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A spacecraft spinning about its minor axis in the presence of energy dissipation is directionally unstable.
Eventually, the spacecraft will reorient to a major axis spin. After the maneuver, the major axis spin rate can
be either positive or negative. Correspondingly, the orientation of the spacecraft relative to the inertially fixed
angular momentum vector is unpredictable. This paper demonstrates that the maneuver, when augmented with
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two thruster firings based on gyro measurements, provides a desired final orientation.

Introduction

SINGLE-body spacecraft spinning about its minor axis ‘

in the presence of energy dissipation is directionally un-
stable.! The spacecraft can be stabilized by active control, by
the jet damping of a rocket motor,2 or by dampers on a
controlled, despun platform,* but removing these stabilizing
mechanisms causes the spacecraft to reorient and rotate about
its major axis due to the energy lost in fuel slosh and vibration.
This passive reorientation maneuver is called spin transition.

Spacecraft may rotate about their minor axis for several
reasons. First, launch vehicle fairing constraints often require
that the long and narrow axis of the spacecraft be aligned with
the longitudinal axis of the launch vehicle. Typically, the
launch vehicle spins longitudinally prior to separation, result-
ing in a minor axis spin for the spacecraft after separation.
Second, when a solid rocket motor raises the orbit, the rocket
motor and spacecraft combination spins about its minor axis
to increase stability during the firing. When the firing is com-
pleted, the combination undergoes spin transition unless ac-
tive control is used.

The spin transition maneuver is subject, however, to a limi-
tation. The orientation of the spacecraft relative to the iner-
tially fixed angular momentum vector at the end of the maneu-
ver cannot be determined a priori. The spacecraft can end up
with either a positive or a negative major axis spin. Physically,
this corresponds to two final attitudes that are 180 deg apart.
Many spacecraft have sensitive onboard instruments, which
must be shielded from the sun, or directional communication
equipment, which must point toward the Earth. In these cases,
it is desirable to ensure a final spin polarity.

There are techniques of optimally reorienting spacecraft
using thrusters* and of acquiring attitude using momentum
wheels.>6 In terms of fuel usage, the passive spin transition
maneuver is optimal, and momentum wheels, with their atten-
dant complexity, are not required. To make the maneuver
truly useful, however, the final spin polarity must be con-
trolled, requiring some fuel expenditure.

This paper presents a control system that guarantees a final
orientation after spin transition. The control system uses gyros
that determine when to fire thrusters, providing the desired
orientation.
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Dynamics :

Two models of the spacecraft dynamics are used. The anal-
ysis model consists of a rigid body with an energy sink. For
simulation purposes, the spacecraft is modeled as a rigid body
with a spherical, dissipative fuel slug. The rigid body has three
rates w;, w,, and w; about the major, intermediate, and minor
body axes, respectively. The fuel is modeled as a spherical slug
of inertia J, which is surrounded by a viscous layer. Designat-
ing the relative rates between the spacecraft body and the fuel
slug as o), 0, and o3, the equations of motion are written as

U, — Ny = (I — B)wyws + Aoy + T (1a)
(L — Doy = - Lwws + Aoy + Ty (1b)
(I3 — Nws = (I — D)wyw; + Aoy + T (1c)
01= — w; — Ac1/J — 603 + w30, 1d)
0= — wy — Avy/J — w307 + @103 (le)
03 = — w3 — Ao3/J — w105 + wy0, (19)

where A is the viscous damping coefficient of the slug; 1), L,
and I; are principal moments of inertia of the spacecraft

w3

(V]

Separatrices

Fig.1 Polhode fora typical spin transition. The path of the angular
velocity vector in body axis coordinates starts with a positive minor
axis spin and finishes with a negative major axis spin.
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Table 1 Simulation parameters and initial conditions

h 2000 kg m?
y /) 1500 kg m2
L 1000 kg m?2
J 18 kg m2
A 30 Nms

0.1224 rad/s
0.0 rad/s
2.99 rad/s

Initial major axis rate
Initial intermediate axis rate
Initial minor axis rate

ixit:luding the slug; and T, T, and T; are torques about the

principal axes. Barba et al.” discuss the selection of the fuel
slug parameters J and A. The total body momentum A, and
energy T, are expressed as

h3 = (I]OJ[ + JUI)Z + (Izwz + .10'2)2 + (13(.03 + 10'3)2 (2)
2T, = (h~J)wi + (= J)} + (I — )}
+ T (w1 + 01 + (@2 + 0 + (w3 + 03)} 3

The analysis model angular momentum /4 and rotational
energy T of the rigid body can be expressed as

h? = P6? + Bo? + G @
2T = Ilw% + 120)% + Ig(a)% (5)

where the angular momentum and energy of the fuel slug have
been neglected.

The path that the angular velocity vector traces in body axes
coordinates is determined by the intersection of the momen-
tum ellipsoid [Eq. (4)] and the energy ellipsoid [Eq. (5)] and is
called the polhode. If there is no energy dissipation onboard
the spacecraft, # and T are constant and the polhode is a
closed path corresponding to nutational motion of the space-
craft. ‘

If there is energy dissipation, 7" decreases and the energy
ellipsoid shrinks with time. This leads to an open polhode path
that spirals outward from the minor axis, and captures on the
major axis, as shown in Fig. 1. Figure 1 is obtained by simulat-
ing Eqs. (1) with the initial conditions and parameters shown
in Table 1. The viscous fuel slug provides the energy dissipa-
tion. The point at which the polhode switches from rotating
about the minor axis to rotating about the major axis corre-
sponds to crossing the separatrix.

The exact point at which the polhode crosses the separatrix
is dependent on the initial conditions and the energy dissipa-
tion characteristics of the spacecraft. Small changes in either
of these parameters can change the side on which the polhode
crosses the separatrix, changing the final spin polarity. There
is a 50% chance of capturing on either side, and it is impossi-
ble to predict.

Figure 2 demonstrates the sensitivity of the final spin polar-
ity to initial conditions. The horizontal axis is the initial major
axis spin rate and the vertical axis is the initial intermediate
axis spin rate. The initial minor axis spin rate is calculated to
give a constant 3000-Nms angular momentum. The figure
represents a 101 x 101 grid of simulations over a typical range
of rates with the X corresponding to a positive final spin. The
simulation in Fig. 1 is marked with a ®. A small change in the
initial conditions can lead to a change in the final spin polar-
ity.

Final Spin Polarity Control

The desired final spin polarity is guaranteed with the follow-
ing control logic. Initially, the spacecraft spins about its minor
axis with some small amount of nutation. The spacecraft
begins to transit to flat spin, and when the polhode crosses the
separatrix, the spin direction is determined. If the spin direc-
tion is correct, no action is taken. If the spin direction is
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incorrect, a thruster fires to force the polhode to cross the
separatrix. Then, a short time later, an opposite thruster fires,
causing the polhode to recross the separatrix on the desired
side.

To avoid the necessity for additional sensors onboard the
spacecraft, the on-orbit rate gyros, nominally used for station-
keeping, are used for spin polarity control. Unfortunately,
these gyros have limited range and are not designed to measure
the relatively high rates that occur during spin transition.
Therefore, they are only useful for determining the signs of
the principal axis spin rates.

Initial intermediate axis spin rate - deg/s

s -.1 -.05 .0 .05 .1 .15
Initial major axis spin rate - deg/s
Fig. 2 Spin polarity from initial conditions, constant angular mo-
mentum (3000 Nms). A grid of 101 x 101 simulations shows either a
positive (x) or negative (blank) major axis spin after transition starting
from initial w; and initial w>.
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Fig. 3 Time response of spacecraft rates w1, w2, and w3, angular
momentum h,, kinetic energy 7., and characteristic parameter I,
during spin transition.
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Separatrix Crossing

Although predicting when the polhode will cross the separa-
trix is very difficult, it is relatively easy to determine that the
crossing has occurred. Figures 3 show the simulated time
response of the spacecraft rates during a spin transition. The
spacecraft starts out with a positive minor axis spin and ends
up with a negative major axis spin. When the minor axis spin
rate changes sign, the polhode has crossed the separatrix. In
all cases, the polhode crosses the separatrix before the minor
axis spin rate changes sign. Therefore, the minor axis rate sign
change is a conservative indicator of the separatrix crossing.
Similarly, the major axis spin rate maintains a constant sign
and the period of the intermediate axis spin rate begins to
decrease after the separatrix crossing.

Also shown are the angular momentum #4,, which remains
constant during the maneuver, the kinetic energy 7, which
decreases during the maneuver, and the characteristic parame-
ter I,, which is defined as

I, = h2/2T, (6)

Once the polhode has crossed the separatrix, the sign of the
major axis spin rate can be determined from the gyros. If the
sign corresponds to the desired spacecraft orientation, the
maneuver is complete. If the sign is of opposite polarity,
however, the spacecraft must be reoriented.

Thruster Firings
If the spin polarity after the polhode has crossed the separa-

trix is correct, no thrusters are fired. If it is incorrect and there

are no thruster failures, two thruster firings are required to
change the spin polarity. The objective of each of the two
firings is to make the polhode cross the separatrix in a desired
direction. This section discusses the effect of thruster firings
on the characteristic parameter I.

The distance between the polhode and the separatrix is
measured by the characteristic parameter

I=h?2T (L=sI=<l) )

As the energy of the body decreases, 7 increases. At the separa-
trix crossing, I = 1,, as seen in Figs. 3. The characteristic
parameter qualitatively divides the motion into a regime of
primarily minor axis spin (/ < I;) and primarily major axis spin
> L).

Defining K as the equivalent gain of the thruster firing,

It =KI ®

where I+ is the characteristic parameter after the firing. If
I <1, and the objective of the firing is to cross the separatrix,
then K is chosen >1 such that I+ >, This is called an

in-cross firing because the firing moves the polhode across the'

separatrix in the same direction as energy dissipation. For a
separatrix crossing in the opposite direction (out-cross), X is
chosen <1.

The equivalent gain is calculated from the thruster impulses
i1, i, and /; by assuming the thruster firings are impulsive.
Substituting Eqs. (41) and (42) in Hughes8 into Eq. (8) via Eq.
(7) yields

K
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Fig. 4 Diagram of the polhode path with spin polarity control. The
nominal path (plain) and the thruster failure path (dashed) are shown.

nine combinations of impulse direction and firing time. For
most practical cases, an impulse about the minor axis that is
fired when w, = 0 uses the least propellant for a given K. The
size of the impulse can be calculated by substituting w, =0,
iy =0, and /, = 0 into Eq. (9) and solving for is:

. , LHi(-K)
i= — hy+ sgn(hy)F5 —— L-KI 10

where sgn(x) is the sign of x.
The polhode is near the separatrix when each impulse is
fired so

wp = Wy, sechr (11a)
W2 = SrWoy, tanhr (1 lb)
w3 = S, sechr (11¢)

where 5wy, S202m, and S3ws,, are the signed amplitudes of the
angular rates and 7 is proportional to time.? The intermediate
axis spin rate is zero so tanh7 = ( and sechr = 1, resulting in

L5
W3 = S103, = S3h m 12)

Substituting Eq. (12) into Eq. (10) yields

iy = h sgn(w)(VC; + C; —~ V) 13)
where
_Lh-D)
AT b
_LK-1
C,= A7 (14b)

Polhode Path

The polhode path affected by the spin polarity control logic
is shown in Fig. 4. The polhode is folded away from the inertia
ellipsoid and projected onto a plane. The separatrix resembles

h2 + 2(hyiy + holy + hai) + i + i + if

where hy, h,, and h; are the components of the angular mo-
mentum prior to the firing.

) For a given X, the timing and direction of the thruster
lmpul§e must be determined. Since the rate gyros provide only
rate sign information, the thrusters must be timed according
to when the sign of a rate changes, indicating the rate is zero.
Combined with the three possible impulse directions, there are

Tt 2[(L/ Ihiiy + hoiy + (L/ I)hsis) + (/)i + 2 + (L/L)i? @

‘a figure eight and the angular rates are zero on vertical and
horizontal lines. The horizontal line through the middle corre-
sponds to w3 =0, and the vertical lines alternate between
w =0and w, =0. )

A typical polhode path is shown in-crossing the separatrix at
point 1. The polhode passes through zero w, at point 2. The
sign. of w; determines that the spin direction is negative, the
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opposite of the desired direction. At point 3, when w; is zero,
a thruster fires to decrease I (K <1) and the polhode out-
crosses the separatrix at point 4. The polhode then crosses
w; = 0 (point 5), and when «, = 0 (point 6), a thruster fires to
increase I(K > 1) by the same amount as it was decreased in
the previous firing, thus ensuring capture on the desired side.

Choosing K

The parameter X calculates the thruster impulse required to
push the polhode across the separatrix. When selecting this
parameter, the rate of energy dissipation and the limits of the
impulsive approximation must be considered.

To ensure that the first firing forces the polhode to out-
cross the separatrix, it must compensate for the energy lost
since the polhode in-crossed the separatrix. In the worst case,
the polhode in-crosses the separatrix a half period from when
w3 crosses zero, and so by the time w, is zero and the thruster
is fired, 3/4 of a period has elapsed.

Designating Af as the time from w; = 0 to w; = 0, the worst
case I at the first thruster firing would be

aI
I=1+3At <——) 15
at separatrix

The desired I+ should be large enough to ensure the separa-
trix is not in-crossed before w; = 0 a quarter period later, or

r=5L - At (ﬂ) (16)
at separatrix

Substituting Eqs. (15) and (16) in Eq. (8) and utilizing Eq. (7)
yields

_ 1+ At [(I/T)(aT/at)]separatrix

an

1= 3At[(1/ T)YQT/31t)separatrix

the Desired
Sign?

anp
hanged Sign?

r---
|
1

Thrusters Fire Thruster
4 to Decrease I
| @3 Crosses -
L _ Hirst Wait for Next

— —,= = Zero Crossing

[
g
g

=

Fire Thruster
to Increase |

Fig. § Control logic flow diagram.
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Fig. 6 Polhode path simulation with spin polarity control. The
polhode plot is projected onto a plane showing both the positive and
negative final spin polarity regions.

In order to calculate X from Eq. (17), the energy dissipation
characteristics of the spacecraft at the separatrix must be
known. These characteristics can be determined experimen-
tally® or from the telemetry data of a spacecraft with similar
energy dissipation characteristics. If there is some uncertainty
in the energy dissipation, a larger impulse can be used.

Each of the two firings is the same in magnitude and oppo-
site in direction. In practice, however, the second firing can be
smaller than the first. After the first firing, the energy dissipa-
tion moves the polhode in the same direction as the desired
separatrix in-crossing of the second firing. When the second
thruster fires, the polhode is closer to the separatrix than it
was for the first firing and a smaller impulse can be used.

The initial angular momentum of the spacecraft must be
compatible with the thruster size, configuration, and mini-
mum impulse bit. The size and configuration of the thrusters
limit the maximum torque 73. The impulse i3 equals T} times
the firing time. If 73 is small, a longer firing time is required,
invalidating the impulsive approximation. This results in lost
efficiency, and the desired 7* may not be achieved. If the
thruster is fired when w, changes sign, the firing must be
finished by the time w; changes sign, otherwise the firing will
not produce the desired effect. Reducing the initial spin rate
contracts the thruster firing time proportionally [see Eq. (13)],
alleviating this problem. Alternatively, if the minimum angu-
lar impulse of the thrusters is large compared to £, fuel will be
wasted.

Control Logic Description

Figure 5 shows the flow diagram for the control logic.
Initially, the control system monitors the w; rate from the
gyro. When w; changes sign, the sign of the saturated w, gyro
rate is measured. If this rate has the desired sign, the spin
transition has been successfully completed. Therefore, there is
a 50% chance that the controller will take no action. If the rate
is of opposite sign, however, the controller waits for a change
in sign of w, and fires a thruster that reduces I according to
Eq. (13). The control system then waits for the zero crossing
of w, followed by a change in polarity of w; and then fires a
torque about the minor axis to guarantee capture.

Figure 6 shows the simulated polhode path for a controlled
spin transition with the same initial conditions and mass pro-
perties as in Fig. 1. The control system is configured to ensure
a positive final spin rate. The polhode first crosses the separa-
trix at point 1. When w; is zero (point 2), w, is less than zero.
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When w, crosses zero (point 3), a thruster is fired and the
polhode out-crosses the separatrix at point 4. Next, w, crosses
zero (point 5), signaling successful completion of the separa-
trix crossing. At point 6, w, crosses zero, the second firing
increases I, and the polhode captures on the desired side.
Figures 7 show the time response of the angular rates 4,, T,
and I,. The w, response initially captures on the negative side
and then is pushed by thruster firings to the positive side. The
angular momentum and kinetic energy change each time a
thruster fires with the parameter 7, decreasing and then in-
creasing. After the second firing, &, differs slightly (0.33%)
from its initial value. This difference is due to the limitations
in the analysis model and assumptions; namely, the impulsive
approximation, ignoring the slug dynamics, and assuming the
polhode is on the separatrix when the thruster is fired.

Autonomous Thruster Failure Detection

The dashed polhode path in Fig. 4 would be followed if the
thruster used for the first firing had failed. In that case, the w;
gyro rate will cross zero (point 5*) before the w, gyro rate. If
this happens, the control system switches autonomously to a
backup string of thrusters and fires a larger impulse at point
6*. '

The dashed lines in Fig. 5 show the autonomous thruster
failure detection logic. After the first firing, the controller
monitors both the w; and w; rates. If w, crosses first, then the
nominal logic is followed. If w; crosses first then the thrusters
are reconfigured and a larger impulse is fired. The dashed path
after the second firing ensures that the second thruster has not
failed. In practice, the number of passes through the flow
diagram is limited to preclude the possibility of limit cycles.

Gyro Misalignment

More accurate gyro models include small misalignments and
nonzero ranges. The measured gyro rates w; are related to the
actual angular velocities

3 Lo 3 max
wsi = {EJ= 1Cjw) if |Zj- 1Cywj| <wg
wi*™ sgn(X}_ ,Cyw;) otherwise

18)

Minor Axis Spin Rate

3 Intermediate Axis Spin Rate

s v

H T

“o 500 1000 “o 500 1000
Time - seconds Time - séconds
Anguiar Momentum
3
]

500 1000
Time - seconds

Time - seconds

0 500 1000 0 500 1000
Time - seconds Time - seconds

Fig. 7 Controlled time response of spacecraft rates, angular momen-
tum, energy, and characteristic parameter during spin transition. The
desired, positive major axis spin rate is achieved.
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where Cj; are the direction cosines and w§** are the saturation
levels of the gyros. Small gyro misalignment implies
C >Cu(l #J).

With misaligned gyros, the proposed control logic must be
modified. Instead of using sign changes of w;, w,, and w; to
determine thruster firings, sign changes of wy — wy (|owd| <
«Z™) must be used.

Consider, for example, the first separatrix crossing, which is
determined by a change in sign of w;. The modified logic looks
for a sign change in wg — wg. Since the wg; gyro measures
predominantly w;, sign changes are most likely to occur near
the separatrix, when w; is minimum and w, and w, are maxi-
mum. On the separatrix

w3s = (Ci383w3, + C318101m) sechr + CiSywm tanhr  (19)

where Eqgs. (11) have been used. The first term is the same sign
as w; if |Cyywim| > |Cyywim|, OT, substituting for wy, and wsp,

- 13)13] %

- 20
- DI, @0

|C33} >|Cx) [
With |Cs;| >|Cy) and L/I1< 1, this requirement is met for

most cases. When w; = 0, w3; = Cyp8:0,,. Correspondingly,

Cso85.h
Wy = CupSyuogn = —o2

@1

2

The sign of w; (s;) is measured from the sign of wy,. At the
w3 = 0 crossing, wg = w, and w; = w; = 0, which implies that
sgn(ws) = 5,. In order to keep |ws,| < @™, it may be necessary
to reduce 4.

Conclusions

The spin transition maneuver, when augmented with two
thruster firings based on gyro measurements, provides a pre-
determined final spin polarity. The control logic utilizes rate
sign changes to determine when the separatrix has been
crossed and when thrusters must be fired. The sizing of the
thruster firings is based on estimates of the energy dissipation
in the spacecraft. Limitations in the torque capability of the
thruster configuration or gyro misalignment may constrain the
maximum initial spin rate that can be controlled.
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