 X1

¡X2 ¡X1 0 r3 X2 ¡r3 X1 ¡.s3 C 1/³

1x1

1x2

1x3

1y1

1y2

1y3

(27)

where ri D 1=ki and si D 1=®i , i D 1; 2; 3.
De� ning
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b9 ´ .r2s2 C r3s3/s1 X 2
1 ¡ .r1s1 ¡ r3s3/s2 X 2

2 ¡ .r1s1 C r2s2/s3 X 2
3

b10 ´ .r2 ¡ r3/r1s1 C .r1 C r3/r2s2 ¡ .r1 ¡ r2/r3s3

b11 ´ X1 X2 X3

we obtain the characteristic equation as

¸6 C a1¸5 C a2¸
4 C a3¸

3 C a4¸
2 C a5¸ C a6 D 0 (29)

where

a1 D .b1 C 3/; a2 D .2b1 C b4 C 3/³ 2 C b2 C b3

a3 D .b1 C b4 C s1s2s3 C 1/³ 3

C .3b2 C b3 C b5 C b6 C b7/³ C 2b11
(30)

a4 D .3b2 C 2b5 C b6 C b9/³ 2 C .b10 C 6/b11³ C b2b3

a5 D .b2 C b5/³ 3 C 6b11³
2 C .b2b3 C b8/³ C 2b3b11

a6 D 2b11 b3 C ³ 2 ³

From Eq. (25) we noticethat j¹1j D 1 ) X1 D 0, j¹2j D 1 ) X2 D 0,
and j¹3j D 1 ) X3 D 0. For these cases, b11 D 0 results in a6 D 0,
which means that the linearized system has a zero eigenvalueabout
the corresponding hyperbolas of equilibrium points. A numerical
stability test seems to be the most viable option to determine the
stability of the remaining � ve eigenvalues of the linearized sys-
tem about these equilibria. As in the undamped case, for a general
constant torque case (i.e., ¹1¹2 6D 0, ¹1¹3 6D 0, or ¹2¹3 6D 0), the
damped system has no equilibrium points.

Simulation Results
Typical phase-space trajectories of a semirigid spacecraft sub-

jected to a constant body-�xed torque about either its major, mi-

nor, or intermediate axis are shown in Figs. 1–9. For detailed
discussion of the terminology used to describe the results, such

as separatrix surfaces and stable/unstable regions, see Ref. 4
or 5. All numerical simulations were performed for the case
of .I1; I2; I3/ D .2000; 1500; 1000/ kg ¢ m2, studied by Rahn and
Barba.1

Major-Axis Torque
Figures 1–3 correspond to a case of constant torque about

the major axis with J D 100 kg ¢ m2 , ± D 45:52 N ¢ m ¢ s, and
.M1; M2; M3/ D .25; 0; 0/ N ¢ m, for three different initial condi-
tions. In Fig. 1, the trajectorystarts from the lowerunstableregionof
the .x1; x2; x3/ space.The top � gure shown in Fig. 1 depicts the two-
dimensional projections of the trajectory on the .x1; x2/, .x1; x3/,
and .x2; x3/ planes superimposed on three-dimensional separatrix
surfaces.Also shown in Fig. 1 are the .x1; x3/ projectionsof both the

Fig. 1 Typical trajectories for major-axis torque with ® = (19, 14, 9),
³ = 5, ¹ = (1, 0, 0), x(0) = ( ¡ 0.2, 10, 0), and ¿f = 35.
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Fig. 2 Typical trajectories for major-axis torque with ® = (19, 14, 9),
³ = 5, ¹ = (1, 0, 0), x(0) = (0, 1, ¡ 20), and ¿f = 50.

Fig. 3 Typical trajectories for major-axis torque with ® = (19, 14, 9),
³ = 5, ¹ = (1, 0, 0), x(0) = (0, 1, ¡ 19.5), and ¿f = 50.

trajectory and the two separatrix surfaces and a three-dimensional
view of the trajectory without the separatrix surfaces. (Figures 2–9
followsimilar graphicalformats.) It is interestingto note that the tra-
jectory in Fig. 1 does not cross the rigid-bodyseparatrixsurfaces.4;5

Rather, it progresses � rst down and then up to the upper unstable
region, where it converges to a pure spin-up maneuver about x1,
with no angular velocity components about either x2 or x3.

Simulation results with the initial condition x.0/ D .0; 1; ¡20/
inside the negative x3 stable region are shown in Fig. 2. The trajec-
tory moves toward the separatrix surface with increased oscillatory
amplitude. It then crosses into the positive unstable region, where
it converges to a pure spin-up maneuver about x1, with no angular
velocity components about either x2 or x3.

Fig. 4 Typical trajectories for minor-axis torque with ® = (99, 74, 49),
³ = 14.6, ¹ = (0, 0, 1), x(0) = (0, ¡ 5, ¡ 9.9), and ¿f = 100.

Fig. 5 Typical trajectories for minor-axis torque with ® = (99, 74, 49),
³ = 14.6, ¹ = (0, 0, 1), x(0) = (0, ¡ 5, ¡ 10), and ¿f = 100.
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Fig. 6 Typical trajectories for minor-axis torque with ® = (99, 74, 49),
³ = 14.6, ¹ = (0, 0, 1), x(0) = (0, ¡ 5, ¡ 10.2), and ¿f = 100.

Fig. 7 Typical trajectories for intermediate-axis torque with ® = (9,
6.5, 4), ³ = 1.675, ¹ = (0, 1, 0), x(0) = (0.5, 0, 0), and ¿f = 50.

Fig. 8 Typical trajectories for intermediate-axis torque with ® = (9,
6.5, 4), ³ = 1.675, ¹ = (0, 1, 0), x(0) = ( ¡ 0.5, 0, 0), and ¿f = 50.

Fig. 9 Typical trajectories for intermediate-axis torque with ® = (9,
6.5, 4), ³ = 2.65, ¹ = (0, 1, 0), x(0) = (0, 0, ¡ 6), and ¿f = 50.



LIVNEH AND WIE 327

The result of a small perturbationin the initial conditionsof Fig. 2
as x.0/ D .0; 1; ¡19:5/ is shown in Fig. 3. As can be seen, the result-
ing trajectorymoves toward the separatrixsurface with an increased
oscillatory amplitude. It then crosses the separatrix surface into the
lower part of the unstable region, where it reproduces the character-
istics of the spinning motion shown in Fig. 1; i.e., it progresses � rst
down and then up to the upper unstable region, where it converges
to a pure spin-up maneuver about x1.

Minor-Axis Torque
Figures 4–6 correspond to a case of constant torque about the

minoraxiswith J D 20 kg ¢ m2, ± D 30N ¢ m ¢ s, and (M1; M2; M3/ D
.0; 0; 25/ N ¢ m for three different initial conditions.

In Fig. 4 the trajectory starts from x.0/ D .0; ¡5; ¡9:9/ at the
lower unstable region, and it spins through the opening between
the two separatrix surfaces and into the upper part of the unstable
region,where a temporaryspin-upin x3 and also moderate increases
in the amplitude of x1 and x2 are encountered. These changes are
terminatedby a � are-up in the magnitudeof x1 and x2 that coincides
with a decrease in the magnitude of the spin in x3. This behavior is
somewhat unexpected in the sense that a positive minor-axis torque
(M3 > 0 ) resultsin a despinaboutx3 . The combinedeffectof M3 > 0
and the damping is to extract energy from the x3 component of the
rotation and to transfer the energy into x1 and x2 . The increase in
x1 and x2 eventually results in crossing the right separatrix and a
temporary spin-up in x1 . Clearly, the combined effect of M3 > 0
and the damping in the stable region is to extract energy from the
x2 and x3 components and to transfer the energy to the major axis.
The motion approaches a steady-state equilibrium rotation about
x1

»D 18 and x2
»D ¡1=18, whereas x3, ¾1, ¾2 , and ¾3 all converge

to zero as expected. A constant minor-axis torque M3 > 0, which
should have yielded a spin-upmaneuver about the minor axis x3 for
an undamped system, results in a steady spin motion mainly about
the positive x1 value with a small component x2

»D ¡1=x1.
Figure 5 shows the results of a small perturbationof ¡1% in the

initial condition in x3 . As can be seen in Fig. 5, the motion starts
with a spin-up to a positive value of x3. This leads to a � are-up in
the magnitude of x1 and x2, which coincides with a decrease in the
magnitude of x3 . The main differencebetween the two cases is that
the decrease in the magnitude of the spin in x3 results in crossing
the left separatrix to a local spin-up in ¡x1 until reaching a steady
state at x1

»D ¡20 and x2
»D 1=20.

A further 2% decrease in the value of the initial condition in x3

leads to the spinning motion shown in Fig. 6. The angular velocity
trajectory crosses the right separatrix into the right stable region
(without passing through the upper unstable region), where it en-
counters an increase in x1 until reaching a steady state at x1

»D 7 and
x2

»D ¡1=7.
Similar to the torque-free, semirigid spacecraft case studied by

Rahn and Barba,1 a semirigid spacecraft subjected to a constant
torque about its minor axis may also end up with either a positive
or a negative major-axis spin. The differences between the torque-
free and the minor-axis, constant-torquecase are as follows: 1) an-
gular momentum is not conserved; 2) the motion converges to an
equilibriumpoint on the section of the hyperbola X1 X2 D ¡1, con-
tained in region jx1j > jx2j; and 3) the sensitivity of the trajectory
to initial conditions is manifested not only in the � nal sign of the
spin about the major axis but also in the characteristicsof the trajec-
tory leading to the major-axis spin because the spacecraft can reach
the two possible major-axis spin directionsfollowing a total of four
qualitativelydifferent trajectories.

Intermediate-Axis Torque
Figures 7–10 correspond to a case of constant torque about

the intermediate axis with J D 200 kg ¢ m2 , ± D 30 N ¢ m ¢ s, and
(M1; M2; M3/ D .0; 25; 0/ N ¢ m for three different initial condi-
tions.

In Fig. 7 the spinning motion starts from the region of x1 > jx3j.
This motion remains con� ned to that region and rapidly converges
to x1

»D 1:8 and x3
»D 1=1:8 D 0:555, whereas x2 , ¾1, ¾2, and ¾3 all

converge to zero as expected.
Spinning motion initiated from the region of ¡x1 > jx3j is shown

in Fig. 8. This motion remains con� ned to that region and rapidly

Fig. 10 Typical trajectories for intermediate-axis torque with ® = (9,
6.5, 4), ³ = 2.65, ¹ = (0, 1, 0), x (0) = (0, 0, ¡ 7), and ¿f = 50.

converges to x1
»D ¡1:8 and x3

»D ¡1=1:8 D ¡0:555, whereas x2 , ¾1,
¾2 , and ¾3 all converge to zero.

In Fig. 9 the spinning motion is initiated from the region of
x3 < ¡jx1j. The trajectorymoves toward the separatrix surface with
increased oscillatory amplitude about the branch of the hyperbola
x1x3 D 1 contained in the region of x3 < ¡jx1j. It then crosses the
lower left separatrix plane into the region of ¡x1 > jx3j, where it
oscillateswith decreasingamplitudeaboutx1x3 D 1 and rapidlycon-
verges to x1

»D ¡4:6 and x3
»D ¡1=4:6 D ¡0:217, whereas x2, ¾1 , ¾2,

and ¾3 all converge to zero.
Similar to the case of minor-axis torque (M3 > 0), shown in

Figs. 4–6, the spacecraft may end up with either a positive or a
negative major-axis spin rate. This fact is demonstrated in Fig. 10,
in which changing the initial conditions from x.0/ D .0; 0; ¡6/ to
x.0/ D .0; 0; ¡7/ resulted in an upper right separatrix crossing fol-
lowed by oscillation about the positive branch of x1x3 D 1 con-
tained in the x3 > jx1j region and rapid convergence to x1

»D 5:8
and x3

»D 1=5:8 D 0:172. An interesting observation regarding the
case of intermediate-axistorque (M2 > 0) is that a trajectory started
from x.0/ D .0; 0; ¡p/, where p > 0, will tend to converge to the
negative branch of X1 X3 D 1. This tendency decreases,however, as
p increases. In the case of .®1; ®2; ®3/ D .9; 6:5; 4/ and ³ D 2:65,
shown in Figs. 9 and 10, for example,the valuesof p D1; 2; 3; : : : ; 6
all resulted in a � nal spin with negative major-axis spin rate.

All cases simulated for a constant intermediate-axistorque ended
upconvergingto an equilibriumpointon the sectionof thehyperbola
X1 X3 D 1, contained in the region of jx1j > jx3j. Trajectories with
initial conditions satisfying jx1.0/j < jx3.0/j ended up crossing the
separatrix surface once, whereas trajectories with initial conditions
satisfying jx1.0/j > jx3.0/j did not cross the separatrix surface.

Note that all of thecasespresentedin thispapercorrespondonly to
a constant torque about a principal-axisdirection.Preliminary anal-
ysis suggests the existence of stable equilibrium points for some
cases of constant torque with components along all three principal-
axis directions. The general stability analysis of Eq. (27) depends
on the four independent parameters ®1 , ®2 , ®3 , and ³ of the nondi-
mensional formulation of Eqs. (8–13). Because of its anticipated
complexity, this research topic is reserved for future work.

Conclusions
The spinning motion of a generic semirigid body with energy

dissipation and constant body-� xed torque about one of its princi-
pal axes was investigated.The nondimensionalequations of motion
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were derived and shown to depend on four parameters only. The
equilibrium condition of the semirigid body was shown to be iden-
tical to thatof the rigidbodywith no relativemotionbetween the fuel
slug and the rigid body.The characteristicequationof the linearized
systemwas analyticallyderivedfor numericalstabilityanalysis.The
main results of extensive simulations of a general semirigid body
with constant torques about either its major, intermediate, or minor
axis are as follows: 1) constant torque about the major axis resulted
in a typical spin-upmaneuver,as expected;2) for torqueabouteither
the minor or the intermediate axis the spacecraft ended up rotating
about an equilibriumpoint with a large angular velocity component
along the major axis; 3) the polarity of the � nal equilibriumpoint is
sensitive to initial conditionsand also tends to converge to the near-
est branchof thecorrespondinghyperbolaof equilibriumpoints;and
4) for a certain case with a constant minor-axis torque, the space-
craft continued to spin about the minor axis before converging to

an equilibriumpoint with a large angular velocity componentalong
the major axis.
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