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Abstract

During long-term operations in lunar orbit, spacecraft are inevitably subjected to persistent environmental disturbance
torques, leading to the accumulation of angular momentum and eventual saturation of reaction wheels. Unlike
Earth-orbiting spacecraft, lunar orbiters cannot rely on magnetic torquers due to the absence of a global magnetic field.
Conventional thruster-based momentum unloading introduces propellant consumption and degrades orbit prediction
accuracy by disturbing the spacecraft center-of-mass dynamics. To address this challenge, we propose Dioscuri, a
cooperative dual-solar-array momentum unloading attitude control strategy based on solar radiation pressure. The
system continuously monitors the accumulated external disturbance torque acting on the reaction wheels and triggers
momentum unloading once a predefined threshold is reached. By dynamically planning the coordinated rotational
profiles of the dual solar arrays while maintaining a constant effective illuminated area, a controllable unloading torque
is generated through the intentional deviation of solar radiation pressure vectors from the two arrays. This actively
counteracts the accumulated disturbance momentum and prevents reaction wheel saturation without the use of thrusters.
The core of this system lies in establishing an accurate attitude dynamics model tailored to orbital characteristics,
designing a momentum accumulation-based unloading trigger mechanism, and developing a cooperative dual-solar-array
trajectory generation algorithm to precisely match unloading timing and torque output. Simulations demonstrate
that Dioscuri effectively mitigates reaction wheel saturation risks and enables continuous reaction wheel operation
without using thrusters. The proposed strategy significantly reduces propellant consumption and improves orbit prediction
accuracy, offering a low-consumption and practical attitude control solution for long-lifetime lunar and deep-space missions.

Keywords: Reaction-Wheel Momentum Unloading, Solar Radiation Pressure, Dual Solar Arrays, Three-Axis Attitude
Control, Lunar and Deep-Space Missions

1. Introduction

Lunar exploration has emerged as a major focus of in-
ternational space activities [1-3]. Driven by scientific ex-
ploration and potential utilization of lunar resources, the
Moon, as Earth’s closest extraterrestrial body with signif-
icant resource potential, has attracted increasing attention.
Lunar regolith contains helium-3 and other valuable re-
sources, while permanently shadowed regions near the lu-
nar poles preserve abundant water ice [4-6]. Meanwhile,
the Moon lacks an atmosphere, a global magnetic field, and
significant geological activity, allowing it to preserve pri-
mordial records of the Solar System accumulated over 4.5
billion years [7,8]. The Moon preserves important infor-
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mation about the early Solar System [9], making it a unique
platform for studying planetary formation and evolution.
Major space agencies and countries have launched am-
bitious lunar exploration programs. The United States is
promoting the Artemis program to enable human return to
the Moon, explore the lunar south polar region, and estab-
lish sustainable lunar infrastructure [3, 10, 11]. China is
advancing the Chang’e program and its crewed lunar ex-
ploration program toward south-polar exploration, human
lunar missions, and the planned International Lunar Re-
search Station [2, 12, 13]. Meanwhile, Russia, ESA, Japan,
India, and the Republic of Korea are also pursuing long-
term lunar exploration initiatives [1, 14]. These efforts
indicate that lunar exploration is evolving from isolated
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scientific missions toward sustained operations requiring
advanced transportation, communication, navigation, re-
mote sensing, and infrastructure capabilities.

Beyond advances in heavy-lift launch systems,
Earth-Moon transportation, long-duration lunar habita-
tion and life support, and in-situ resource utilization, the
realization of these long-term lunar missions also relies
on fundamental spacecraft technologies, including lunar
communication, navigation, remote sensing constellations,
and high-precision orbit and attitude control [15-19]. Al-
though such technologies may appear conventional, the
substantial environmental differences between Earth or-
bit and the Earth—-Moon system make many conventional
spacecraft approaches inapplicable. A representative ex-
ample is momentum unloading using magnetic torquers,
which is unavailable in lunar and deep-space environ-
ments due to the lack of a global magnetic field. For
long-life service spacecraft requiring high orbit-prediction
accuracy, such as navigation, remote-sensing, and TT&C
satellites, trajectory perturbations and additional propel-
lant consumption during long-term operations should be
minimized. At the same time, although spacecraft solar
arrays absorb solar radiation for power generation, they
are inevitably subjected to solar radiation pressure. Be-
cause the center of pressure generally does not coincide
with the center of mass, solar radiation pressure generates
persistent disturbance torques that accumulate angular mo-
mentum and may eventually saturate the reaction wheels
of a zero-momentum attitude control system.

Conversely, if the solar-radiation pressure acting on so-
lar arrays can be properly controlled, it can generate con-
trollable attitude control torque and assist reaction-wheel
disturbance torque unloading in zero-momentum attitude
control systems. The underlying idea has been explored
previously. Early studies investigated solar-array-based at-
titude control for large geostationary satellites rather than
momentum unloading. In 1985, J. Lievre proposed such a
concept [18], and in 1992, Ruth Azor extended solar-array
attitude control to bias-momentum geostationary satel-
lites [20]. However, these methods required auxiliary flaps
attached to the solar arrays. By independently modulating
solar illumination on the auxiliary surfaces of the north
and south arrays, they generated control torque about only
a single body axis, typically the Z- or X-axis. More re-
cent studies have primarily focused on spacecraft equipped
with large membrane solar sails, where attitude control
is achieved during deep-space flight by actively changing
sail angles or moving the spacecraft center of mass. Such
techniques, however, are not directly applicable to conven-
tional spacecraft solar arrays, whose primary function is

TAC-26-C1-1-7-x107032

Yy L740p
G I _J
Y N Y

IY Z \ Xy w

Fig. 1: Schematic of eccentrically mounted solar arrays.

electrical power generation rather than attitude control.

Under typical conditions, as shown in Fig. 1, a space-
craft is equipped with two solar arrays stowed on the space-
craft Y-panel. After on-orbit deployment, the spacecraft
attitude is controlled such that the solar vector remains
perpendicular to the spacecraft Y-axis, and the solar ar-
rays rotate about the Y-axis to align their surface normals
with the solar vector, thereby maximizing electrical power
generation through solar tracking. Although spacecraft
operational attitudes may vary depending on mission re-
quirements, these geometric constraints generally remain
applicable.

Under these constraints, this paper focuses on a general
spacecraft configuration equipped with dual solar arrays.
We investigate three-axis decoupled disturbance torque un-
loading using only existing conventional solar arrays with-
out auxiliary flaps. The proposed method is applicable to
lunar and deep-space missions, where magnetic torquer-
based momentum unloading is unavailable and thruster-
based unloading is undesirable due to the induced pertur-
bations to spacecraft trajectory and additional propellant
consumption.

2. System Modeling
2.1 Solar-Array Torque Model

A local body-fixed coordinate system is established with
its origin at the spacecraft center of mass. The Yj-axis
is normal to the ecliptic plane, the Xj-axis is approxi-
mately along the spacecraft’s velocity direction, and the
Zp-axis completes the right-handed orthonormal frame.
From the spacecraft perspective, the Sun undergoes ap-
proximately circular motion around Oy, in the local X, Z,
plane. The Earth also remains approximately in this plane
with a small out-of-plane oscillation. At the same time, the
Moon moves in the local Y, Z;, plane, providing the lunar-
pointing reference for the subsequent unloading strategy.

The spacecraft is equipped with two symmetrically
mounted solar arrays on the Y-panel, and each array has one
rotational degree of freedom with its rotation axis parallel
to the spacecraft Yj-axis. In practice, non-ideal mounting
conditions may occur, and installation errors are typically
compensated by balancing masses on the spacecraft bus.
In this work, a residual eccentricity component along the
Zp-axis is intentionally retained. Specifically, if the pro-
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jection of the solar-array rotation axis onto the spacecraft
XpZp, plane is denoted as [0, /], the centroid positions of
the two deployed solar arrays are expressed as [0, Iy, / Z]T
and [0, —ly, lz]T, respectively. Therefore, each solar ar-
ray can be modeled as a dual-eccentricity structure with
eccentricities Iy and /2, as illustrated in Fig. 1.

The spacecraft velocity vector in the Moon-centered
ecliptic inertial frame is v; = [vxy, vys,vzr]7, where

_ Mmesin f

vx1 = ; (cos Q cos u — sin Q sin u cos i)

h
— —(cos Qsin u + sin Q cos y cosi),
,

_ Hmesin f

. (sinQcos u + cos Qsin pucosi) (1)

Vyr

h
— —(sin Qsin p — cos Q cos u cosi),
’

Ume sin f
vzl = ——

sin usini + ?cos,usini.
In this equation, a is the orbital semimajor axis, e is the
eccentricity, / is the inclination, Q is the right ascension
of the ascending node, w is the argument of pericenter,
E is the eccentric anomaly, and f is the true anomaly.
The auxiliary variables are defined as r = a(1 — e cos E),
u=w+ f,and h = \u,a(l — e?), where u,, denotes the
lunar gravitational constant.

The unit vector of the spacecraft velocity axis expressed
in the inertial frame is defined as
Vi

ey = - (2)
vl

The basis vectors of the spacecraft body axes in the
inertial frame are given by

T
eyp,1 =[0,1,0]", ezp,1 =€, 1 X eyp 1, 3)

and the exp, ; can be generated via ey, y and ez, ;.
The transformation matrix from the inertial frame to the
spacecraft body-fixed frame is defined as

T
Ti—b = |exb.1.evp1.€zb.1] - )

The unit vector of the solar radiation direction in the
Moon-centered ecliptic inertial frame is defined as

T
es = [esx,0,e5:] 7, ep = Tipey, 5)

where eg; denotes the solar unit vector expressed in the
spacecraft body-fixed frame.

When disturbance torque unloading is not performed,
the surface normal vector of each solar array is maintained
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opposite to the solar incident direction. During unloading,
each solar array is rotated about the Yj-axis by a small
offset angle « relative to the nominal sun-pointing attitude
according to the right-hand rule, where |@| < 1 rad. The
unit normal vector of the solar-array surface expressed in
the spacecraft body-fixed frame is therefore given by

—@éesy €swx
esy = 0 = 0 1. (6)
taegsy €swz

The solar-radiation-pressure force acting on a solar array
is given by

€sx —esz Fy
Fh =K18Sb+K28SW =K1 0 +K2 0 =10
€sz @esx F;

K, and K5 are the solar-radiation-pressure coefficients,
which are defined as

2C,
Ky = PpSC, cosa, Ky = PyS |2C, cos® a + Td cosa.

(®)
Py = 4.56x 1075 N/m? is the solar radiation pressure, S is
the area of a single solar array, C,, is the absorptivity, Cy is
the diffuse reflectivity, and C, is the specular reflectivity.
For a small offset angle «, the corresponding approxi-
mations of K; and K is given by

C
K, = PySC,, Ky = 2PoS (cr + ?d) . )

In general, the centroid of a solar array is assumed to
coincide with its center of pressure. Therefore, the solar-
radiation-pressure torque generated about the spacecraft
center of mass can be expressed as

0] [Fy IyF,
Mg, =r. X Fp = ly|x|0|= lZFx . (10)
Izl |F.| |-IyFx

If the +Y and -Y arrays rotate by equal but opposite
angles, the torques generated by two arrays are given by

[ ly(Kies; + Kaaegy) ]
lz(Kiesx — KQ(Yesz) > (11)
__IY(Klesx _K2aesz)_

M.y(a) =

[—ly (K1es; — Kaavegy)]
M_y(a) = | Iz(Kiesx + Koaeyy) |. (12)
| ly(Kiesx + Kaaeyy) ]
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The combined torque generated by the two arrays is
expressed as

2lyKoaegy
Msa(a') = M+Y(a) + M—Y(a/) = 2ZZI(lesx . (13)
2lyKsaes,

It can be seen that opposite small-angle rotations of the
two arrays can generate unloading torques along all three
spacecraft axes. However, the three torque components are
strongly coupled, and a decoupling strategy is required.

If the +Y and —Y arrays rotate by the same angle, the
combined torque is expressed as

0
M, (a) = Myy(a)+M_y(a) = |2lz(Kiesx — Kaaes;)
0
(14)
This indicates that identical rotation angles of the two ar-
rays can independently generate an unloading torque about
the Y-axis without three-axis coupling.
If the +Y solar array rotates by a nonzero angle while
the —Y array remains fixed, the resulting torque is given by

lyKsaeg,
M, (a) = Myy(a)+M_y(0) = [Iz(2K1e5x — Kaaves) | .
lyKsaes,
(15)
In this case, coupling among the three torque compo-
nents remains, motivating the development of a decoupling
strategy.

2.2 Reaction-Wheel Momentum Unloading

The spacecraft is equipped with four reaction wheels
and adopts a zero-momentum attitude control configura-
tion. The total angular momentum of the spacecraft system
is maintained as

Htota] =Iw + hw = 0, (16)

where w is the spacecraft angular velocity vector with re-
spect to the inertial frame, k., is the reaction-wheel angular
momentum, and I is the spacecraft inertia matrix.

In the spacecraft body-fixed frame, the rigid-body atti-
tude dynamics are described by the Euler equation

I+ 0 X (Iw+hy) = Mepy + Mo + Mg, (a).  (17)

In this equation, My, denotes the environmental distur-
bance torque, which consists of the secular component
M. and the periodic component M,.,. The reaction
wheels generate the control torque M., which satisfies
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M. = —h,,. The term M,,(a) represents the additional
control torque generated by actively deflecting the eccen-
trically mounted solar arrays by an angle a.

For a spacecraft operating in lunar orbit, the dominant
long-period disturbance torques arise from the torque in-
duced by imperfect installation of the two solar arrays and
the third-body gravity-gradient torques induced by the Sun
and the Earth. These disturbance torques are typically on
the order of 5 x 107® N - m. Without disturbance-torque
unloading, the reaction wheels would reach saturation in
approximately 30 days.

When the spacecraft attitude ¢ remains relatively sta-
ble and no rapid large-angle maneuver is required, the
attitude dynamics can be linearized under the small-angle
assumption. The spacecraft angular velocity can then be
approximated as

o=~ ¢+ w, (18)

where w( denotes the orbital angular velocity vector. By
neglecting higher-order small terms associated with wx(-),
the linearized attitude dynamics become

I¢ + hy = Moy + My, (). (19)

For a zero-momentum attitude control system, the con-
trol objective is to maintain the average variation rate of
the total spacecraft angular momentum at zero. Therefore,

1

T 1,7
?L h,, dt:MseC_,_?A Mm(a)dt. (20)

Considering that the dominant periodic components of
the disturbance torque are the orbital-period and draconic-
period components, with the orbital-period component be-
ing dominant, the averaging interval T is generally selected
as one orbital period.

If reaction wheels are used primarily to compensate for
periodic disturbances M., the control torque generated
by eccentrically mounted solar arrays should compensate
for the secular disturbance torque M., such that

1t
?./0 h,, dt = 0. (21)
During on-orbit operation, the Sun undergoes approxi-
mately circular motion around Oy, in the local X, Z;, plane.
Over one orbital period, the integral of the solar unit vector
expressed in the spacecraft body-fixed frame is approx-
imately zero. Therefore, the eccentrically mounted so-
lar arrays cannot generate a net unloading torque through
constant-angle deflection. Time-varying control based on
the solar-vector direction ey, is required to generate ef-
fective unloading torques and achieve three-axis torque
decoupling.
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Table 1: Dual-Solar-Array Momentum Unloading Control Logic

Region  Deflection Configuration Dominant Lever Control Primary Objective
Arm Torque
Torlll 65=a, 6p=—-a ly dominant My Reaction-wheel momentum unload-
(GD ing along the Z-axis, with coupled
X /Y torques cancelled.
IMorIV Regionll: §4 =, dp = -« ly dominant, Mx Reaction-wheel momentum unload-
(G2) RegionIV: 64 = @, 6p = @ or [z compensated ing along the X-axis, with coupled
RegionIl: 64 = @, 0p = Y/Z torques compensated through
RegionIV: 64 = @, 6p = —« regional control.
MorlV 6pa=a, 6g=aor |7 dominant My Reaction-wheel momentum unload-

(G3) 5A=—a, 5B=—CY

ing along the Y-axis.

For a circular orbit, the angle between the solar unit
vector egp and the spacecraft +Zp-axis is defined as

0,s = mod [atan2(eyy, €sz), 27] . (22)

The control space is divided into four regions according
to the range of 6:

I: —45° <0, <45°,
IT: 45° <@, <135°,
III: 135° < 6, < 225°,
IV : 225° <6, < 315°.

(23)

By commanding different deflection angles of the two
solar arrays in different regions, three-axis control torques
can be generated, as summarized in Table 1.

3. Momentum Unloading Strategy

Based on the solar-array torque model and reaction-
wheel momentum dynamics established above, a dual-
solar-array momentum unloading strategy is developed.
The proposed unloading strategy is implemented through
a region-dependent control process and is summarized in
six phases.

3.1 On-Orbit Implementation Strategy
Phase 1: On-orbit preprocessing and model calibration
(after orbit insertion and attitude stabilization).

Step 1-1: Establish the nominal attitude state. After
orbit insertion, the spacecraft attitude-control loop main-
tains the nominal lunar-orbiting attitude, with the Xj-axis
aligned with the spacecraft velocity direction, the Yj-axis
perpendicular to the ecliptic plane, and the Zj,-axis pointing
toward the lunar center. When the attitude error is reduced
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below 0.1° and the reaction wheels operate around the nom-
inal zero-momentum condition, the three-axis reaction-
wheel angular momentum and wheel speeds are recorded
to establish the initial unloading reference state.

Step 1-2 : On-orbit calibration of the dual-eccen-tricity
solar-radiation-pressure model coefficients. Both solar ar-
rays are first returned to the nominal sun-pointing zero-
bias position, i.e., 64 = dp = 0, to ensure optimal power
generation and establish a unique baseline state. Then,
independent small-angle probing deflections are applied
to characterize the array torque response. Specifically,
differential test commands (64,55) = (Otest> —Otest) and
common-mode test commands (64,58) = (Otests Otest)
are executed. Based on the measured reaction-wheel mo-
mentum variations and the unified dual-eccentricity model
described by Egs. (13) and (14), the SRP model coeffi-
cients K; and K> are estimated. According to the torque-
generation characteristics summarized in Table 1, three
sets of torque-control coeflicients under Regions I-IV and
different solar incidence angles are stored in the onboard re-
gional parameter table for accurate region-dependent mod-
eling. The known parameters, including the solar-array
area S, optical coefficients (C,, Cs, and Cy), solar radia-
tion pressure constant Py, and the dual-eccentricity vector
1 = [0,ly,I2]T, are then fixed to construct the unified
torque—deflection analytical model.

Step 1-3: Unloading thresholds (activation and deacti-
vation) configuration using a hysteresis criterion. To avoid
frequent switching of the solar-array unloading commands,
independent activation and deactivation thresholds are de-
fined for each spacecraft axis. When the reaction-wheel
momentum exceeds the corresponding activation thresh-
old, the solar-radiation-pressure unloading control for that
axis is enabled; when the momentum decreases below the
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deactivation threshold, the solar arrays return to the nom-
inal zero-bias position and the unloading action is termi-
nated. The hysteresis logic is given as

activate unloading along the corresponding axis,

|Hi| > Hen,is i € {x,y,2},
return to nominal zero-bias position and stop unloading,
|Hi| < Hogr,is 1 € {x,y,2}.

(24)

During lunar shadow passages, when solar radiation
pressure becomes unavailable, the solar-radiation-pressure
unloading control is directly disabled. The reaction wheels
maintain the spacecraft attitude, and the unloading process
resumes after eclipse exit when solar-radiation-pressure
control becomes available again.

Phase 2: Real-time orbital region identification (exe-
cuted once per orbital cycle).

Step 2-1: Real-time solar-vector angle calculation. Us-
ing the onboard Sun sensor measurements and orbit propa-
gation results, the solar unit vector in the spacecraft body-
fixed frame, ey, = (eSx,exy,esZ)T, is determined. The
angle between the solar direction and the lunar-pointing
Zp-axis is then calculated as 6.

Step 2-2: Region and control-group selection. Accord-
ing to the calculated solar-vector angle 6,5, the onboard
controller automatically selects the corresponding control
group. When 6,5 € [-45°,45°] U [135°,225°], control
group G1 is activated. The two solar arrays apply anti-
phase deflection, (d4,d0p) = (+d,—0), to achieve pure
Z-axis momentum unloading through the Y-direction ec-
centricity.

When 6, € [45°,135°] U [225°,315°], control
groups G2 and G3 are activated for X- and Y-axis mo-
mentum unloading, respectively. For control group G2,
Region II adopts anti-phase deflection (84,05) =
(+6,-6), while Region IV adopts common-mode de-
flection (64,65) = (+6,+4d), enabling pure X-axis un-
loading through the Y-direction eccentricity. For con-
trol group G3, Region II applies common-mode deflec-
tion (64,0p) = (+3, +0), whereas Region IV returns both
arrays to the zero-deflection position (64,65) = (0,0),
enabling pure Y-axis unloading through the Z-direction
eccentricity.

Phase 3: Stepwise Z-axis unloading in control group
G1 (Regions I and III), using dual-eccentricity decoupling
control. The control configuration adopts equal-magnitude
and opposite-direction deflections of the two solar arrays,
i.e., (64,08) = (5,—0). Regions I and III are indepen-
dently controlled under this configuration, which exploits
the decoupling capability provided by the Iy + [z dual-
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eccentricity model. Due to the opposite signs of the Y-
direction lever arms of the two arrays, the coupled torque
about the X-axis is automatically cancelled. Meanwhile,
the identical Z-direction lever arms generate torque com-
ponents with opposite effects, leading to cancellation of
the coupled Y-axis torque. Therefore, the resulting control
torque satisfies Mx. =~ 0 and My, =~ 0, enabling Z-axis
reaction-wheel momentum unloading without disturbing
the momentum states along the X- and Y-axes.

Step 3-1: Momentum state monitoring and disturbance
torque estimation. The Z-axis reaction-wheel angular mo-
mentum Hz is monitored in real time, and the equivalent
disturbance torque is estimated as Mgz = H. The tar-
get solar-radiation-pressure unloading torque is then set to
Mz =-Myz.

Step 3-2: Control deflection angle calculation based on
the dual-eccentricity model. A region-dependent control
law is adopted to accommodate the coupling characteristics
of the dual-eccentricity torque model. When the spacecraft
is located in Region I (6,5 € [-45°,45°]) or Region III
(0,5 € [135°,225°]), the solar direction is close to the
spacecraft Zj-axis. After averaging over the corresponding
control region, the torque components generated by the ly
term along the X-axis and by the [z term along the Y-axis
are approximately cancelled, while the torque component
generated by the /y term along the Z-axis remains nonzero.
Therefore, the required deflection angle § can be obtained
from Eq. (13).

~Maz
6th9 > 6th9
21y Ky [ €5z (025) Ao
0= (25)
Mz .
, otherwise.
2lYK2fesz(gzs) dbs

Step 3-3: SADA deflection execution and closed-loop
correction. The +Y solar array is commanded to deflect by
+0, while the —Y solar array is commanded to deflect by
—0. The deflection angle is strictly constrained by ¢ < ¢y
to maintain the validity of the small-angle approximation
and satisfy the power-generation constraint. The reaction-
wheel momentum is monitored in closed loop, and the
deflection angle ¢ is adjusted according to the measured
variation of Hz such that Hz — 0. During operation, the
decoupling performance is continuously verified by moni-
toring the X - and Y-axis momentum states, ensuring that no
unexpected momentum drift or accumulation occurs under
the symmetric anti-phase dual-eccentricity configuration.

Step 3-4: Exit Gl mode. When the exit condition
|Hz| < Hog is satisfied, the control deflection angle &
is smoothly driven back to zero to avoid abrupt torque
changes. Both solar arrays return to the nominal sun-
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pointing position, and the system waits for the next orbital-
region transition.

Phase 4: Stepwise X-axis unloading in control group
G2 (Regions Il and IV), using dual-eccentricity decoupling
control. The control configuration adopts coordinated con-
trol between Regions II and IV. In Region II, the two
solar arrays apply differential deflection with equal mag-
nitude and opposite directions, i.e., (64,05) = (6,-6).
In Region IV, common-mode deflection is applied, i.e.,
(64,0B) = (8, 6). Through the combined utilization of the
ly and [z eccentricities, the coupled torques generated in
Regions II and IV are compensated, enabling decoupled
X-axis momentum unloading. In Region II, the opposite
Y-direction eccentric contributions of the two arrays cancel
the coupled Z-axis torque, while the in-phase Z-direction
eccentric contributions introduce a coupled Y-axis torque.
In Region IV, the in-phase Z-direction eccentric contribu-
tions generate a Y-axis torque with opposite polarity to that
produced in Region II, thereby compensating the remain-
ing coupling component. As a result, the resulting control
torque satisfies My, ~ 0 and Mz, = 0, enabling X-axis
reaction-wheel momentum unloading without disturbing
the momentum states along the Y- and Z-axes.

Step 4-1: Momentum state monitoring and disturbance
torque estimation. The X-axis reaction-wheel angular mo-
mentum Hy is monitored in real time, and the equivalent
disturbance torque is estimated as Mgy = Hx. The tar-
get solar-radiation-pressure unloading torque is then deter-
mined as M. = —Myx.

Step 4-2: Control deflection angle calculation based
on the dual-eccentricity model. A region-dependent co-
ordinated control logic is adopted to accommodate the
torque-coupling characteristics of the dual-eccentricity
model. The required deflection angle is calculated ac-
cording to Eq. (13), where the equivalent control gain
Kyx(0;5, 1y, lz) is determined by the current solar-vector
region and eccentricity parameters. The control relation-
ship can be expressed as

~Max = Kmx (025, 1y, 12)0 (26)
which gives

_ —de _ _MdX
Kyx(0z5lys12) — 2lyKs [ egx(05) db

27)

When the calculated deflection angle exceeds the al-
lowable limit 6 > &y, it is saturated at O, to maintain
the validity of the small-angle approximation and satisfy
power-generation constraints. This control law enables un-
loading of both positive and negative X-axis disturbance
torques without control blind zones.
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Step 4-3: SADA deflection execution and torque com-
pensation. In Region II, solar arrays A and B apply op-
posite deflections with equal magnitude, generating the
desired X-axis control torque through the /y eccentricity.
The symmetric differential configuration cancels the cou-
pled Z-axis torque introduced by the /y term. Meanwhile,
the additional coupled Y-axis torque generated by the I
eccentricity is compensated in Region IV, where solar ar-
rays A and B apply common-mode deflection to generate
an independent counteracting Y-axis torque.

Step 4-4: Closed-loop convergence and exit. When the

exit condition |Hy| < H,g is satisfied, the deflection angle
¢ is smoothly reduced to zero. Both solar arrays return
to the nominal sun-pointing position, and the system au-
tomatically switches to the corresponding regional control
mode.
Phase 5: Stepwise Y-axis unloading in control group
G3 (Regions II and 1V), using /z-eccentricity decoupling
control. The control configuration adopts common-mode
deflection in Region II, where the two solar arrays ap-
ply equal-magnitude and same-direction commands, i.e.,
(6a,6) = (6,6). In Region IV, both arrays return to
the nominal sun-pointing position. By exploiting the Z-
direction eccentricity and coordinating the control actions
between Regions Il and IV, the coupled torque components
along the X- and Z-axes are canceled, satisfying Mx. ~ 0
and Mz. =~ 0. Therefore, decoupled unloading of the
Y-axis reaction-wheel momentum is achieved.

Step 5-1: Momentum state monitoring and disturbance
torque estimation. The Y-axis reaction-wheel angular mo-
mentum Hy is monitored in real time, and the equivalent
disturbance torque is estimated as Myy = Hy. The tar-
get solar-radiation-pressure unloading torque is then deter-
mined as My, = —M_gy.

Step 5-2: Control deflection angle calculation based on
the eccentricity model. A two-region joint control logic is
adopted. When the spacecraft is located in Region I, i.e.,
0,s € [45°,135°], or Region IV, i.e., 0,5 € [225°,315°],
the solar-radiation-pressure torque generated through the
Z-direction eccentricity produces the desired Y-axis con-
trol torque. Since the two solar arrays apply common-
mode deflection, the coupled torque components along the
X- and Z-axes are cancelled. Therefore, the required de-
flection angle can be obtained from Eq. (14).

-May S
27Ky [ e5x(0z5) A0z
—May
207Ky [ e (0z5) Aoz

Step 5-3: SADA deflection execution and closed-loop

6th’ 6th’
(28)

, otherwise.
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correction. In Region II, both solar arrays are commanded
to deflect by +6, with the constraint § < dy, to maintain
the validity of the small-angle approximation and satisfy
power-generation constraints. In Region IV, both arrays
return to the nominal sun-pointing position. The reaction-
wheel momentum is monitored in closed loop, and the
deflection angle ¢ is adjusted based on the [z eccentricity
such that Hy — 0. The decoupling performance is verified
by ensuring that the coupled torque components satisfy
Mx. ~ 0 and Mz, = 0, without unexpected momentum
accumulation along the X- and Z-axes.

Step 5-4: Exit G3 mode. When the exit condition
|Hy| < Hog is satisfied, the control deflection angle ¢ is
smoothly reduced to zero. Both solar arrays return to the
nominal sun-pointing position, and the system waits for the
next orbital-region transition.

Phase 6: Inter-region transition, eclipse contingency
handling, and long-term autonomous operation.

Step 6-1: Smooth transition between adjacent regions.
When the solar-vector angle crosses the regional bound-
aries at 45°, 135°, 225°, and 315°, a ramped transition
strategy is adopted for the deflection angle ¢ to avoid abrupt
torque variations and maintain attitude stability.

Step 6-2: Lunar-eclipse and shadow-region contin-
gency handling. When the spacecraft enters the lu-
nar shadow region where solar-radiation pressure is un-
available, all solar-array deflection angles are returned
to zero, solar-radiation-pressure-based unloading is tem-
porarily disabled, and the reaction wheels maintain the
spacecraft attitude independently. After exiting the shadow
region, the solar-radiation-pressure torque model parame-
ters are recalibrated, and the region-based unloading strat-
egy is automatically resumed.

Step 6-3: Multi-orbit progressive momentum unload-
ing. Due to the limited-magnitude but accurately control-
lable torque provided by the dual-eccentricity scheme, a
multi-orbit staged dissipation strategy is adopted when the
available unloading torque within a single orbit is insuffi-
cient. This strategy gradually dissipates the accumulated
three-axis reaction-wheel momentum while maintaining
power-generation efficiency and attitude stability.

Step 6-4: Periodic on-orbit parameter self-calibration.
During the zero-momentum steady-state window of each
draconic period, the equivalent three-axis control stiff-
ness coeflicients associated with the /y and [, eccentrici-
ties are recalibrated to compensate for solar-array optical
degradation, thermal deformation, and small eccentricity
drift. This process ensures long-term accuracy of the solar-
radiation-pressure torque model.
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Fig. 2: Relative magnitudes of orbital perturbing acceler-
ations in the lunar environment as a function of orbital
altitude.

3.2 Orbit Prediction Analysis

Compared with the Earth environment, the lunar dy-
namical environment exhibits significant differences. In
addition to the weaker central gravity of the Moon, the
relative magnitudes of lunar Jo, Cyo perturbations, solar-
radiation-pressure perturbations, and Earth third-body per-
turbations vary with spacecraft orbital altitude, as illus-
trated in Fig. 2.

Assume that the spacecraft orbital altitude lies between
8000 and 10000 km. In this case, the perturbing acceler-
ation induced by solar radiation pressure is approximately
six orders of magnitude smaller than the lunar central gravi-
tational acceleration. When the two solar arrays are rotated
by small angles «, the increment of solar-radiation-pressure
acceleration acting on the spacecraft can be approximated
accordingly.

AFgn _ 2PoSC4(1 —cosa) _ PySCua’
m m - ’

Aagyy =
(29)
Here, m denotes the spacecraft mass. In engineering prac-
tice, typical values of the area-to-mass ratio and solar
absorptivity are approximately S/m = 0.01 m?/kg and
C, = 0.85, respectively. With a maximum deflection an-
gle of amax = 0.1rad, the corresponding solar-radiation-
pressure-induced acceleration increment is approximately
Adgy, = 3.88 x 107'%m/s?. Over one orbital period of
approximately 86400 s, the resulting position error does
not exceed 1.45m. For lower lunar orbital altitudes, the
position error induced by solar-radiation pressure becomes
smaller due to the reduced disturbance accumulation over
the shorter orbital period.
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Table 2: Simulation parameters.

No. Parameter Value
1 Solar radiation pressure Py 4.56 x 107 N/m?
2 Single-array area S 25m?
3 Cu/Cq/Cy 0.85/0.10/0.05
4  Eccentric distance (ly,lz) 2.0/0.30m
5 Orbital semimajor axis 16700 km
6  Orbital period 53.794h
7  Simulation duration / step size 60d/60s
8  Long-period disturbance torque (X/Y/Z) 2.0/0.35/2.0 uN - m
9  Maximum deflection angle 0.1rad
10 Activation threshold (X/Y/Z) 0.50/0.20/0.50 Nms
11 Exit threshold (X/Y/Z) 0.10/0.05/0.10 Nms

Table 3: Variation of reaction-wheel momentum with unloading.

Axis Max without unloading (Nms) Max with unloading (Nms) Peak reduction Dioscuri (Nms)
X 10.3827 0.8987 91.34% 0.7959
Y 1.8087 0.2000 88.94% 0.1216
zZ 10.3722 1.2505 87.94% 1.1899
| . " T T T — —~ 4 T T T T T
2 10 Without unloading —With unloading FH > 00
£ 5 £ 200
ol ; : : : X
0 10 20 30 40 50 60
’(7,\ 2 T T T T 1_»_/7_7_, — L T N R L
I>- 0 L L L L L ] -~ YTV YV P TV T TV T Jn UMY
0 10 20 30 40 50 60 E
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Y b ‘ ‘ ‘ < 5
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Fig. 3: Comparison of three-axis reaction-wheel momen-
tum evolution with and without Dioscuri unloading.

Compared with disturbance-torque unloading using
thrusters, including Newton-level chemical thrusters and
tens-of-millinewton electric thrusters, the relative thrust
uncertainty is typically on the order of 1%-10%. The re-
sulting acceleration error is approximately in the range
of 107°-107%m/s2, which is several orders of magni-
tude larger than the acceleration disturbance introduced by
solar-array-based unloading. Therefore, the proposed dual-
solar-array unloading strategy not only reduces propellant

TAC-26-C1-1-7-x107032

Time (day)

Fig. 4. Solar-vector geometry, dual-array deflection an-
gles, and control torques during baseline unloading.

consumption but also improves orbit-prediction accuracy.

4. Simulation Evaluation

Evaluations were carried out for a representative appli-
cation scenario. The used simulation parameters are listed
in Table 2.

The angle between the Sun direction and the spacecraft
+Z-axis was divided into four regions over the range 0°—
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Table 4: System performance under different command holding times.

Holding time (min) Num of mode switches

No accumulation

Max post-control momentum [X, Y, Z]/(Nms)

600 416 No [0.6221, 0.2220, 0.6384]
590 416 No [0.6196, 0.2212, 0.6324]
580 446 Yes [0.6170, 0.2206, 0.6259]
570 507 Yes [0.6396, 0.2274, 0.6306]
560 532 Yes [0.6187, 0.2204, 0.6170]
550 656 Yes [0.6218, 0.2201, 0.6085]
540 753 Yes [0.6232, 0.2202, 0.6094]
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Z s5p S 200 /
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Fig. 5: Reaction-wheel momentum comparison with and
without unloading under the optimized command hold-
ing time.

360°. In Regions I and III, Group G1 differential deflection
was preferentially used for Z-axis unloading. In Regions II
and IV, Group G2 differential deflection was preferentially
used for X-axis unloading, whereas Group G3 common-
mode deflection was used for Y-axis unloading according
to the available control gain. The control commands of
Groups G2 and G3 could be superposed. A hysteresis cri-
terion was adopted by the controller, and the target torque
consisted of long-period disturbance-torque feedforward
and proportional feedback of wheel momentum. After
command synthesis for the two arrays, uniform scaling
was applied to ensure that the deflection of either array did
not exceed 0.1 rad. The command holding time was set to
30 min.

The simulation results of the reaction-wheel momentum
after unloading are summarized in Table 3. Fig. 3 compares
the reaction-wheel momentum histories with and without
unloading, and Fig. 4 presents the solar azimuth, array
deflection angles, and control torques.

TAC-26-C1-1-7-x107032

Fig. 6: Solar-vector geometry, dual-array deflection com-
mands, and control-mode switching under the optimized
holding time.

During the simulation, the maximum solar-array de-
flection angle reached the preset saturation limit of 5.730°,
and the deflection angle frequently operated near this up-
per bound. The corresponding control duty cycle was
95.43%, indicating that the available control margin was
limited for the selected solar-array area and eccentric lever
arm. The maximum unloading torques generated about the
X-, Y-, and Z-axes were 7.60 uN - m, 0.831 uN - m, and
6.13 uN - m, respectively.

Without unloading, the long-period disturbance torque
caused continuous accumulation of angular momentum
along all three axes. After enabling dual-solar-array
unloading, the peak momentum values of the X-, Y-
, and Z-axes were reduced by 91.34%, 88.94%, and
87.94%, respectively, demonstrating that the region-based
differential/common-mode control strategy can signifi-
cantly suppress the growth of reaction-wheel momentum.

Periodic fluctuations appeared in the X- and Z-axis mo-
mentum at region-switching instants because differential
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deflection can provide high control gain for either the X-
or the Z-axis at a given time, depending on the solar di-
rection. The higher peak value observed on the Z-axis
results from a less favorable phase relationship between its
unloading window and the disturbance-torque phase.

To reduce the frequency of solar-array deflection ma-
neuvers and identify the longest holding time that still
maintains effective unloading, simulations were carried out
for different command holding times, as listed in Table 4.

It can be seen that when the holding time is 580 min,
continuous accumulation of three-axis momentum can still
be prevented while the number of solar-array control mode
switches is minimized. The comparative simulation re-
sults of angular momentum with and without unloading
are shown in Fig. 5, and the solar azimuth, dual-array de-
flection angles, and mode switching results are shown in
Fig. 6.

The number of mode switches decreases to 446, the
control duty cycle is 92%, and the maximum deflection-
angle saturation ratio is 48.6%. After momentum unload-
ing, the peak momentum values of the X-, Y-, and Z-axes
are reduced by 94.06%, 87.80%, and 93.97%, respectively.
No statistically significant long-term positive linear growth
term remains on any of the three axes.

S. Conclusion

This paper investigates disturbance torque unloading for
lunar-orbiting satellites equipped with zero-momentum at-
titude control systems, where conventional magnetic tor-
quers are unavailable. A novel unloading approach based
on conventional dual solar arrays is proposed. An analyti-
cal torque model is established, an on-orbit implementation
strategy is developed, the impact of solar-array-based un-
loading on orbit-prediction accuracy is analyzed, and rep-
resentative mission scenarios are evaluated through simu-
lations.

The results demonstrate that by introducing a preset
eccentricity along the spacecraft Z-direction during solar-
array installation, the two solar arrays can generate control-
lable torques through region-dependent small-angle anti-
phase and in-phase deflections, enabling three-axis distur-
bance torque unloading without additional auxiliary flaps.
For the considered attitude configuration with the space-
craft Y-axis perpendicular to the ecliptic plane and the
X-axis aligned with the flight direction, the orbital cycle
is divided into four regions according to the solar-vector
geometry. Anti-phase deflection in Regions I and III en-
ables decoupled Z-axis momentum unloading, while coor-
dinated anti-phase and in-phase deflections in Regions II
and IV enable decoupled X- and Y-axis momentum un-

TAC-26-C1-1-7-x107032

loading. Consequently, three-axis momentum unloading
can be achieved through a unified dual-solar-array control
framework.

From an engineering implementation perspective, ex-
tending the holding duration of each unloading action can
improve the efficiency of the proposed method. For high
lunar orbits with relatively large solar-array areas, a single
control action can maintain an effective unloading effect for
up to approximately 580 min, while suppressing continu-
ous momentum accumulation and maintaining the system
near the zero-momentum operating state.

The orbit-prediction analysis further shows that when
the solar-array deflection angle is limited within 0.1 rad,
the additional acceleration perturbation introduced by
solar-radiation-pressure-based unloading is significantly
smaller than the residual acceleration errors associated
with thruster-based unloading. Therefore, the proposed
method can achieve reaction-wheel momentum unloading
while reducing the impact on orbit prediction and avoiding
additional propellant consumption.

This work provides an alternative momentum unload-
ing approach for lunar-orbiting spacecraft and a feasible
implementation framework using conventional dual solar
arrays. Nevertheless, several challenges remain, includ-
ing the complexity of the hysteresis-based control logic,
the relatively frequent solar-array operations, and the re-
duced efficiency when multiple axes are simultaneously
controlled in Regions II and IV. Future work will inves-
tigate simplified switching control strategies and extend
the analysis to alternative attitude configurations with the
spacecraft +Z-axis pointing toward the lunar center.
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