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Closed Loop Momentum Transfer Maneuvers Using Multiwheels
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This paper proposes a control law that stabilizes a momentum transfer maneuver using multiwheels, which
provides an analytical proof via Lyapunov’s direct method. Since an open-loop transfer sometimes causes divergent
and large nutation motion, especially when a minor to major axis transfer is attempted, the closed-loop scheme is
discussed here. This paper also points out equilibrium “singular states” which may occur not only in open loop but
also in a closed-loop momentum transfer, from which no evasive path can be found. This paper provides sufficient
conditions by which both divergent behavior and singular states can be circumvented by appropriately selecting
the control law proposed here or by use of inertia properties of the spacecraft. This may be the most distinct feature
of a closed-loop transfer utilizing multiwheels vs conventional open-loop schemes. This paper shows that neither
the open-loop method nor closed-loop control with a single wheel system avoids these undesirable phenomena.
The proposed control scheme with four wheels is numerically demonstrated to improve significantly the transfer

behavior and exclude any singular state occurrence.

Nomenclature

C = 3 x n matrix whose jth column indicates orientation
of 2; axis in S frame

= coordinate transformation matrix from S,; to S,

unit vector along 2; axis

= angular momentum vector of spacecraft core body
with respect to the center of mass of entire system

Hr = total angular momentum vector of spacecraft with n

wheels
H, = total angular momentum vector of all wheels around
their 2; axes

H,; = angular momentum vector commanded

Hy, = total angular momentum of spacecraft, =|Hr|

hj = angular momentum vector of the jth wheel in wheel

fixed frame, j = 1,...,n

rotational moment of inertia of each wheel around

its 2; axis

= inertia tensor of spacecraft with n wheels

= inertia tensor of spacecraft core body excluding

wheels

i — Jjp cross product component of J;

elements of matrix J,, i,k =1,2,3

diagonal matrix composed of J,;: diag(J,1, ..., J;4)

= moment of inertia about rotor (2;) axis of the jth

wheel

inertia tensor of body and the wheels excluding the

inertia about the rotor (2;) axes

moment of inertia about transversal axis (1;, 3;

axes) of the jth wheel

= inertia tensor of the jth wheel, j =1,...,n

= inertia tensor of the jth wheel excluding rotor axis
component, j =1,...,n
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K = scalar gain that appears in the control scheme
defined in Eq. (13)

K, = scalar control parameter for body rate

K, = scalar control parameter for wheel rate with respect
to inertial frame

M; = mass of the jth wheel

§ = bearing suspension torque of the jth wheel

excluding friction torque

r; = position vector of the center of mass of the jth

wheel from center of mass of entire system

coordinate system fixed in the body of the

spacecraft, whose origin coincides with the center

of mass of entire spacecraft system

= coordinate system fixed in the jth wheel

torque vector driving n wheels

= torque vector applied to the 2; axis

=clementsof T, j = 1,...,n

complement elevation angle of rotor axes

angles that define rotor axes together with ¢ angles

= elevation angle of wheel rotor axis measured from
the plane defined by 1, and 3;, axes

= set of spin rate vectors of all wheels with respect
to S,

= ultimate spin rate command for the wheels

= spin rate vector of the jth wheel with respect to S,

=eclements of Q, j =1,...,n

= angular rate vector of S, with respect to inertial
frame

= unit matrix

= direction of axes that span body-fixed coordinate in
parallel with the principal axes of spacecraft core
body, X, Y, Z axes in S,

= direction of axes that span the jth wheel-fixed
coordinate in parallel with the principal axes of
wheel j, X, Y, Z axes in S;

*) = singular state
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Introduction
OMENTUM transfer schemes which have been frequently
utilized convert the angular momentum vector around one
axis to that around another axis, such as the principal axis with
maximum moment of inertia. The original axis may be the initial spin
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Fig. 1 Fundamental concept of momentum transfer.
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Fig.2 Schematic drawing of ASTRO-D spacecraft.

axis, which is often constrained by the launch vehicle configuration.
The fundamental concept of a momentum transfer scheme is shown
in Fig. 1. There is a straightforward solution to the problem of
momentum transfer from the minimum moment of inertia case to
the maximum moment of inertia case, such as an orthogonal transfer
where the initial angular momentum vector direction is identical
to the spin or the Z axis to the final angular momentum vector
along the Y axis. This conversion is accomplished by spinning up
the internal wheels to an appropriate level. There are many studies
concerning the stability of such maneuvers when only a single-
wheel configuration without closed-loop control is used, although
few discussions have focused their attention on the case of closed
control with multiwheels. This paper will show that closed control
with a single wheel is not as beneficial as using multiwheels, since
it does not compensate for unfavorable inertia properties.

The Institute of Space and Astronautical Science (ISAS) is in
charge of launching and operating scientific spacecraft in Japan
and launch of the ASTRO-D x-ray telescope spacecraft was sched-
uled for February, 1993. ASTRO-D required extremely high-attitude
stability and, therefore, carries four wheels. A schematic drawing
of the ASTRO-D spacecraft is depicted in Fig. 2. In this space-
craft, the solar cell panels would be pointed toward the sun, and
the angular momentum vector would be aligned with Y axis. Since
ASTRO-D’s launch vehicle configuration required the initial spin
axis be prescribed as the Z axis with minimum moment of inertia,
a momentum transfer scheme was planned. Since 1982, at least five
spacecraft performed minimum-to-maximum momentum transfers
with the conventional open-loop transfer scheme, although it does
not seem to fit this maneuver type very well. As stated, ASTRO-D
requires a transfer from minimum to maximum momentum. Numer-
ical analysis suggested that an open-loop scheme does not accom-
plish the transfer fast and efficiently, therefore, a closed-loop control
was introduced so as to secure the maneuver. Figure 3 illustrates ini-
tial acquisition sequences assumed for the ASTRO-D satellite. The
initial spin direction is frozen and defined by the launch vehicle’s
upper stage, so that a momentum transfer maneuver enables sun
acquisition control as well as solar cell deployment.

This paper proposes a new closed-loop control law that stabilizes
the minimum-to-maximum momentum transfer maneuver using
four wheels, whose stability is proved analytically via Lyapunov’s
direct method. Historically speaking, the attitude motion for a class

Solar Cell Panel Deployment Sun Acquisition

SHEN

Momentum Transfer

Magnetic Spin and Nutation Control %
& | )

O

Fig. 3 Inmitial attitude acquisition sequences.

of dual-spin spacecraft has been of particular concern, and the non-
linear, internal resonances during the despin process was intensively
investigated.!:? Resonance conditions as well as the near-resonant
motion were clarified® with an exact analytical solution for an asym-
metric gyrostat.® In 1974, Scher and Farrenktopf* reported that two
equilibrium trap states exist in dual-spin spacecraft dynamics. Exci-
tation by the motor was found to lead to escape from those traps. A
similar case of flat spin recovery behavior with a rotor was studied®
and it was found that the residual nutation angle is affected by the
spacecraft inertia properties. In 1981, Hubert® proposed the gener-
alized dual-spin turn technique followed by passive energy dissipa-
tion, which orients the rotor axis of a dual-spin spacecraft parallel
to the total angular momentum vector. A discussion on the number
of equilibrium points and their locations has been generalized and
presented in Refs. 6 and 7. As for the closed control scheme, in
1989 Guelman® developed a two-step control strategy. Its control
sequence assumes the trajectory first falling into the special equilib-
rium state, from which a constant torque is then applied so that the
spacecraft attitude is recovered. From the beginning of the ASTRO-
D program, the feasibility of this momentum transfer technique has
been examined,”!? and a closed control scheme that accomplishes
the maneuver has been devised.'!~!3

Past discussions on momentum transfer via a single wheel gener-
ally concluded that six equilibrium states exist during spin up of a
wheel, which is in agreement with the results obtained here. Whether
those singular states exist or not is dependent only on the spacecraft
inertia property in the open-loop transfer, and it was revealed that
only a major to minor axis transfer is practical without any pas-
sive damping, therefore, is preferable. At the beginning phase of
transfer, in addition to singularities, unexpected divergent motion
sometimes takes place, which was also accounted for by Hubert.®
Consequently, there are two kinds of possible failures modes in a
conventional transfer: divergent nutation motion and singular equi-
librium states, both of which are not avoided by the open-loop meth-
ods but are governed only by spacecraft inertia property. Except for
Ref. 8, little effort has been expended in overcoming these difficul-
ties, and this paper may be the first that discusses the advantages
of using closed-loop control utilizing multiwheels. This paper will
discuss these phenomena from this new aspect, expanding the ma-
neuver incorporating the closed-loop control. What is new here is,
first of all, that equilibrium states are expressed explicitly in terms
of control parameters as well as inertia properties. Second, suffi-
cient conditions are analytically given, in which either appropriate
choice of control law or inertia properties circumvents both singular
states and divergent motion associated with the transfer. It is noted
that closed control in a single wheel system is not of much practi-
cal use, since it does not improve the inertia property. What is of
consequence is the requirement on the wheel configuration; not all
multiwheel configurations are effective to this end.

Numerical examples are shown for the ASTRO-D spacecraft,
which demonstrate closed-control features in a momentum transfer.
First of all, it will be shown that the transfer fails and falls into an
equilibrium singular state when it is performed via a conventional
open-loop scheme. A simulation using energy dissipation suggests
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that the equilibrium point is not a final destination and that transfer
is accomplished over quite a long period. Subsequent simulations
exhibiting appropriate choice of control parameters avoids both sin-
gular states and divergent motion and completes acquisition quickly
compared to the energy dissipation case. All of these results prove
the proposed control law will work satisfactorily in the ASTRO-D
mission. The actual flight results are also shown, in which perfect
compensation was given up having taken the hardware circuits and
sensor noises into account. However, the maneuver was carried out
successfully in accordance with the analyses developed here and the
proposed strategy here was well supported by the flight.

Equations of Motion in the Spacecraft
with Multiwheels

The spacecraft with multiwheels to be analyzed consists of a rigid
body and n wheels with symmetric rotors. The n + 1 orthogonal
coordinate systems S and S,,; (j = 1,2,...,n) are defined. The
rotor axis of the jth wheel is defined along the 2; axis in §,,; without
loss of generality as shown in Fig. 4. Note that all of the wheels are
assumed symmetric around their spin axes and that the center of
mass of the entire system never shifts even while the wheels are
spinning. Here it is also assumed that the wheel axes are configured
so that the principal axes of the entire spacecraft coincide with those
of spacecraft core body itself. Core body angular momentum is
written in S, as

H}, = J;,w (1)

A momentum of the jth wheel measured in S,,; relative to the inertial
space can be expressed as

000
+J,; | 010 ©)
000

ijcjbw"'_hjx ]wj =J

wj

where k; has a nonzero component only in the 2; direction as
follows:

0
0

The total angular momentum of the spacecraft with n wheels is
written as
HT=J.\'W+HHJ; HwZC]rCTW‘i‘CJrQ
- ) - T rny @
Jo=Ih+ Z C/,j‘]ijj;, + Z Mj(rjrjl —rjrj)
i i

Assuming no external torque on the spacecraft, the dynamic equa-
tions of the entire spacecraft with n wheels can be written as follows:

H =
T+waT 0 (5)

Juj (Cipt + €2)) + (Cjpw + ) x J,;j(Cjpw + Q) = T; +R;
Along the 2; axis on each wheel,
Ti(ew+Q;) =1, ©6)

2p

3 1y

Fig.4 Spacecraft body frame and orientation of wheel axis.

Finally, the following generalized equations of motion are derived:

w=—JCT +w x Hy)

. 7
H,=CT M

From now on, J; is assumed to be diagonal and J,; (j = 1,...,n)
are all identical, with moment of inertia I,. H, is rewritten
as follows:

H,=1,CC"w+Q) ®

Closed Loop Control Law During Momentum
Transfer Maneuver

A primary objective of an acquisition maneuver utilizing n wheels
is not only transferring all of the angular momentum of the body to
wheels but also establishing a desired state in which body rates are
all attenuated and the spacecraft is motionless without any nutation.
A closed-loop control strategy is inevitably introduced instead of an
open-loop scheme. As already mentioned, an open-loop momentum
transfer does not seem suitable for ASTRO-D, where minimum-
to-maximum momentum transfer is requested, which may result
in divergent and reversed motion or in falling into an equilibrium
singular state.

Basically the idea adopted here is to generate torque commands
for the wheels based on angular velocities around the body axes
as well as differences between “prescribed” and current wheel spin
rates. Prescribed wheel spin rates are the ultimate rates, determined
by the final condition that all angular momentum be held only by
wheels. When body angular rates are gradually attenuated, the re-
sultant angular momentum held by wheels approaches the ultimate
prescribed value. It is quite common that spacecraft are equipped
with three axes gyros and that tachometers are available in wheel
control circuits. Therefore, assumed control system here does not
require any extra special device.

The authors have developed the following control law:

T = —{(Ky — KJw, + Ky(Q = Q))}, w,=CTw 9
Both K, and K, here are positive scalar numbers and Eq. (9) still
holds, remaining unchanged even when friction torque on the wheel
driving mechanism is taken into account. Equation (9) is derived
from feeding back the linear combination of both body and wheel
error rates. Rewriting Eq. (9) in terms of K, and K, shows a straight-
forward interpretation of the idea. For the purpose of examining
stability, a Lyapunov function is devised, as follows:

V=KJiw Jw+1,K,iAQ7AQ
10
AQ=Q+w, —Qy

Itis shown that the Lyapunov function in Eq. (10) is positive definite
and that its time derivative is easily reduced to the following form
through the use of Eqs. (6), (7), and (9), yielding

V= —-K,w' (CT +w x Hy)
+ LKy (CTw+ Q=) (CTw+ )
= -T? an

Equation (11) suggests that the time derivative of the Lyapunov
function in Eq. (10) is negative semidefinite. Singular states anno-
tated with an asterisk can be found to make Eq. (11), in other words
Eq. (9), equal to zero.

Based on the equations of motion (6), the relation

W' x Hp =0 (12)

holds and defines the general singular states solutions. Equating
w* = £H, in view of Eq. (4), first-type singular states are deter-
mined by solving the following equations, provided P (§) exists:

H;" = P(E) 'wa, wa = CJrnf

i (13)
P& =[1-£(4—KCCT)] ",

K = —KaIw/Kb
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Fig. 5 Multiwheel configuration used for numerical demonstration.

The nominal target corresponds to the case of £ = 0. Although
this equation determines only the single nonzero real number &,
corresponding to the steady state which is perfectly reverse to the
nominal target, the other four (second and third types) solutions are
found from both the equilibrium conditions shown next and Eq. (12).
Note that T in Eq. (9) is constantly zero in steady state:

w* = (4 = KCCT) ™ (Hy — Hp) (14)

The other four solutions correspond to & in which P (§) does not exist
and which denote the inversed eigenvalues of matrix (J, — KCCT).
As a result, there exist six equilibrium states, including the desired
targeted one. H7. solutions are found as follows.

First type:
H;, = {0,+H;,0)7 (152)
Second type:
H}, = (0, Hrzy, £Hra,)' (15b)
Third type:
H}, = {£Hrs,, Hrsy, 0} (15¢)
where

Hray = Hy(J53 — 2K cos® y) /[ Js3 — Tz

— 2K (cos y — 2sin’ y)]

=

Hry, = (Hg — H7,,)

Hr3y = H()(./u — 2K cos? V)/[Ju — Ty

— 2K (cos? y — 2 sin? y)]

Hyzy = (H(f - H%?)y)%

Here y denotes the angle of the wheel rotor axis, which is the eleva-
tion angle from the 1,3, plane as shown in Fig. 5. CC T is assumed
diagonal without loss of generality, which s the case when the wheel
configuration in Fig. 5 is symmetric. It should be noted that all so-
lutions to Eq. (12) subject to the law Eq. (9) will take the form of
Eq. (15).

It should be stressed that these discussions are true of the single
wheel case, taking y as 90 deg. Six equilibrium states still exist even
under such a configuration. Note also that £, here does not have
to correspond to the ultimate wheel speed but can be an arbitrary
targeted speed to aim for. The properties here remain unchanged,
even though €2, is an arbitrary speed. Even without any control,
since the following relation similar to Eq. (14) holds, it is easily
verified that generally six equilibrium states exist corresponding to
the steady wheel spin rate £2*:

w* = (4 + 1,CCT) " (B} — LC) (16)

Singular States Analyses

If Q is taken as an ultimate relative wheel speed with respect
to the spacecraft body, virtual nutation angles 6, and 8; between
steady-state total angular momentum vectors Hr;, (Hrs,) and the
Y axis are expressed as

Js3 — 2K cos? y

Jizs — Jp — 2K (cos? y — 2sin® )
Ji — 2K cos? y

Jiy — Jp — 2K (cos? y — 2sin’ y)

*
cos6;

i

an

x
cos 0;

These solutions, which explicitly contain control parameter K, are
first obtained and shown here. It is easily recognized that the neces-
sary and sufficient conditions for equilibrium singular states to be
avoided are
|cos 6] > 1, [cos 65| > 1 (18)

Under the Eq. (18) conditions, the final destination is confined to
type-1 equilibrium states. From a kinetic energy point of view, for
two distinct equilibrium points belonging to type-1 states, the op-
posite solution corresponds to higher energy, therefore, the final
destination must be the nominal trivial target. As far as the ultimate
states are concerned, the conditions in Eq. (18) avoid an incomplete
transfer. However, cos 8, and cos 65 should be greater than +1.0 and
not lower than —1.0 in view of transient behavior.

In practical systems, since wheel driving torque is not infinite and
Q2  in the control law (9) may be regarded to be raised gradually up
to the ultimate state, the following equilibrium states may well be
realized at every instance during the maneuver:

Hrz, (82)

= €05 5,(2)
Hy 2
B J33 — 2K cos’y H,()
T J3— Jp — 2K (cos?y —2sin*y)  Hp
(19
Hrs,(Q
Hry (D _ s
H()

_ Ji —2K cos?y H, ()
N Jiy — Jpp — 2K (cos? y — 2sin’ y) Hy

Provided that the singular points fade out in the 180-deg direction,
as the wheel speed gets higher, virtual nutation angles 6, and 65
increase and show divergent behavior that sometimes seems a re-
versed reaction. This is the exact mechanism for how divergent mo-
tion takes place. In view of this, it is recognized that only Eq. (18)
is not adequate for a successful transfer and that the equilibrium
singularity should disappear toward the 0-deg direction. Therefore,
more stringent conditions are derived as
cosd; > 1, cosf; > 1 20)

It is quite obvious that Eq. (20) is sufficient and more restrictive than
Eq. (18).

As for the open-loop scheme, Eq. (17) may give another insight.
A conventional open-loop transfer assumes constant torquing of a
wheel, which can be expressed as a special case of Eq. (9). Suppose
K, = 0 and K, stands for a saturator element, the control law (9)
is degenerated to

T=-K, (CTw+Q-Q) % —K, (- Q) @n

This approximation holds while constant torque is applied to the
rotor, during which torque command is not affected by body rate
information. Discussions in regard to the Lyapunov function (10)
still hold, and equilibrium states are simply defined as

Jss Jii
gr = I8 or=—"0_ (2
o08% Jiz = Jn 05T Jiy— Jn @2
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here, 6, and 65 are completely dependent on the inertia properties
and the following important characteristics are derived.

1 If 0.5 > (J33/J22), then type-2 singularity exists.

2)If 1.0 > (J33/Jn) > 0.5, then type-2 singularity disappears
in the 180-deg direction.

3) If (Js3/J22) > 1.0, then type-2 singularity disappears in the
0-deg direction.

4)If 0.5 > (J11/ J12), then type-3 singularity exists.

5)If 1.0 > (J11/Jn) > 0.5, then type-3 singularity disappears
in the 180-deg direction.

6) If (J11/J22) > 1.0, then type-3 singularity disappears in the

0-deg direction.
These six characteristics are compatible with previous results con-
cerning open-loop transfer, which state that minor axis (2;) shall
be the destination. In the ASTRO-D spacecraft, (J33/J22) = 0.34
and (J11/J2) = 0.98. Since the type-2 singularity therefore ex-
ists, a closed control law is introduced. Only conditions 3 and 6
can circumvent divergent motion and shorten acquisition time in
the open-loop schemes. The maneuver is governed only by inertia
properties, and a major to minor transfer is preferable, as reported
in Ref. 6.

On the other hand, in the closed control scheme, the situation
is quite different. Since Eqgs. (17) and (20) contain control param-
eter K, the inertia property can be improved virtually even when
the case 2, axis is that of maximum moment of inertia. As stressed
in this paper, more stringent conditions to ensure that the singu-
larity vanishes in the 0-deg direction are obtained through some
manipulation,

—2K (cos’y —2sin® y) > Jo — Ji3, Joo — Jiy (23)

To improve the “virtual” inertia property enough to exclude any
divergent phenomenon, accepting that K must be negative for sta-
bility, y shall be

y < 35.26deg 24)

Otherwise, even though intermediate equilibrium states may be
avoided, divergence behavior is left unchanged. The single wheel
configuration corresponds to the case of y = 90 deg. The closed
control method with single wheel system is not as effective as with
a multiwheel system. Note that not all multiwheel configurations
are effective in improving momentum transfer.

Obviously, when equilibrium points are excluded by choosing
appropriate control parameters, the nominal target is the only desti-
nation, since the opposite attitude has higher kinetic energy. How-
ever, there is still a question of whether the intermediate equilibrium
states are stable or not. Nothing has been noted so far in this paper
about the stability around those equilibrium points. What follows
will prove that all of the singular states are stable when X is taken
as zero (in other words, in case only tachometer feedback is intro-
duced). As for the cases in which K is not taken as zero, those are
found to be saddle points qualitatively.

Temporarily assume an alternative Lyapunov function whose
form is

V = 1K Jw+ (1/21,) Ky (Hy = Hy)) ' (CCTY ™ (Hy, — Hy)
@25)

Note that CCT is nonsingular in the multiwheel configuration whose
wheel assignment spans three-dimensional space. Although here it
is implicitly assumed to be a multiwheel configuration, the same dis-
cussion is true of the single wheel system by appropriately altering
the second term in Eq. (25). All of the properties concerning the
Lyapunov function in Eq. (10) still hold even in this alternative form.
Taking a small variation up to the second order of the Lyapunov
function around singular states gives

oV v 1 2V
¢ .3Hw+§swf(‘ ) sw
w*

sv =201 .5
V=1ol ", 902

w* Hy

1 v
—SHT| — | sH 26
+2 w(aHi)H‘: w ( )

Since the singularity condition satisfies the following relation ac-
cording to Egs. (9):
K, (CCTYw* + (Kp/1,)H;,, — Hyp) =0 @7

and according to Eq. (4) the second-order conservation of total an-
gular momentum implies

Hy' (8w + 8H,,) + (Jodw + 8H,)* = 0 (28)
The variation of Lyapunov function is expressed as follows:
8V = —£K,(J,8w + 6H,)T (J,8w + 8H,)

+ (Ko /28w Jidw + (K /21,)8H,,(CCT)™'8H,,

= (J,dw, 8H,)"
K
—2(J1—2¢1 —£K
> ( 3 ) K1
K T\-1
-£K,1 —{cchH 4+ 2K¢1)
21,

b 29

SH, (29)
The £ indicate the inverse of eigenvalues of (J, — KCCT) matrix
as discussed earlier. It should be noted that this manipulation does
not assume linearization but is made rigorously in second order.

The most straightforward result is obtained by taking K, as zero,

which corresponds to K = 0. In this case, the local Lyapunov
surface is convex in three-dimensional subspace but flat in other
three-dimensional subspace. As a result, it is concluded here that all
of the equilibrium states are stable in the case where K is taken as
zero. When the same discussion is applied to a single wheel system,
the same conclusion is obtained, which states that only a tachometer
feedback control can not enable escape from intermediate equilib-
rium states. In general, the local properties of the Lyapunov func-
tion are governed by the eigenvalues of the matrix in Eq. (29) which
constitute a quadratic form. The details are omitted here, but, quali-
tatively, the discussion here concludes that this matrix contains both
negative and positive eigenvalues in the case when K is not zero,
which indicates that the singular points are saddle points.

Numerical Demonstrations

A numerical demonstration is given here for the ASTRO-D space-
craft, whose preflight configuration parameters are listed in Table 1.
Wheel orientation is the same as in Fig. 5.

As is easily verified, (J33/J2) = 0.34, (J11/J2) = 0.98. Obvi-
ously, under either the open-loop scheme or the insufficient closed-
loop control type-2 ultimate equilibrium states exist, whereas the
third type disappears in the 180-deg direction. As a first illustration,
assume the control parameters to be X, = 0.059 Nms/rad and K, =
0.00064 Nms/rad, which is converted to K = —1.51 kgm?. Figure 6
shows the typical results, assuming a torque limit up to 0.002 Nm.
Transfer angle here denotes the virtual nutation angle between the
Y axis and the total angular momentum vector Hy, in body-fixed
coordinates. As anticipated from Eq. (22) in the preceding section,
the transfer falls into an equilibrium state whose nutation angle is
122.1 deg, which is exactly compatible with the analyses given ear-
lier. Slight instability around this equilibrium point should be noted
here. In an extraordinary period, angular momentum vector Hy es-
capes from this singularity and is aligned to the nominal target. Since
this singular point has higher kinetic energy than that of the nominal

Table 1 Attitude control parameters
in ASTRO-D

Jii = 294 kgm?, Jyp = 299 kgm?, J33 = 102 kgm?
Jyj =0.0164kgm?, (j = 1,2,3,4) = I,,

y =30deg, aj =60deg, B; =n/4+m/2(j - 1)
K, = 0.059135 Nms/rad, K;, = 0.00064 Nms/rad
Qp; =2000rpm (j = 1,2,3,4)
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Fig. 6 Insufficient closed-loop control falling into equilibrium state.
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Fig. 8 Equilibrium states, K = 0.

target, with some active dissipation mechanism Hr easily departs
from this trap, which is depicted in Fig. 7 where the wheels are spun
up to the 95% level of the entire angular momentum. As an illustra-
tion of the analyses made in the previous section concerning stabil-
ity around equilibrium states, simulation results in which K, = 0
Nms/rad and K;, = 0.00064 Nms/rad are shown in Fig. 8. As proved
before, once the path falls into an equilibrium state whose nutation
angle is 121.2 deg, it never seems to get rid of it, keeping oscillation
with constant amplitude without a damper. In addition, direct numer-
ical simulations which depart from the vicinity of first and second
type singular points are carried out, and their results are summarized
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Fig. 9 Simulation with the initial condition close to first type singular
state.
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Fig. 10 Simulation with the initial condition close to second type sin-
gular state.
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Fig. 11 Elimination of singular state, K = —65.6 kgm?.

inFigs. 9 and 10. When started from the attitude opposite to the nom-
inal target, the path immediately diverges to the nominal destination.
However, when started from the second type of equilibrium state,
a slight instability is observed, which corresponds to Fig. 6. All of
these numerical examples support the discussion made here.
According to Eq. (17), the virtual moment of inertia over
47.5 kgm?® is found to exclude a type-2 singularity. Figure 11
shows the simulation results taking K, = 0.4 Nms/rad and K}, =
0.0001 Nms/rad, which are converted to —65.6 kgm? in K. As ex-
pected, at the beginning phase of the transfer, the virtual nutation
angle diverges to the opposite direction, however, Hy converges to
the nominal target in a relatively shorter period. As Eq. (23) indi-
cates, a virtual moment of inertia over 394 kgm? avoids not only
intermediate equilibrium states but divergent motion as well. Fig-
ures 12 and 13 show the angular momentum vector history with
control parameters K, = 1.0 Nms/rad and X, = 0.00004 Nms/rad
(K = —410 kgm?). In Fig. 12, a torque limiter of 0.002 Nm is
turned on, whereas no saturation mechanism is included in the case
in Fig. 13. When a torque saturator is introduced, no distinction
occurs during the initial spinup phase from a controller with smailer
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Fig. 13 Full compensation without torque limiter, K = —410 kgm?.

virtual moment of inertia, yet the divergent feature is still observed
even under the controller with extraordinary high virtual moment
of inertia. Figure 13 numerically confirms the theoretical discussion
showing no divergent path even at the beginning phase. However,
the peak torque in Fig. 13 is up to 0.02 Nm, which is 10 times as
high as the torque in Fig. 12.

Comparison between Figs. 11 and 12 suggests interesting charac-
teristics that are important in a practical manner. Whereas a reversed
overshoot is greater in Fig. 11 than in Fig. 12, acquisition time in
Fig. 11 is shorter than in Fig. 12. This is mainly caused by higher
feedback gain K, against body motion in the case in Fig. 12. From
a practical point of view, since torque saturation is inevitably in-
cluded more or less in the feedback loop and some noise in gyros
might effect control performance, a compromised design should
be considered.

In the actual flight, control parameters K, and K, were deter-
mined in view of practical aspects such as gyro noise, which never
assure the elimination of singular states. Figure 14 shows the flight
results, in which nutation angle history is plotted. Inertia properties
of the flight model were varied: J;, = 332 kgm?, J,, = 328 kgm?,
Jy3 = 102 kgm? and a minimum to intermediate transfer was carried
out. Control parameters K, and K, were set as 0.59087 Nms/rad
and 0.000605 Nms/rad, respectively. Resultant X is —16.017 kgm?,
which never excludes the second type singular states, and the an-
ticipated equilibrium nutation angle was 125.2 deg. The decision
was made to circumvent too high feedback gain for body rates, so
that noise cannot degrade the control performance. The nutation
frequency observed is different from that simulated in Fig. 7, since
Fig. 14 gives nutation motion viewed in body-fixed coordinates,
whereas Fig. 7 shows it in the inertial frame. Frequency observed
is 2.2 times faster than that in Fig. 7. Torque limiter in the actual
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Fig. 14 Flight results, nutation angle.

hardware was 0.066 Nm and the wheels were spun up much faster
than those in the numerical simulations shown so far. It should be
noted that similar to Fig. 7 nutation diverges first to the equilib-
rium state of 125.2 deg, which is damped by passive energy dissi-
pation, whose time constant is close to what was demonstrated in
Fig. 7. Unfortunately, ideal parameters for full compensation were
not actually taken, however, the results here strongly support the
effectiveness of the proposed control scheme and prove the practi-
cal feasibility.

Conclusion

Automatic control laws for momentum transfer maneuver were
discussed and applied to the ASTRO-D X-ray telescope spacecraft.
Since solar cell panels are attached to ASTRO-D’s Y axis, the an-
gular momentum vector is required to lie toward the Y axis. Launch
configuration restricts the spin axis to be the Z axis with minimum
moment of inertia and a momentum transfer maneuver to shift the
angular momentum vector from the Z to Y axis is planned. An
open-loop momentum transfer does not seem appropriate in the
ASTRO-D case, since a rapid transfer is required.

Intensive attention has been focused on stability analysis of this
automatic maneuver based on the Lyapunov theorem. Universal
asymptotic stability has been proved except at special points. Dis-
cussions have been concentrated on singular states, where any de-
crease in the Lyapunov function does not occur and the controller
does not work. It has been revealed that, in general, six equilib-
rium states that are singular states exist if a closed-loop momentum
transfer is attempted, including the nominal desired target. They are
classified in three types, each of which consists of two equilibrium
states. The first type singularity always appears, whereas the sec-
ond and third singularities sometimes disappear. One of the first
type singular states is almost meaningless from a practical point of
view, since it corresponds to the point opposite the nominal target.
Most crucial are the second singularities, which lie in the domain
of practical use.

Here is proposed a new closed-loop control law that stabilizes
this maneuver using four wheels. Equilibrium states are derived ex-
plicitly in terms of control parameters, and sufficient conditions are
provided, which circumvent such singular states as well as diver-
gent motion by an appropriate choice of control parameters. It is
also noted here that closed control in a single wheel system is not of
much practical use, since it does not improve the virtual inertia prop-
erty. As to wheel configuration, it is found that not all multiwheel
configurations are effective to this end.

Numerical examples are shown for ASTRO-D spacecraft. Simu-
lations show that the closed-loop control law proposed here avoids
singular states and divergent motion, through which the tuning rule
of control parameters is perfectly proved.
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