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This Paper addresses an integrated power/attitude control system for a spacecraft with two double-gimbal
variable-speed control moment gyroscopes. Double-gimbal variable-speed control moment gyroscopes are of interest
because a single device is a three-degree-of-freedom attitude actuator. A double-gimbal variable-speed control
moment gyroscope has two gimbal axes and one variable-speed wheel. A primary advantage of adopting this actuator
is to reduce the number of actuators, which leads to reducing the total mass and volume allocation within the
spacecraft. In this Paper, first, the dynamical equations of motion of a spacecraft equipped with multiple double-
gimbal variable-speed control moment gyroscopes are developed. Then, two types of steering laws are proposed for
two double-gimbal variable-speed control moment gyroscopes. These steering laws attain three-axis attitude control
and power tracking by using the wheels as energy storage devices while considering both singularity avoidance and
wheel spin equalization. The controller design applies multiobjective gain scheduling with linear parameter-varying
control theory, which can evaluate both optimality and robustness. Finally, numerical simulation examples of the
orbiting spacecraft attitude tracking problem demonstrate the effectiveness of the proposed gain-scheduling
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controller and two steering laws for the integrated power/attitude control system.

Nomenclature

B = body-fixed frame

G,i, Gg, = direction matrices of inner/outer gimbal axes of
double-gimbal variable-speed control moment
gyroscopes

G, G, = inner/outer gimbal axes frame

Gus = direction matrix of spin axes of double-gimbal
variable-speed control moment gyroscopes

H = total angular momentum, N - m - s

Hy = angular momentum of the spacecraft excluding
double-gimbal variable-speed control moment
gyroscopes, N-m - s

H,, H,, angular momentum of inner/outer gimbal, N - m - s

ws angular momentum of wheel, N - m - s

[Z,] = inertia matrix of the spacecraft including double-
gimbal variable-speed control moment gyroscopes
as point of masses, kg - m?

inertia matrices of inner/outer gimbal axes, kg - m?
2

[I gi ]9 [I go]
[L s = inertia matrix of wheel spin axes, kg - m
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¥ = inertia matrix of the spacecraft including double-

gimbal variable-speed control moment gyroscopes,

kg - m?

total external torque, N - m

inertial frame

= number of double-gimbal variable-speed control
moment gyroscopes

Prw = power of reaction wheels, W

s =~
i

Trw = kinetic energy of reaction wheels, J

u = control torque, N - m

UcmG = output torque of control moment gyroscopes, N - m

URw = output torque of reaction wheels, N - m

w = spin axes frame

6,0, = inner/outer gimbal angle vector, rad

p = scheduling parameter vector

0,0, = modified Rodrigues parameters and error modified
Rodrigues parameters

Q = wheel spin rate vector, rad/s

[ = angular velocity vector of the spacecraft, rad/s

I. Introduction

PACECRAFT components such as sensors, attitude actuators,

and batteries are only provided within limited mass and volume
allocation in the spacecraft design process. The size of the batteries or
the number of attitude actuators is strictly constrained, particularly
when mission-specific equipment must occupy most of the inner
space of the spacecraft. Spacecraft usually have chemical batteries to
store the energy generated by the solar panel. On the other hand,
chemical batteries have problems such as large weight or stringent
requirements such as required temperature range or resistance to
cosmic radiation. As an alternative, using high-speed flywheels as
dual-function devices for both attitude actuation and energy storage
have been suggested [1,2]. Because many spacecraft already have
flywheels for the purpose of attitude stabilization or pointing/three-
axis attitude control, mass and volume within the spacecraft may be
conserved by reducing the mass and volume allocation of the
batteries and using the flywheels as dual-function devices. This
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concept is called the integrated power/attitude control system
(IPACS) [3-6].

The satellite dynamics are generally described through a set of
nonlinear differential equations. Most recent studies about attitude
control used nonlinear controllers such as Lyapunov function-based
controllers [7,8]. With Lyapunov function-based controllers, the
overall stability of attitude control is always guaranteed. However,
the closed-loop control performance is not discussed in detail. To study
such control performance, a linear parameter-varying (LPV) control
theory [9—12] is applied to the attitude control problems [13,14]. Using
the LPV control theory, the spacecraft dynamics are modeled as an
LPV system to avoid difficulties arising from nonlinearities in the
dynamics. A gain-scheduled (GS) controller is applied to this model
using linear matrix inequalities (LMIs). To solve LMIs simultaneously,
a multiobjective GS controller for evaluating both optimality and
robustness can be easily designed [15,16].

There are a variety of types of momentum exchange devices
(MEDs) that have flywheels. The primary benefit of using such
MED:s is their availability for long-term operation without using any
fuel as thrusters do. MEDs include reaction wheels (RWs) and control
moment gyroscopes (CMGs). RWs are often used for spacecraft
attitude control [17,18]. Because RWs cannot provide large torques,
CMG:s are often used for missions that demand high-speed attitude
maneuvering abilities. Single-gimbal CMGs (SGCMGs) are the most
common type of CMG devices. Here, the rotor is only able to gimbal
about a single body-fixed axis to produce the desired control torque
[19-21]. Single-gimbal variable-speed CMGs are a hybrid system
that has two functions of a RW and an SGCMG. The extra degree of
freedom in the wheel spin rate enables avoiding the classical SGCMG
singularities at the cost of additional power and large rotor speed
changes [22-25]. On the other hand, a double-gimbal VSCMG
(DGVSCMG) has two gimbals and a variable-speed wheel. A
DGVSCMG can generate three-dimensional torques. This advantage
enables three-axis attitude control with one DGVSCMG [26-28].
However, a wheel mechanical failure is serious for a DGVSCMG
device. Once its wheel has failed, a DGVSCMG is unable to generate
torque. Once its gimbals have failed, high-speed attitude maneuver
cannot be attained because the torque from the variable-speed wheel
is much smaller than any other torques produced by gimbaling. To
avoid such situations, it is convenient to introduce redundancy. In this
context, there are few studies in which the dynamics and steering laws
are provided for two parallel DGVSCMGs that have two parallel
outer gimbal axes fixed to the spacecraft body. Cui and He [29]
discussed the singularity avoidance steering law with a mode
switching method based on singularity measurement. Sasaki and
Shimomura [30] showed the fault-tolerant operating method for two
parallel DGVSCMGs while switching between a two-Double-
gimbal CMG (DGCMG) mode and a one-DGVSCMG mode.

The IPACS of a spacecraft with multiple RWs has been studied
previously [3]. Moreover, some research [4-6] adapts the IPACS to
spacecraft with multiple Variable-speed CMG (VSCMGs). However,
there has been no previous study to consider the IPACS of a
spacecraft with DGVSCMGs. This Paper considers the problem of a
spacecraft with two parallel DGVSCMGs. First, the dynamical
equation of motion (EOM) of a spacecraft equipped with multiple
DGVSCMGs is developed. Based on the developed dynamics, an
LPV model of a spacecraft with two parallel DGVSCMGs is obtained
and the GS controller under mixed H, /H, constraints is designed to
guarantee optimality and robustness at the same time. Next, two types
of steering laws for the IPACS are proposed while considering both
singularity avoidance and wheel spin equalization. Finally, numerical
simulation examples of the orbiting spacecraft attitude tracking
problem demonstrate the effectiveness of the proposed GS controller
and two steering laws for the IPACS.

II. Equation of Motion

The spacecraft considered in this Paper is assumed to be a rigid
body and contains multiple DGVSCMG devices as modeled in
Fig. 1. The body-fixed frame B is represented by a set of unit vectors:
Xp, ¥, and Zg. The inertial frame is given by AV. The symbols G,, G;,

Spin axis

Fig.1 DGVSCMG frames and axes illustration.

Zg0o = Yo

9o

Zgo

Ty, =38

Fig. 2 Definition of DGVSCMG’s frame.

and W denote the outer gimbal axis frame, the inner gimbal axis
frame, and the wheel spin axis frame, respectively. The basis vectors
of G,, G;, and W are defined as in Fig. 2. Note that the outer gimbal
frame G, is oriented such that the Z ,,, is aligned with the outer gimbal
rotation axis g,,, the inner gimbal frame G; is oriented such that the j:gi
is aligned with the inner gimbal rotation axis g;, and the vector x,, in
the wheel spin frame W is the same direction toward the wheel spin
axis §. Assuming that the flywheel is symmetric about the inner
gimbal rotation axis g;, the inner gimbal frame and the wheel spin
frame coincide with each other as G; = W. The inertia matrices at
each frame are introduced. Because G, frame unit axes are aligned
with the principal outer gimbal frame axes, the jth outer gimbal
inertia matrix [/,,;] is expressed in the G, frame components as the
constant diagonal matrix:

Yo Igaj,x O O
Y [Igoj] = 0 [gaj,y 0 (1)
0 ooz

Assuming that the flywheel is symmetric about the inner gimbal
rotation axis, because "V[I,,, A= Gi[1,s j1» the jth inner gimbal frame
and wheel spin frame inertia matrices are expressed as

Gi Igij,x 0 0 Gi stj.x 0 0
W= | 0 Lgjy O |, Ilyyl= | O Ly, O
0 Igij.z 0 0 Iw.x'_i,z
2)
where I,,,; , = I, .. Let the direction cosine matrix (DCM) [A; A,]

transform vectors written in the .4, frame into the vectors expressed
in the A, frame. Using the DCM [BG,] and [G,G;], the constant
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diagonal inertia matrices 9[I,,;], (1], and 9[I,,,] are expressed
with components taken in the B frame as the time-varying matrices as
follows:

B[[goj] = [Bgo]gﬁ [Iguj][Bgu]T (33)
B[Igij] = [Bgo][gogi]gi[Igij][gogi]T[Bgv]T (3b)
B[stj] = [Bgo][gogi]gi[stj][gogi]T[Bgo]T (3C)

Here, the EOM of a spacecraft with n DGVSCMG:s is considered
to be expanded on the EOM of a spacecraft with a single DGVSCMG
[26]. The total inertial angular momentum H is described by

H:HB+Hgo+Hgi+st “
with
Hy = [[Jwg/y (5a)
n
Hy, = [I0] ) og, v (5b)
=1
Hy =[14]) g,y (5¢)
=1
n
st = [st] ZwW//N (5d)
=
where
wg(,f/./\/' = Wp/N + Sr)jgoj (6a)
WG, N = @B + B0 + 51815 (6b)
Wy N = Op/N T 50,‘.@0;‘ + ‘.Sijgij + Qs (60)

The inertia tensors of all DGVSCMGs are assumed to be identical,
and [I,] is the inertia matrix of a spacecraft (including the
DGVSCMGs as point masses) about the overall spacecraft center of
mass. Note that ®[1,] is a constant matrix as seen from the 3 frame,
even with the offcenter DGVSCMG inertia added [26]. The vector
wpyy is the inertial angular velocity of the spacecraft; and wg, /-,
wg, /x> and @y /v denote the jthinertia angular velocity of the outer
gimbal, inner gimbal, and wheel, respectively. The EOM of a system
of rigid bodies follows from Euler’s equation [31] as follows:

H=L @)

where the vector L represents the sum of all the external torques
experienced by the spacecraft. Substituting Eq. (4) into the left-hand
side (LHS) of Eq. (7) yields

HB+Hg(;+Hgi+Hu).s:L (®)

In the following development, the short-hand notation @ = wg,
is used to make the equation description more compact. Similarly,
gimbal frame angular velocity and wheel spin frame angular velocity
definitions are shortened such as WG, N = W) OGN = W) and
@y, /N = @y;. Taking the inertial time derivative of the first term of
the LHS in Eq. (8) leads to

H; = Lo + oX[I,|o )

where notation x* denotes the following skew-symmetric matrix:

0 —X3 X3
XX = x 0 —x |, =[x x x]" 10
—Xy X1 0

The second term of the LHS in Eq. (8) is related to the outer
gimbals of the DGVSCMGs. This is shown as follows:

. n g‘”d
Hgo = Z (F ([Igo]wgoj) + w;(gj([lgo]mgoj)) (1 1)
j=1
n /\/’d . .
= [Igl)] Z(a ((1) + 5()jg()j) + mgoj([lgo]wgoj)) (12)

=

= [Igo] i(w + Sojgoj + > (Sajgaj) + w?(}j ([Igo]a)goj))
Jj=1
(13)

= 1ll g} + 5] (G o8 +0*(G 08, ) + Y07 (1 gohor)
=1
(14)

where 'd/dt is used to define a frame-dependent time derivative with
respect to frame i, 8, = [,, - -+, J,,]" € R™! is the outer gimbal
angle vector,and G, = [g,1. - &,,] € R*" denotes the matrix of
the outer gimbal axes. Note that [,] is removed from the derivative
in the second line because it is constant in the G, frame. Similarly, the
third term of the LHS in Eq. (8) is related to the inner gimbals of the
DGVSCMGs. This is shown as follows:

H,; = n[l,lo + [Igi](Ggoso + Ggisi + @* (Gg050 + Ggiéi)
+ (Gg(,,'sn)x(agi;si)) + Xn:w;ij ([lg,-]cog,-_,) (15)
=

where 8; = [5;1, - -, 8;]7 € R™! is the inner gimbal angle vector,
and G,; = [g;1. -+ 8] € R*" denotes the matrix of the inner
gimbal axes. The fourth term of the LHS in Eq. (8) is related to the
wheel spin rates of the DGVSCMGs. This is shown as follows:

st = n[lwx]w + []ws](Ggoso + Ggisi + Gst

+0*(Gyb, + Gyib + G @) + (G0, )" (Gubi + G, 0)

. X n

+ (thaz) (Gwvg)) + Zw;sj ([lws]wwsj) (]6)
j=1

where Q@ = [Q,, ---,Q,]" € R"™! is the wheel spin rate vector, and

G,y = [§1, --+.§,] € R¥" denotes the matrix of the spin axes. The
total inertia matrix [J] of a spacecraft including n DGVSCMGs is
given by

W1 = [1)+ 1 (U o) + Ui + ) a7)

Note that this inertia tensor [J] is not constant if taken in the body
frame B by outer/inner gimbaling. In summary, Eq. (8) is rewritten as
the final spacecraft/DGVSCMGs kinetic equations of motion:
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W16 =~l14,)(GoB, + @ (G, ) )

[, (Ggoéi, + Gy, + 00 (Ggoés(, + Ggiéi) + (Gg,vés,-)X (Ggoén))

] (Gg(,b‘(, +G b+ G+ (Gg(,is(, +G b+ GQ)
+ (Ggo5o)x (Gg,-{s,- + Gst) + (Ggiﬁi)X(Gu,SQ)) T

n
=Y (@5 Uasdous) + 0%, (U log) + 07, (oo ) + L
j=1
(18)

This is the kinetic EOM of a spacecraft with multiple
DGVSCMGs.

III. LPV Model for Three-Axis Attitude Tracking
A. Linear Tracking Dynamics

This Paper deals with two parallel DGVSCMGs’ allocation
depicted as in Fig. 3. In this case, direction matrices in Eq. (18) are
given by

—sind,; —sind,,
Geo =10 0, Gg=| cosd, c0sd, |,
11 0 0

€08 0;1 €08, COSjr COSD,yn
Gys = | cosd;sind,; cosdy sind,y, (19)

—sin §; —sind;

To introduce the reference angular velocity vector wg, s of the
reference frame R relative to NV, the error angular velocity @, and the
inertial time derivative of @, are given by

O, =0 -0y, O, =0/ (20)

By using a Jacobian linearization of Eq. (18) around the
equilibrium point (@, =0, Q. =0, &, =0, §, =0) and
introducing Eq. (20), the linear EOM of a spacecraft with
DGVSCMG:s is as follows:

w, = A(p)w, + Bu + Ew 1)

where
Alp) = 17 [1s)(G ) 22)
B = —[J]"'[1,,] (23)

Ew is the disturbance term including the model error, and u is the
control input as follows:

DGVSCMG#1 DGVSCMG#2

Fig.3 Two parallel DGYVSCMGs’ allocation.

Q
u=[Fu Fy Fy|| 5 24)
b,
with
[ cos 0;1 COS 5,1 €OSJ;p COS I ,p
F,, = | cosé; sind,; cosd,sind,, |,
| —sindy —sindp
[ —Q, sins; cos S, —Q,sind,coss,, |
Fgi = | —Q;sing;;sind,; —Q,sindpsind,, |,
| —Qcosé —Q, cos o,
[ —Q, cos 8,y sind,; —,cos8,sind,, |
F,, =] Q;c0s5;;c0sd,; £ 085 COS 5,2 (25)
0 0

B. Linear Rigid-Body Kinematics

The spacecraft attitude is given by the orientation of the body-fixed
frame B with respect to the inertial frame A/. It is known that three
kinematic parameters are enough to describe the attitude. As such
three kinematic parameters, in this Paper, modified Rodrigues
parameters (MRPs) along with their shadow set are chosen [31,32].
They are a popular nonsingular attitude description with a minimal
coordinate set by switching between the two possible MRP
descriptions. They linearize very well, which is a benefit in the
following discussion. However, other attitude coordinates could be
used here as well without impacting the results. The MRP vector 6 is
defined in terms of the Euler parameters as the transformation

_ b
o;

= i =1,2,3 26
T+5, (26)

The inverse transformation is given by

1= 6o 20;

T 14676’ ﬁi:l—i—ojo"

Bo i=1,23 (27

Using the principal rotation axis vector é and the rotation angle @,

MRPs are given by
DY
6 = tan (Z)e (28)

For such MRPs, the singular points are given at ® = +2x.
However, these singularities can be avoided by introducing the dual
MRP method that consists of the conventional MRP and the shadow
MRP [31,32]. The kinematic equation based on the error MRPs o, is
given by

6, = H(o,)w, (292)

1
H@,) = [(1 —676,)I; + 265 + 20‘80{] (29b)

Let us transform Eq. (29) into an LPV model. The Jacobian
linearization of Eq. (29) around the equilibrium point (@, = 0,
6., = 0) leads to the linearized kinematics with MRPs, which is
given by

6,2, (30)
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C. LPV Modeling
T T

Setting the state variable x:=[w! o7]", the state-space
representation of Eqs. (21) and (30) is rewritten as follows:

; Ap) 0| @ B E
. e
= + u+ w 31
3R e R o
which is equivalently written in a more compact formulation as

x=A,px+Bu+E,w (32)

The Jacobian matrices are defined as

1 Q) cos §;; cos 6,1 + £, c0S J; COS
p=1|p | =G, Q= | Qcosd; sind,; + Q,cosd;sind,,
P3 _Ql sin 6,‘1 - Qz sin 5,’2
(34)

It seems that the number of the scheduling parameters generally
depends on the number of actuators. If it is true, it is difficult to design
the GS controller to guarantee overall stability and control
performance for a whole operating range of the LPV system because
the number of LMIs to be solved simultaneously increases
proportionally to the number of actuators. However, it is not true. By
defining the scheduling parameters adequately as in Eq. (34), one can
reduce the number of the scheduling parameters into just three,
regardless of the number of actuators. This number is the same as the
dimension of the spacecraft dynamics.

IV. Controller Design with Convex Optimization

A GS controller K(p) that guarantees overall stability and achieves
mixed H, /H,, performance [15] for the LPV model as in Eq. (32) is
considered. First, the generalized plant for Eq. (32) with the
performance output vector z and the state-feedback controller are
defined as follows:

x=A,px+Bu+Ew (35a)
z=Cx+Du (35b)
u=—-Kp)x (35¢)

where the coefficient matrix set (C, D) is selected such that they
satisfy the condition CTD = 0, DTD > 0. The LPV system and the
GS controller are expressed by the following polytopic
representation:

P
Ap) =) LA (36)
i=1
p
K(p) =) LpKk; 37
i=1
p
L) 20, Y Ailp) =1 (38)
i=1

where p denotes the number of vertices. In this case, p is equal to
8(= 2%) and 4;(p) is given as in Table 1. The scheduling parameter p;

Tablel Convex combination coefficients

i p Ai(p) Binary
1 [31 P E3]T a1003 000
2 e, o, P51 1203 001
3 [Bl P2 ﬁ3]T 00, 010
4 e, P2 paI" a0 o011
5 P71 py, pyI° [gYested) 100
6 [pr p, P3I° o 101
7 [P P2 pl° Q003 110
8 [p p plT @@, 111

in Eq. (34) has its upper and lower bounds, which are denoted by p;
and p,, respectively. They are given as follows:

/_)i = Q] max T Q2max (39)

Ei = _(leax + QZmax) (40)

where [Q;| < ;. j = 1, 2. Introducing interpolation parameters
a; and @;, the scheduling parameters p; can be described as follows:

pi=ap,+ap, 0<q, @<l a+a=1 (41)

The extreme matrices A,;, 1 < i < p in Eq. (36) are given by any
frozen system of A(p) with any combination of p; and p,, as in
Table 1. The extreme controllers K,;, 1 <i < p in Eq. (37) are
designed for the extreme matrices A,;, 1 <i < p in Eq. (36),
respectively. In this way, the convex hull that defines a whole
operating range is constructed as shown in Fig. 4.

Let us introduce the following mixed H, /H ., LMI problem [15]:

W{Q{Z[Trace(l)] (42a)
subject to
X * (AeiX - BeWi) + (.)T *
[EgT Z:|>O’ |: CX - DW, _J <0 (42b)

min P2 max
Fig.4 Convex hull.
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(AeiX_ BeWi) + (.)T * *

CX - DW; -yl % <0,
EZ 0 -yl
foralll <i<p (42¢)

where X € R®® and W € R*¢ are matrix variables, and Z € R>
is a slack variable. Equations (42a) and (42b) guarantee H,
performance, and Eq. (42¢c) gives H,, constraint. Using the optimal
solution sets X and W; to the problem in Egs. (42), the extreme
controllers K; at each vertex of the operation range [9] are given by

K,=WX!' 1<i<p (43)

Then, the GS controller in Eq. (35¢) is constructed by substituting
Eq. (43) into Eq. (37).

V. Steering Law Design
In [3-6], the IPACS with multiple reaction wheels or variable-
speed CMG were developed. In this Paper, the IPACS with multiple

DGVSCMGs is considered. Two types of steering laws for two
parallel DGVSCMGs are proposed.

A. Steering Law 1

The first proposed steering law consists of RW steering and CMG
steering.

1. RW Steering
Both power tracking and wheel spin equalization are attained by

RW steering. First of all, the kinetic energy and power of RWs are
considered. The kinetic energy of RWs in DGVSCMGs is given by

1 n
Tw =32 T (@4)
=

Therefore, the power of RWs described as the rates of change of the
energy is given by

Prw = TRW = Zlu;xj.ijQj = st,xQTQ 45)
j=1

Note that the wheel inertias of all DGVSCMGs are assumed to be
same as the wheel spin directions. Next, the RW steering law to attain
the power tracking is considered. To introduce the required power P,,
the steering law of RWs is described as follows:

P,.=PQ,  P=1,,9Q" (46)

Therefore, the required inputs of the RWs are obtained to solve
Eq. (46) as follows:

Q=P'P, +N ML, 7
where
Ny=1,-P'P (48)
M, =k, (49)
Q, =Q-Ql,, (50)
_ 14
Q= 5; Q, (51)

Note that matrix N is the null motion of the RW steering law, M is
the weighting matrix, and Q, is the error wheel spin rate vector to
attain the wheel spin equalization in the null motion. The RW steering
law in Eq. (47) can attain both power tracking and wheel spin
equalization. Recalling that the control input u is given as in Eq. (24),
the output torque vector of the RWs ugyy is given by

Uy = F,,Q (52)

2. CMG Steering

Both three-axis attitude control and singularity avoidance are
attained by CMG steering. The required CMG torque vector is
calculated as follows:

Ucyc = U — URw (53)

Then, the CMG steering law is given by

ueng = 06 (54)

where

Q:[Fg,- Fg,,], 5:[‘?'} (55)

If det (QQT) = 3, Eq. (54) can be always solved with respect to &
for any given torque command ucyg. If rank (Q) # 3, then this
cannot be solved. It occurs when det (QQT) = 0. The singularity
measure m is introduced by

m = /det(QQ") (56)

When m is close to zero, the system falls into the singularity. The
singularity robustness (SR) steering law [19] is one of the most
efficient singularity avoidance techniques. Reference [21] gives an
SR-based singular value decomposition (SVD) method that hires
orthonormal matrices U € R™3 and V € R**. In Eq. (54), the
matrix Q can be decomposed into

Q0 =UzvT 57
where
5 0 00
= 0 32 00 s U:[ﬁl ﬁ2 ﬁ3], V:[vl v, V3 1)4]
0 0 5350
(58)
that yields
3
Q=Y Gun! (59)

where G, > 5, > 65 > 0 are singular values of Q. If det(QQT) # 0,
thens; > 0,1 <i<3and

of =vziuT (60)
where
EL. 0 O
0 4L 0
T = % 61)
0 o0 51—3
0 0 O
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that yields

3
of = Z(Ei)v,»ﬂ? (62)

i=1 \Vi

The SR inverse Q% = QT[QQT + Al;]7! is given as follows [21]:

N* = v=#uT 63)
where
20 0
0 2= 0
2# — G5 +4 B (64)
00
0 0 0
1- —(1
, expl=(1/m) )

=k

1+ expl[~(1/m)]
where A is the sigmoid function with positive scalar k, and singularity
measure m. When the system is closed to the singularity, 4 is

approaching to k,. Therefore, the SR-based SVD steering law is
given by

6 = Q"ucyc (66)

where

3 _
S

i=1

Although this steering law can avoid the singularity, it cannot
escape from the singularity. Then, a singularity escape steering law is
proposed as follows:

6 = Q'ucy + NoMyv, (68)

where
Ny =1,-0%0 (69)
M, =, (70)

where the matrix N, is the null motion of the CMG steering law, and
M, is the weighting matrix with sigmoid function 4 of singularity
measure m. Vector v; is employed to output the maximum torque in
the direction orthogonal to the singularity surface and to escape
rapidly from the singular point [33]. Figure 5 shows the procedure
of the steering law computation. From this figure, the required
torque # from the GS controller is divided into the wheel input ugw
and the inner/outer gimbal input ucyg. Note that the control
performance of the thee-axis attitude control is guaranteed because
the total generated torque amount in the three-dimensional motion
is conserved.

B. Steering Law 2

This steering law provides three-axis attitude control, singularity
avoidance, wheel spin equalization, and power tracking at the same
time. The following steering law is considered as follows:

AR o

Control input: U

RW steering

a - )

Q= PP+ N, M, Q.

Power tracking + Wheel spin equalization

URW = Fwsn

\ Calculate the RW torques )

UcMG = U — URW

Calculate the required CMG torques

CMG steering

6 = Q*ucne + NoMov;

Attitude control + Singularity avoidance

\ 4

DGVSCMG input: ) §

Fig.5 Procedure of the steering computation.

where

[F. 0
S = [ 7 0} (72)

The coefficient matrix S can be decomposed into

S=U0zV" (73)
where
56 0 0 0 00
3 6, 0 00 5 S
Y = _ , Uz[ul u, uj u4],
0 0 63 0 00
G, 00
V:[ﬁl b, 5 ¥, s 56] (74)
with
G126,26326,20
that yields

4
S=> Gl (75)

To solve this equation, the DGVSCMG inputs are given by

[?] =S#[;;r:|+N3(M3|:%e]+M451) (76)
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Table 2 Simulation parameters

Parameter Value Unit
Bl1] diag [600 600 475] kg/m?
Gi[1s] diag [0.7 0.4 0.4] kg/m?
9ill 1] diag [0.1 0.1 0.1] kg/m?
o[l 0] diag [0.1 0.1 0.1] kg/m?
Q) [650 600]" rad/s
Qax [750 750]" rad/s
Qo [r 1y rad/s?
Qi [-1 -1]" rad/s?
8 (/4 —-z/4 O =/2]" rad
. 11 1 1] rad/s
Brmin [-1 -1 -1 -1F rad/s
@, [0.003 —0.005 -0.025]" rad/s
6.0 [02 -02 -0.6]" —_

where

3 ~
O ~ o~
St — 2(52 " ﬂ)v,.u,.f 77

N3 :I6—S#S (78)
M3 = k116 (79)
M, = A, (80)

VI. Numerical Simulation

This section presents a numerical simulation of the attitude
tracking problem given by the satellite in a near-polar orbit found in
[3.4]. The pointing axis is required to track a ground station, and the
spacecraft is required to rotate about this pointing vector so that
the solar panel axis is perpendicular to the spacecraft—sun axis. These
two constraints determine the required angular velocity for three-axis
attitude control on orbit. Two numerical simulations using steering
law 1 in Eq. (68) and steering law 2 in Eq. (76) are presented. The
disturbance torque [34] experienced by aerodynamics, solar pressure,
magnetic torque, and other environmental factors is assumed by

4 x 107 + 2 x 1076 sin(7f)
L= 6x107%+3x 107 sin(7t) (81)
3% 107 4 3 x 107 sin(7ir)

where 77 denotes mean motion. The controller design parameters C
and D, the disturbance coefficient matrix E,, and positive scalars k;
and k, are given as follows:

100 ¢-e-e~e ' >-0-0-0-0
0 - 4
_ 100 ¢ 1
3
5 200 1
E = Steering 1
A~ 300 |- Steering 2 |
o Pr (Reference)
—400 - .
-500 ; - ; X X ]
0 1000 2000 3000 4000 5000

Time [s]
Fig. 6 Power profiles.

[20x 153 O3
06x3
C = 03)(3 001 X [3 N D - N
0.03 x I3
03><3 03><3
1076 x diag[6 9 6]
E, = (82)
L 033
ky = 0.2, ky =10 (83)
2 x10° . .
Steering 1
Steering 2
1.5 1
g 1r 1
0.5 1
0 ; ; ; ;
0 1000 2000 3000 4000 5000
Time [s]
Fig.7 Singularity measure.
0.04 T T T T
— )
ex
- - (,oey
0.02 o
ez
T, gem s
-1 I et
ch .
-0.02} 1
’
’
’
—0.04 SV 1
0 20 40 60 80 100
Time [s]
Fig. 8 Angular velocity (magnified).
0.2 T T T .
\ —_—0
\ el
0.15 i
‘| == -er
0.1F % ot
A
0.05F % 1
AY
o° 0r h -~ ”_ =
—0.05 1
—0.1 1
-0.15¢ 1
—0.2 ‘ ; ‘ :
20 40 60 80 100

Time [s]
Fig. 9 Error MRPs (magnified).



Downloaded by UNIVERSITY OF COLORADO on October 30, 2018 | http://arc.aiaa.org | DOI: 10.2514/1.A33944

SASAKI ET AL. 549

750 T T T -
0.4 ¢ —d(Q,)/dt ]
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Fig. 10 Attitude and power tracking simulation (steering law 1).
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Note that the disturbance coefficient matrix E, is determined by
the maximum values of the disturbance in Eq. (81). The simulation
parameters are given in Table 2, in which the initial condition of the
MRPs and the angular velocity of the spacecraft (6, @) are also
given. These spacecraft parameters closely parallel those used in
[6,23]. The maximum and minimum values of the scheduling
parameter in Egs. (39) and (40) are given by —1500 < p; < 1500
from the maximum wheel spin rates in Table 2.

Figure 6 shows the power history of the RWs in the DGVSCMGs,
and Fig. 7 shows the singularity measure of the DGCMGs in the
DGVSCMGs. From these figures, the power (the solid and dashed
lines) are tracked by the required power (circles) in Fig. 6 and the
singularity measure (the solid and dashed lines) in Fig. 7 avoided the
singularity (it avoided 0). As a result, the proposed controller and the
steering laws have achieved both power tracking and singularity
avoidance. Figures 8 and 9 show the error angular velocity and the error
MRPs, which are converged to 0 at 70 s. Therefore, the IPACS has been
successfully achieved by the proposed control and steering laws.

Figures 10 and 11 show the simulation results of the DGVSCMG
motion by using the steering laws in Eqgs. (68) and (76), respectively.
From these figures, the wheel motions in Figs. 10a, 10b, 11a,and 11b
show that wheel spin equalization has been attained. With regard to
the computing speed, steering law 2 is 1.12 times faster than steering
law 1.

VII. Conclusions

In this Paper, the dynamics and linear parameter-varying model of
a spacecraft equipped with multiple DGVSCMGs has been
developed. Then, a multiobjective gain-scheduled controller with
linear parameter-varying control theory was applied to evaluate both
optimality and robustness. Two types of steering laws for two parallel
DGVSCMGs were proposed to attain power tracking while
considering both singularity avoidance and wheel spin equalization.
Through numerical examples, an integrated power/attitude control
system and the effectiveness of the proposed controller and steering
laws were demonstrated. Also, the advantage of the computing speed
was demonstrated by comparing two steering laws.
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