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When a dual-spin spacecraft is placed on orbit, thrusters bring the rotor and platform to an all spun condition.
Then, during despin an internal torque motor aligned with the main bearing is activated to increase the rotor
rate and decrease the platform rate, until the platform rate is near zero. We focus on the capture dynamics of
precession phase lock, a phenomenon that can prevent successful despin. A spacecraft model used to illustrate
precession phase lock contains an axially symmetric, dynamically unbalanced rotor. During precession phase lock,
the unbalanced rotor becomes synchronized with the inertial free precession of the spacecraft. If the despin motor
torque is constant and small relative to unbalance size, then precession phase lock causes a large secular deviation
of the bearing axis from its desired direction. One common despin strategy to avoid this is to apply constant torque
at the maximum capability of a relatively large motor. An alternative based on nonlinear closed-loop feedback
control of despin motor torque, exploiting a priori knowledge of states favorable for despin through precession
phase lock, is developed. Computer simulations demonstrate that this strategy can lead to successful despin when
constant torque cannot—even with relatively limited motor torque.
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Introduction

DUAL-SPIN spacecraft consists of two bodies connected

through a bearing assembly that allows relative rotation be-
tween the bodies. The first body, referred to as the rotor, spins
about the axis of relative rotation, providing gyroscopic stiffness
that helps to maintain the desired spacecraft attitude. The second
body, referred to as the platform, is inertially nonrotating; it provides
a support base for pointing payloads, such as a directional antenna.
Since the late 1950s, tens of dual-spin spacecraft have been flown
successfully. Typically, the largest of these weigh on the order of a
ton and have roughly cylindrical dimensions on the order of 10 ft in
diameter by 25 ft in height.

Anidealized dual-spin spacecraft with a dynamically unbalanced
rotor is shown in Fig. 1. The platform (body A) and rotor (body B)
share a common axis b3, about which relative rotation is possible.
We refer to b3 as the spin axis or the bearing axis. Let the inertial
angular velocities of A and B be expressed as

ot = w11;1 + 0)2132 + wAi73 ¢Y)]

_CL_JB = w151 + wzgz + a)BiJ3 2)

where I;l, 132, and 133 are unit vectors fixed in B as shown in Fig. 1.
When a dual-spin spacecraft is placed on orbit, a series of thruster
maneuvers bring the spacecraft to an all spun condition in which
the platform and rotor rotate together with zero relative rate (i.e.,
wa = wg) and the spacecraft has sizeable angular momentum A.
Then an internal torque motor, referred to as the despin motor, is
activated to provide torque to reduce w, and increase wp. This
paper focuses on spacecraft dynamic behavior during this despin
maneuver. Despin is complete when w, = 0 and wp has reached
its desired nonzero value. Figure 2 depicts the simulated behavior
of wy and wp during a normal despin maneuver. The simulation is
begun with the spacecraft in an all spun condition (point A). The
rotor spins up and the platform spins down until the platform is
despun (point B).

No thrusting is done during despin, and since environmental
torques are negligibly small, the direction of & remains inertially
fixed and its magnitude remains constant. The deviation of the di-
rection of the spin axis from the fixed direction of % is denoted by 8
and referred to as the cone angle (see Fig. 1). When 8 is nonzero, a
coning motion occurs in which the spin axis precesses about /. The
coning rate Aq is referred to as the inertial free precession rate. A
more precise definition of X, will be given later in Eq. (10).

Three different types of capture phenomena that can prevent a
dual-spin spacecraft from successfully completing its despin ma-
neuver have been observed on orbit. These include minimum energy
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Fig. 1 Idealized unbalanced dual-spin spacecraft.

32

¢~ Starting Condition !

............ RN A S i
i & \ i Inertial Free Precession Rate
~ t& (for small cone angles)
S ! i i
16 . %Q. JRUTT SOPURU . J !
\\
Ay / normal

L 1
sma.lltorque |
L precession phase lock l

o N R N

0 € 32

despin

large torque ‘

Platform Inertial Rate @a (deg/sec)

Rotor Inertial Ratc ws (deg/sec)

Fig.2 Despin dynamics of an unbalanced dual-spin spacecraft.

trap, nutation resonance, and precession phase lock (PPL). The min-
imum energy trap occurs when the relative rotation rate between the
platform and rotor is near zero and the despin motor is unable to
produce sustained relative rotation.!~3

The nutation resonance occurs when the relative rotation rate
is near a critical nonzero value and the despin motor is unable to
increase the relative rate significantly beyond this value. It is char-
acterized by violent oscillations of the cone angle about a slowly
growing mean value. The nutation resonance is caused by dynamic
effects due to the combination of a dynamic unbalance on one body
(either platform or rotor) and an asymmetry on the other body, in
conjunction with limited motor torque capability.!-3-%

This paper focuses on spacecraft dynamic behavior during PPL.
What distinguishes PPL from nutation resonance is that PPL is
caused by dynamic effects due solely to a dynamic unbalance on one
body. The spacecraft shown in Fig. 1 has the minimum complexity
necessary of PPL to occur. Let 74 and I? be the inertia matrices
for the platform (body A) and the rotor (body B), for axes parallel to
by, b, and b3, which are units vectors fixed in body B and passing
through the system c.m. I is assumed to have the form

A0 0
Ly=10 I O ©)
0 0 I

From Eq. (3) we see that A is symmetrical and dynamically balanced
for by, b,, and bs. I? is assumed to have the form

5o I3
Ig=10 I8 0 @
£ 0 I

From Eq. (4) we see that B is also symmetrical in the sense that
the moments of inertia for b, and b, are equal. However, B is dy-
namically unbalanced due to the presence of a nonzero product of
inertia. We assume that the mass centers of A and B both lie on the
b5 axis.

In Fig. 1, the paths of the unbalance and the spin axis during PPL.
are depicted with dashed lines. PPL occurs when the rotor inertial
spin rate wp is near the spacecraft inertial free precession rate Ag.
The motion of the rotor unbalance becomes synchronized with the
precession of the spacecraft. The spin axis component of space-
craft angular momentum decreases, and the transverse component
increases. As this happens, a slow secular growth in the cone angle
6 occurs. Adams? uses computer simulation results to illustrate atti-
tude motion during PPL. Lebsock et al.” analyze PPL subject to the
constraint that wy increases linearly during rotor spinup, i.e., they
assume constant torque and also neglect small nonlinear dynamic ef-
fects due to PPL that inhibit rotor spinup. They solve the linearized
equations of motion analytically in terms of confiuent hypergeo-
metric functions. This leads to expressions that relate the size of the
rotor unbalance, the despin torque magnitude, the initial momentum
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Fig.3 Cone angle 6 during despin.

state, and the cone angle following the despin maneuver. Without ne-
glecting small nonlinear effects as in Ref. 7, Kinsey et al.® develop a
method by which the final cone angle may be estimated analytically
as a function of the spacecraft mass properties (including the size of
the rotor unbalance) and the despin motor torque magnitude. Refer-
ence 9 contains a preliminary version of the current work involving
nonlinear control during passage through PPL resonance.

Figure 2 depicts the simulated behavior of w, and wp during two
despin scenarios; normal despin and an extreme example of PPL.
Constant despin motor torque is used in both cases, but the torque
magnitude is larger in the normal despin case. The mass and inertia
properties of the platform and (unbalanced) rotor are the same in
the two cases. Furthermore, both simulations are begun with the
spacecraft in an all-spun condition (point A). In the normal despin
case with larger torque, the rotor spins up and the platform spins
down until the platform rate is zero (point B). During the process,
the cone angle # remains near zero, as desired (see Fig. 3). The
behavior during PPL is depicted in the smaller torque case. This
case begins as before, but when the rotor rate reaches the inertial
free precession rate, the behavior changes markedly. Both the rotor
rate and the platform rate decrease toward zero, and the spin axis
momentum is transferred into transverse coning motion. By the
time the platform rate reaches zero (point C), 6 has increased to a
large value and the spacecraft is essentially tumbling end-over-end.
These cases represent two extremes. The normal despin case occurs
when the torque is large relative to the unbalance. The PPL case
occurs when the torque is small relative to the unbalance. If the
torque is intermediate, then moderate growth in the cone angle will
occur as the spacecraft passes through the PPL condition.

In the design of dual-spin spacecraft, a number of factors pro-
vide strong motivation to use a despin motor with limited torque
capability and to accept small degree of rotor unbalance. There are
virtually always severe weight, size, and power limitations on hard-
ware components, such as a despin motor. Once despin is achieved,
relatively small torque is required to overcome friction and maintain
the desired rotor rate. Accurate balancing of the rotor is techni-
cally difficult as well as costly. Virtually every dual-spin spacecraft
has some residual rotor unbalance, even after balancing efforts.
Therefore, PPL during despin must be considered in the design
process.

One common despin strategy is to apply nearly constant torque at
the maximum capability of a relatively large motor. In this paper, we
develop an alternative strategy in which the despin motor provides
a time-varying torque governed by a closed-loop feedback control
law. We demonstrate through analysis and computer simulation that
this strategy as opposed to a constant torque can produce success-
ful despin through PPL with a relatively small motor and without
excessive cone angle growth.

Equations of Motion

Consider the idealized unbalanced dual-spin spacecraft shown in
Fig. 1. A despin torque motor applies a torque N to the rotor and an
equal and opposite torque to the platform. The spacecraft is assumed
to be free from external torques, so that its angular momentum £
has constant magnitude and remains fixed in inertial space. Both of
the spacecraft bodies are assumed to be completely rigid (no energy
dissipation).

To obtain a set of governing equations, one can first formu-
late an expression for the angular momentum of the system using
Eqs. (1-4). Using ; to denote I + IZ, this yields

h = (Lo + IEws)by + Ly + (Iwa + Lhws + Iiw1 )by (5)

Since no external forces act, one may differentiate this angular mo-
mentum and set the result equal to zero to obtain the following three
equations;

Loy + Iap = ”wZ(IsgwA + Ijwp — Ile) — @iy (6)
L, = wl(lséij + Ijjwp — Ile) + 111?"(0)f - wZB) @
13‘430)/4 + 13%0)3 + Iﬁa)l = I%a)zwg (8)

A fourth equation is obtained by differentiating the angular momen-
tum of A alone and setting the b3 component of the result equal to
N, the despin torque. This yields

Ijia = —N ©

Equations (6-9) constitute the governing equations for the system.
Introduce the following scaled variables and dimensionless pa-
rameters:

- (] - w
wi = Wy =
' 0a0) 27 0a(0)
- [OF _ wp
wp = Wp =
47 wa(0) R0)
v=I5/1 o=15/1
IA d
J=3 7 = wu (0)¢ = 10
12 w4 (0) O e (10)
L N < 1 N 1 )
AR AT
IA IE
ho = M =olJd, + o

Liws(0)

Using Egs. (10), the following equations can be obtained from
Egs. (6-9):

@) + vy = @a(@p — o) — V@2 an
&) = —@1(@p — ko) + v(@] — ) (12)
0@y + v, = vindy + [ JL/(1 + T)) (13)
@y =—L/(1+J) (14)

In what follows, we assume initial conditions corresponding to
a state of steady spin about a principal axis when the despin motor
torque L is zero and the relative rate between bodies A and B is also
zero. From Eqgs. (11-14), these conditions are

H=o(+ N+l —o(+ P +42

@ (0) = > (15)
@(0) =0 (16)
wp(0) =1 a7
@4(0) =1 (18)

Equations (11-14) together with initial conditions (15-18) form a
complete set of dimensionless exact equations of motion for the
spacecraft.

If we let &, and h, denote the magnitudes of the transverse and
spin axis components of the spacecraft angular momentum, then the
cone angle is defined as

# =tan"'(h,/ hy) (19)
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From Egs. (5), (10), and (19), we obtain

20)

4 — tan-! V@ + @2 + 2va10p + 120%
O'J(I)A +O’(I)B + UCZ)]

Equation (20) is an exact expression for the cone angle based on the
dimensionless parameters and variables defined in Eq. (10).

Averaged Equations

In Egs. (11-18) and (20), v, o, J, and L are dimensionless pa-
rameters where L is the relative size of the despin motor torque, o
and J are the spacecraft mass properties, and v is the size of the
rotor dynamic unbalance. In what follows, we assume that v is a
small parameter («1). Since we are interested in cases for which L
is limited, we also assume that L = vK, where KX is a dimensionless
parameter of O(1). The function f(v) is said to be O[g(v)] if there
are positive constants M and v, such that

[fW)| < Mig(v)| forall  |v] <

In the remainder of this development, terms of O(v?) are neglected.
Under these assumptions, Egs. (11-18) may be simplified through
algebraic manipulation and by truncating terms of O(v?). The sim-
plified equations and initial conditions are

D) = @y (@p — ho) — V@1 21
@y = —w1(@p — M) + V(‘Z’% - 5’%}) 22)
o vKJ VAo
=147 t— @
@y = (—vK)/1+J) (24)
_ v
@ (0) = [o(l+J)—1] @
@ (0) =0 (26)
@5(0) =1 27
D4(0) =1 (28)

Now, derive an expression for the spacecraft angular momentum for
its c.m. Define h, a scaled momentum vector, as

= (@ + vap)by + (@b + (o +va)bs  (29)

Using the initial conditions (25-28), the following magnitude is
obtained:

h=o(1+J)+0®W) (30)
Equations (29) and (30) can be used to obtain
4+ + A =021+ )+ 0OW) (31)

Next, introduce the following nonlinear coordinate transformation
(note that Ay is not constant):

U = k@,
v = Aody (32)
w=wg — Ay
Substituting Egs. (32) into Eqs. (21-24) yields Egs. (33-35). Sub-
stitutions have been made for Ay from Egs. (10), and for cbf + zb%

using Eq. (31):

U =—-wv+vE (33)

v = wu 34
w/=[vKJ/(1+J)]+vyu (35)

where y = (1/0) — 1.

The Fp term in Eq. (33) may be simplified through use of the
method of averaging,'® here applied via the following near-identity
transformation:

= u (36)
U =v—vGy 37
21+ J)? 2% [, | 3
y % y
o 4 6 22 2
—ww"(1+—+—2>—w—(1+—+—2>
y v ) vy
B = w (38)

Substituting Egs. (36-38) into Egs. (33-35) and neglecting terms of
O(v?) that arise when Gy is differentiated, we obtain

i =—wb+vF (39)
V' = it (40)
@' =[WKJI/(1+ D]+ vyi @n
where
Flz%[az(wnz—z]y@] y:é—l

From Eqgs. (24) and (28), we have
wp =[-vKr/(1+ D]+ 1 42)
The initial conditions for Eqs. (39—41) are

20) =0 43)

_ o WI/piet( 4+ D)~ (212 /yH)]
o0 = M—o(+J)] @9
BO) =1—0(1+J) (45)

Equations (39-45) form a complete set of averaged equations of
motion.

Behavior Near Resonance

Recall from Egs. (32) and (38) that w = dwp — X(, where @p and
Ao are the normalized rotor rate and precession rate, respectively.
When w = 0, the rotor rate equals the precession rate, and PPL res-
onance can occur. We next determine several conditions the system
parameters must satisfy in order for resonance to occur, and then
we examine a modified set of equations that describe behavior near
resonance.

To determine when w can reach 0, expand w using the definition
for Ay in Egs. (10) to obtain

w=awp—0o(wp + Jws)

Since @y, &g, and J are all >0, o must be <1 for w to reach 0.
Further, we consider only cases for which w is <0 at time 0 and
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passes through O prior to the completion of the despin maneuver.
Thus, from Eq. (45), o (1 + J) must be > 1. For physically realizable
spacecraft, o (1 + J) must be <2. And since real spacecraft tend
to have values of o (1 4+ J) closer to 1, we restrict our attention
(somewhat arbitrarily) to o (1 + J) < 1.4.

Now consider Egs. (39-41) when w = 0. The equations become

i@ =vF (46)
7 =0 (47
W =[WKJ/A+ D]+vyi (48)

In the remainder of this development, we assume without loss of
generality that v > 0. Then in Eq. (48), noting that y = (1/o)—
1 > 0 (because o < 1), the growth of w will be inhibited to the ex-
tent that & is negative. We have found through computer simulations
that # remains small until @ is near 0, and then & grows negative.
In Eq. (46), the behavior of & is governed by the term v Fy. Since
v is assumed to be a positive constant, the value of Fy near w = 0
is the key factor that causes # to grow negative and, consequently,
inhibits the growth of w.

To determine a lower bound for F;, suppose that the growth of
w proceeds linearly until w reaches 0. Then the soonest time, 7, at
which w could reach 0, can be calculated using Eqs. (41) and (45)
and neglecting the vyii term in Eq. (41). This calculation yields

L _ Dl -1
e vKJ

Substitute from Eq. (49) into Eq. (42) to obtain the value of w4 at
time 1.

(49)

Dalt) = (_1+_J)g__a) (50)
J
Note that @, decreases linearly from 1 to 0 (as a consequence of the
assumed symmetry of the platform), so that the value in Eq. (50) is
an upper bound for &4 when @ reaches 0. Substitute from Eq. (50)
into the definition of F; given with Eq. (39) to obtain a value for F
at 71,

Fi(ry) = —a>(1+J)’ (51

Recall that by definition, o and J are positive. Note that in Eq. (39),
F; becomes less negative as @4 decreases. Thus, the valuein Eq. (51)
is a lower bound for F; at w = 0.

Note that Fy is slowly time varying since it is a function of @4,
which is slowly time varying. In general, we have found through
computer simulations that the performance of the control strategy
described in the next section is not highly sensitive to slow varia-
tions in F,. Thus, for convenience we replace F; with a constant by
substituting from Eq. (51) into Egs. (39-41) to obtain

i =—wv—voi(t+J)? (52)
¥ = wit (53)
w =WwKJ/A+ D] +vyi (54)

These equations are useful for gaining insight into cone angle growth
when the system is near resonance (i.e., near w = 0). Recall from
Eq. (32) that iz and 7 are proportional to the normalized transverse
rate components @; and @, respectively. And from Eq. (20), &;
and @, are primary contributors to the cone angle 6. Thus, 6 will
be relatively small when iz and ¥ are small, and 8 will be relatively
large when either & or ¥ is large (or both).

If one starts from the initial conditions given in Egs. (43-45) and
applies a constant motor torque, the solution of the averaged equa-
tions (39—41) will evolve toward some particular point (&, v, 0)
in the (i1, D, W) space. The location of this point depends on the rel-
ative magnitude of the motor torque and the inertial properties of the
system. It is useful to determine how the final cone angle is related
to the particular point (it,, 7,, 0) achieved. Once this information
is known, one can attempt to vary the motor torque to make the tra-
jectory pass through a more desirable point. Thus, the next step in

capture
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pass-through -
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Fig. 4 Pass-through region at resonance.

the development is to map out the characteristics of trajectories that
start from various points in the (&, 7, 0) plane. Equations (52-54)
are useful for constructing this map.

From extensive computer simulation results, we have found that
starting from an initial point (i, U, 0) and letting time increase in-
definitely in Egs. (52-54), the system will exhibit one of two types
of behavior. In the first, w passes relatively quickly through 0 as
it increases nearly linearly. We refer to this as pass through. In the
second, w stalls near 0 and remains captured near it indefinitely.
We refer to this as capture. Whether capture or pass through oc-
curs depends entirely on the initial point chosen. By comparing the
value of w obtained by numerically integrating Eqs. (52-54) over
a relatively long period of time with the value it would have if it
increased linearly, points for which pass through occurs can be iso-
lated. These points form the region that the control strategy needs to
reach. This is because pass through in Egs. (52-54) corresponds to
nearly linear growth of w and relatively small growth of & and v in
Egs. (39—41). This in turn corresponds to relatively small cone angle
growth during despin. Note that in Eqs. (39—41) pass through cannot
be distinguished from capture in general because of the time-varying
term Fy, and so these equations cannot be used to find desirable
regions.

Figure 4 was generated through extensive numerical integration
of Egs. (52-54) (12,800 computer simulation runs) with the fol-
lowing system parameters: v = 0.008, o = 0.536, J = 1.612,
L = 0.0064. These parameters correspond to a(1 + J) = 1.40
and y = (1/0) — 1 = 0.87. Each run was long enough so that w
would reach 4 if it increased linearly. If & exceeded 3 during the
run, we concluded that pass through had occurred. Otherwise, we
concluded that @ was captured near 0. Figure 4 depicts the region
of points (i, ¥, 0) for which pass through occurred. We refer to this
region as a hole in the resonance plane at 1 = 0. The hole is valid
only for the particular system chosen, but this figure will serve as
an example for the remainder of this paper. For another system with
a different despin motor torque capability or different inertias, the
shape and size of the hole will vary from that shown in Fig. 4.

Control Strategy

We neglect all processing delays and assume that the despin
torque motor has an ideal (unity) transfer function. We further as-
sume that the inertial spin axis rate components of the platform and
the rotor and the transverse rate components of the spacecraft are
all measurable and available. Under these assumptions, the states
i, D, w in the averaged equations can be calculated from measured
variables. In real spacecraft, there may not be sensors available to
directly measure all of these rates. In that case, it would be necessary
to construct an estimator to approximate the true rates from avail-
able measurements. In many cases, the described approach does not
require highly accurate knowledge of rates, and so estimated rates
should suffice.

In a few cases in which the hole in the resonance plane is relatively
small, more accurate rate knowledge is needed to determine when
the system trajectory is within the hole, which is critical for the
success of the control strategy to be described. Because of the cost
of adding hardware to measure rates, this strategy may not be the
best approach in those cases.

Our control strategy, which follows, drives the system trajectory
into and through the hole in the resonance plane. Begin with the
(steady spin) initial conditions (15-18), and apply the maximum



KINSEY, MINGORI, AND RAND 65

possible constant torque Lpm,x. Continue using constant torque un-
til large-amplitude cone angle growth occurs, i.e., until ./(#* + v?)
reaches a large value, which indicates that the system is near res-
onance. Then switch from constant torque to the feedback control
law given in the next paragraph. For the system described in the pre-
ceding section, computer simulation results suggest that a suitable
time to switch from constant torque to feedback control is when
/(u? + v?) first exceeds 0.4. In general, the value of /(u? + v?)
at which the switch is commanded should be chosen on a case-by-
case basis so that w is close to zero but not positive when the switch
occurs. Note that it is not necessary to use the averaged variables
i, v, and W to determine when to switch to feedback control, and
using u, v, and w simplifies the computations.

To develop a feedback control law, we first apply the polar coor-
dinate transformation

it = rsin(x) (55)
¥ = rcos(x) (56)

to the averaged equations (39—41). This leads to

r' = vF, sin(x) 57
x'=—w+ (vFi/r)cos(x) (58
' = [KJ/(1+ )]+ vyrsin(x) (59

Differentiate Eq. (58) and substitute r’ from Eq. (57) and w’ from
Eq. (59) into the result. Recall that vK = L. Assuming that the
system is near resonance, i.e., w is Q(v), and neglecting terms of
O®?), we have

x" +vyrsin(yx) = —{LJ/(1 + J)] (60)
r’ = vFsin(x) 61)

Equation (60) is a pendulum type equation with slowly varying
frequency. When L is a small constant (corresponding to limited
constant despin motor torque), PPL resonance has a large effect.
During PPL resonance, x oscillates about a negative offset value
between —90 and 0 deg, and r grows [since F; < 0andsin(x) < 0].

For the example system, the hole in the resonance plane (Fig. 4)
is relatively large, but is not reached using constant torque starting
from the (steady spin) initial conditions (15-18). To bring the system
trajectory into the hole, we apply a feedback control law that causes
(unstable) growing oscillations in x. This control law is

L= —Lmaxxl (62)

Note that r = /(#? + 9%) = O(1) and F; = O(1). From the as-
sumption that w = O(v), we have from Eq. (58) that x' = O(v),
so L defined in Eq. (62) never exceeds L.« In fact, the control law
in Eq. (62) tends to under utilize the available torque, and in some
cases despin takes a relatively long time to reach completion. If need
be, this may be remedied by using 2 or 3 times L.y in Eq. (62).

The expression for x’ is obtained from the definition of F| given
with Eq. (39) and Eq. (58),

22

Ja 27
X = —ih+ A [02(1 + ) - —z‘ﬁ] cos()  (63)
yr v

Since r = /(2 + %) and cos(x) = v/r, Eq. (63) may be written as

; vJ s ) , 2J%%
Tm ) | oA+ I - —2 64
X w+y(ﬁ2+52)[a( +J) ” (64)

From the near-identity transformation (36-38), we have that u = u
and w = W, and v = ¥ to O(1). Thus, neglecting terms of O(1?),
Eqg. (64) may be rewritten as

, v/wav 2 , 27
=- — 1+J0) ~—= 65
X w+y(u2+v2)[a( - (65)
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This is the expression for x used to implement Eq. (62) in computer
simulations of the control strategy.
When L is substituted from Eq. (62) into Eq. (60), the result is

X" = Luax[J /(1 + DIx" +vyrsin(x) =0 (66)

The negative damping in Eq. (66) causes growing oscillations in x.
(See Fig. 5 for the behavior of the example system.) We allow these
oscillations to continue until the system trajectory is well within the
hole in the resonance plane. To ensure that the trajectory stays in
the hole long enough after the switch to constant torque, we also
require that x be near a peak value at the time of switching, so that
x’ is near zero. It is not critical that x’ be right at 0. The goal is to
avoid x’ so large that the trajectory moves out of the hole before it
has moved sufficiently far through the resonance plane. Also, note
in Eq. (58) that x' becomes negative as w grows positive following
passage through resonance. Thus, in cases for which the hole in
the resonance plane is relatively small, it is desirable to switch to
constant torque when x has peaked at its largest positive value still
within the hole. This maximizes the time that the trajectory is within
the hole while still near resonance.

One more important factor in deciding when to switch to constant
torque is the behavior of r = /(#*+?%), which indicates the relative
size of the cone angle. (See Fig. 6 for the behavior of the example
system.) When x is between 0 and 180 deg, from Eq. (61) we
have that r’ < 0, which means that the cone angle is decreasing.
If we switch to constant torque when x has just peaked at a large
value between 90 and 180 deg, then r will have been decreasing for
some length of time, and so the cone angle will be relatively small.
Computer simulation results suggest that in addition to x being near
a peak value within the hole, waiting for r to drop to a relatively
low level can help minimize the cone angle following the switch to
constant torque.

Returning to the example system, the switch back to the maximum
possible constant torque is made when x is near 90 deg, x’ < 0.08,
andr < 0.4. After the switch, passage through resonance is achieved
with a relatively small cone angle, as shown in Fig. 7. For this case,
using constant torque alone (no feedback) leads to a final cone angle
of 73 deg.

The whole sequence for the example system is shown in Fig. 8,
which depicts the system trajectory in a three-dimensional space of
points (&, v, w). With no rotor unbalance and zero initial cone angle,
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Table 1 Mean cone angle at despin, 8,,: constant torque vs feedback control

Om, deg
System parameters, dimensionless Constant Feedback
v o J L o(l+J) y torque control
0.002 0.247 4102 0.0016 1.26 3.05 83 3
0.003 0.213 5.291 0.0041 1.34 3.69 76 4
0004 0342 2363  0.0036 1.15 1.92 68 6
0.005 0.755 0.854 0.0025 1.40 0.32 69 9
0.006 0.410 2.195 0.0066 1.31 1.44 57 [§
0.007 0.167 6.290 0.0032 1.22 4.99 88 7
0.008 0.536 1.612 0.0064 1.40 0.87 73 11
0.009 0.290 3.034 0.0016 1.17 245 89 8
0.010 0.578 1.230 0.0048 1.29 0.73 80 8
0.010 0.167 5.586 0.0016 1.10 4.99 89 15
the spacecraft tumbles nearly end-over-end. When L is large relative
AN / '\ to v, then 4,, is nearly zero, and the spacecraft spin axis is nearly
2 aligned with the direction of its angular momentum vector k. When
3 / / { \ / \ L has an intermediate value relative to v, 8,, has an intermediate
1 value between zero and 90 deg. In cases for which a small constant
= / \ / \ / [\ L results in 6,, large (e.g., above 40 deg), our control strategy can
%10 MJ be used to achieve a significantly smaller 6,,.
Y} V AL Computer simulations have been used to study a variety of pa-
rameter sets (v, o, J, L) to verify the effectiveness of this control
/ v V strategy. In these studies, it was assumed that added complexity as-
«— feedback control ——1 §0c1atefi with a feedback control system is not warr.anteq upless_ 6,
0 * 3% 10 is relatively large when constant torque is used. With this in mind,

T

Fig.7 Behavior of 8 with feedback control.

-0.4

Fig. 8 Trajectory in (&, ¥, W) space with feedback control.

the trajectory would move straight along the w axis. In the example
system, the trajectory starts to move away from the w axis as the reso-
nance plane is approached. The switch is made from constant torque
to feedback control when /(u? + v?) exceeds 0.4, which is about
the same time that r = /(it? + ©2) also exceeds 0.4. Then, the tra-
jectory begins to spiral above the w axis while remaining near the
resonance plane. When the trajectory is near x = 90 deg, r < 0.4,
and x has just reached a peak (i.e., the trajectory has “turned a cor-
ner”), a switch is made back to the maximum available constant
torque. The system then pokes through the hole in the resonance
plane. The spiraling around the @ axis that occurs after that corre-
sponds to a relatively small cone angle near 11 deg. These results
were obtained from numerical integration of the exact equations of
motion, with the control law implemented as already described.

Numerical Verification

In the case of constant despin motor torque, computer simula-
tion results indicate that the mean cone angle following despin 6,
is inversely related to the torque L. When L is very small rela-
tive to unbalance size (represented by v), 6, is nearly 90 deg and

we considered only points for which 6,, exceeds 40 deg for constant
torque. The feedback control strategy was applied to the exact equa-
tions of motion (11-14) that were numerically integrated in order to
obtain §,,. Table 1 summarizes simulation results. In general, using
the feedback control strategy as opposed to constant torque leads
to a significantly smaller value of the mean cone angle following
despin, 6,,.

Summary

Through extensive numerical investigation, we can determine that
there is a region of states near resonance for which passage through
resonance can be achieved even though motor torque is quite limited.
This region is not entered when constant torque is applied starting
from at rest initial conditions. The dynamic behavior of the space-
craft near resonance can be described by a pendulum type equation.
This paper develops a control strategy that employs closed-loop
feedback control of motor torque when the system is near resonance.
The choice of feedback control law has the effect of adding nega-
tive damping to the pendulum type equation, resulting in dynamic
behavior that drives the system toward the pass-through region.

We have demonstrated numerically that this control stretegy is
effective for despin of a dual-spin spacecraft through precession
phase lock (PPL) resonance. For a given despin motor with limited
torque capability, using this control strategy as opposed to constant
torque leads to a significantly smaller mean cone angle following
despin. This result has practical significance in the design of dual-
spin spacecraft.
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