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Abstract: For low Earth orbit (LEO) satellites, solar panel is a firstly key device to convert the solar radiation into the
electric power to supply the energy consume. However, the solar array is always suffering from the power degradation
due to the harsh space environments. To meet the power balance in the end life of the spacecraft, attitude determination
and control system (ADCS) plays an important role in the solar panel direction to change the solar energy input. Here,
the solar cell performance parameters from an LEO satellite running on a dawn-dusk Sun synchronous orbit (SS0) are
investigated. A yaw maneuver application is presented to satisfy the electric power supply (EPS) risk of the solar cell
current decrease. Validated in the space operation, the results have shown that in the yaw mode, the EPS output is
improved and the solar cell current is averagely enhanced more than 10% when the orbit incidence is 35°. The yaw
maneuver is applied to the state of health (SOH) management with a better power supply. The solution can be widely and
usefully taken into account to increase the solar array output for a near-Earth satellite in the risk of the power shortage.
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considerations is the arc damage because of the electro-
static discharge (ESD) effects that may be destructive (Fer-
guson et al. 2020a,b; Keys et al. 2020). Frequent arcs can
result in accelerating the solar cell degradation due to the
glass cover adhesive ionization that may cause the molecu-
lar contamination (Ferguson et al. 2020a,b; Engelhart et al.
2019; Ferguson et al. 2019). These processes may be further
exacerbated by the ultraviolet radiation effects (Toyoda et
al. 2020). Thickening the glass cover can slow down the
degradation rate but burdens the device mass and cost
(LozinsKi et al. 2019; Plis et al. 2021). GEO and MEO satel-
lites are more sensitive to the ESD effects.

In addition, solder joints may be cracked under the
highly repeated temperature alternation leading to the cir-
cuit off (Navarro et al. 2020). In the lower orbit, spacecrafts
should also pay attention to the atomic oxygen (AO) effects
damaging the solar cell interconnects (Zhu et al. 2019). For
LEO satellites, although the Earth albedo can increase the
solar array output power to make the energy supply more
advantageous, the longtime output power of the solar ar-
ray continues to decrease in the space environments. With
the popularly rapid development of the electric propulsion
technology, the plume contamination becomes another fo-
cus of SEEs (Nuwal et al. 2020) because of molecular con-
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1 Introduction

In the near-Earth space exploration, solar power is required
as a reliable energy source for satellites (Gueymard 2018;
Espinet-Gonzalez et al. 2020). In space operation, after the
launch and early orbit phase (LEOP) of a satellite, power
supply management is one of the extremely important con-
cerns for engineers. Solar panel is devised to supply the
electric power with solar cell. Unfortunately, solar cell on
orbit is always influenced by the harsh space environmen-
tal effects (SEEs) (Xapsos 2019; Kerr and MacDonald 2021;
Lu and Shao 2019) with the power degradation.

Due to the displacement damage and cumulative ra-
diation effects, a solar cell output decreases permanently
and can be worse in a special or extreme space weather
(Maurer et al. 2018; Hands et al. 2018) on several orbits in-
cluding low Earth orbit (LEO), middle Earth orbit (MEO)
and geosynchronous Earth orbit (GEO).

In the space plasma environments, the solar array sur-
face may endure large potential differences and one of the
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However, how to deal with the solar cell power loss

in space operation is seldom mentioned in the literature.

In fact, effectively trying to mitigate the energy shortage
impacts in the satellite power systems has always been an
effort made by the space operation engineers to extend the
payload life on orbit.

It is known that attitude determination and control
system (ADCS) can provide navigation assistance to LEO
satellites with attitude measurement, determination and
control (Soken et al. 2020; Fieseler et al. 2020; Chujo et
al. 2020; Wang et al. 2021). Navigation assistance can be
used to control the attitude for both the satellite and other
subsystems, such as payloads, solar arrays, etc (Magner et
al. 2020; O’Reilly et al. 2021; Llaveria et al. 2020; Golpashin
2020). In the light of this way, solar panel direction to the
Sun can be adjusted by the ADCS to vary the solar cell
output power.

In view of the energy budgets, an LEO satellite con-

fronted with the risks of power insufficiency resulted from
the solar array output degradation is sampled. An attitude
control method is presented to maneuver the yaw angle to
effectively improve the solar array supply. The second part
of the paper mainly analyzes the telemetry data variations
of the currents and the temperatures from the solar array
and proposes a yaw control scheme. In the third part, mod-
els of the orbit incidence and the panel incidence are built
to simulate the improvements of the power supply. The
fourth part calculates the yaw angle and angular velocity
in the attitude maneuver. The fifth part shows the results in
space operation, and the yaw maneuver differences from
the simulation calculated to the telemetry observed are
discussed. The sixth part is a conclusion.

2 Telemetry parameter variations of
the solar array

An LEO satellite running on a Sun synchronous orbit (§50)
has an initial orbit height of about 493.1 km, an inclina-
tion of about 97.4°, an eccentricity close to 0, and a local
time of descending node (LTDN) near 06:00 AM. The LTDN
variations of the satellite orbit are shown in Figure 1. The
horizontal MJD is a day count starting from January 1, 2000,
in Figure 1. It can be seen that the LTDN is varying around
06:00 AM and the satellite orbit is dawn-dusk. The LTDN
changes have an annual period with minima in February,
July and maxima in May, October, and are related to the
secular drifts of the right ascensions of the ascending node
and the Sun (Mortazavi 2015).
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Figure 1. LTDN variations

Here, the orbital normal OH is defined as a unit vector
in the celestial sphere, and the O point is the Earth cen-
ter. Obviously, when the SSO is a dawn-dusk orbit with
the LTDN near 06:00AM, OH points to the side of the Sun.
Furthermore, OS is also defined as a unit vector from the
Earth to the Sun in the celestial sphere, and S is the solar
nadir. The angle between 0S and OH is defined as the orbit
incidence, 6. Figure 2 shows the orbit incidence variations
that have a yearly characteristic with a minimum value in
February and a maximum value in June. Similarly, the solar
cell panel normal ON is defined as another unit vector in
the celestial sphere, and the angle between OS and ON is
defined as the panel incidence.

Orbit Incidence/( ©)

0 .
6.88 7.08

Figure 2. Variations of the orbit incidence

Figure 3 plots the satellite orbit on the celestial sphere
and the point A is the satellite nadir. It is clear that the
solar light is almost perpendicular to the orbital plane to be
instrumental in equipping the solar array. When the solar
cell panel is parallel to the satellite orbit plane, it can be
fixed mounting with no rotating joints and slip rings to
enhance the reliability of the spacecraft energy subsystem
(Sun et al. 2020). In this instance of fixed mounting, while
the attitude angles are zeros, OH and ON coincide with
each other.

However, the SEEs exert continuously strong impacts
on the LEO satellite solar array at the risk of losing the power
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output. The solar array output currents of the LEO satellite
on orbit are illustrated in Figure 4. Here, the telemetry data
time is selected near the equinoxes and solstices, and each
is sampled on March 22nd, June 22nd, September 22nd and
December 22nd. The horizontal axis, Js, is a cumulative
second count of one day.
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Figure 4. Current telemetry values of solar array

As can be seen from Figure 4, the maximum current
appears near the vernal equinox, and the current reaches
the lowest level in the summer solstice. This is because
that near the summer solstice, there are Earth shadows in
the satellite orbit and the solar array outputs zeroes in the
shadows. In addition, referred to Figure 2, we can see that
the orbit incidence in June is at the top level that can give
rise to the lowest output.

In the winter solstice, the orbit incidence is obviously
smaller than that in the vernal equinox in Figure 2. However,
the winter solstice current is smaller and not bigger than the
vernal equinox current. This may indicate that the current
drop is rapid and and the solar array performance may be
significantly affected by the SEEs. Especially during the

summer, the orbital sunshine is the worst in the whole year.

Due to the Earth shadows, the LEO satellite requires the
batteries to supply the power. Therefore, in space operation,
we need to focus on the solar energy input changes near
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the summer solstice, and pay attention to the satellite state
of health (SOH).

3 Models of the orbit incidence and
the panelincidence

According to the solar cell output degradation, the power
variation factors are investigated, and the countermeasures
in space operation are put forward.

The output power of a monolithic solar cell can be ex-
pressed as (Conibeer and Willoughby 2014; Patel 2010):

P=FUI 1
U = Up[1 + ky(T - 25)]
I=1y[1+ ki (T - 25)]cos b

where P is the output power, W; U is the working voltage of
the cell, V; Uy is the open circuit voltage under the condi-
tion of AMO which means that the solar power is 1353 W m 2
at the temperature of 25°C, V; I is the working current, A; I
is the short-circuit current under the AMO condition, A; kg
is the thermal coefficient of the voltage, V K™, which is gen-
erally negative. k; is the thermal coefficient of the current,
A K1, usually positive. T is the working temperature, K; b
is the panel incidence and F is a power factor. In general,
ky and k; are negative and positive, respectively.

The power factor is mainly affected by the following
items: Sun-Earth distance, Earth albedo, occlusion shadow,
light source, space environment, etc. Among these factors,
the variation of the Sun-Earth distance is relatively regular,
and the solar power density is the highest while the dis-
tance is the shortest at the perihelia. For an LEO satellite,
the influences of the Earth albedo are relatively clear, es-
pecially when the satellite runs over in the polar regions.
Occlusion shadow is generally considered in the satellite
design before launched and is cautioned in the attitude ma-
neuvers on orbit. In the visible wave band, the solar power
is stable, and the fluctuation is always neglected. However,
the space environmental factor is relatively complex with
cumulative and transient radiation effects and unexpected
events, especially the extreme space weather events.

The panel incidence, b, plays a vital role in varying the
solar cell power. When b is 0, the output is the top. When b
equals 90°, the output is 0. Therefore, we present an orbital
proposal to adjust the panel incidence by controlling the
yaw angle. The panel incidence model is shown in Figure 5.

In Figure 5, based on the satellite orbit plane, a refer-
ence coordinate frame OX,Y/Z, is established. Here, OZ;, is
OH that is the orbital normal in Figure 3, OX; is OA on the
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Figure 5. Model of the panel incidence

plane consisting of OS and OH, and OY, given by the right
hand rule is 0Z, x OX,.

Assuming that the satellite moves from the initial po-
sition A to the point B, the angle between OA and OB is
defined as the orbital phase, ¢. When the satellite arrives at
the point B, OB is the yaw axis. Rotating OB makes ON that
is the panel normal, OS and OB on the same plane with a
yaw angle, c. The angle a is between OS and OB. The angle
b is the panel incidence between OS and ON, 6 is the orbit
incidence, and f is the angle between the plane ONSB and
the plane OHSA.

It can be seen that Z/BAS and ZHNS are equal to 90°.
For BAS and HNS are right spherical triangles, equations
can be expressed as followed:

. _sing
sina = & 5 2
cosa = cos ¢ sin 6 3)

. sinc
sinf = np (4)
cos 0 = cos b cos ¢ (5)

According to Eq. (5), the panel incidence, b, can be
described as:

(6)

Considering that cos c is less than 1, we can see that b
is lower than 6 and, the panel incidence is smaller than the
orbit incidence to increase the solar energy input.

From Eq. (2) to Eq. (5), b and ¢ can be written as:

cosh = 1/1 - cos2¢psin’6 )

sin ¢ sin 0

\/1 - cos2¢sin’

Figure 2 draws the orbit incidence variations. Here,
with consideration of secular orbit drifts, the varying panel

(8)

sinc =
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Figure 6. Simulations of the panelincidence

incidence simulation is mapped in Figure 6 and the orbital
angle is the orbital phase, ¢, from Figure 5.

The results in Figure 6 show that after the yaw control,
the panel incidence is lower than the orbit incidence to
improve the the solar input while the satellite is running
on orbit.

Here, we give a definition as:

2m .2
1 /1 - cosZgpsin0
=3 [ g0 ©)
0

cos 6
2 n/z\/ 1 —cosz(psinZGd
B E/ cos @ ¢
0

In Eq. (9), 17 is an averaged ratio of cos b and cos 6 from
Egs of (7) and (8) with an orbital period integral. Deriving
n with respect to 6 is:

/2 )
sin“¢ sin 0

dn 2
Rl roais "
o €0s204/1 - cos?sin”6

Eq. (10) shows that the derivative, dn/d#, is positive
because of 0 < 6 < 90°, and indicates that 77 is an increasing
function of 6. The numerical integration results of Eq. (9)
are shown in Figure 7.

From Figure 7, we can see that when the orbit incidence,
0, is varying from 30° to 35°, the ratio 7 is increasing from
1.08 to 1.11. This indicates that as the orbit incidence in-
crement is more, the yaw maneuver to improve the panel
incidence will be more efficient.

In Eq. (8), the angle c is the yaw angle :

Y=c

(10)

(1)
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It is assumed that the time when the satellite is at point
A is tg equaling 0, and the orbital angular velocity of the
satellites is w,. When the satellite arrives at point B at the
time ¢, the orbital phase ¢ is:

@ = wot (12)

From Egs. (8), (11) and (12), the yaw rate w; can be
presented as:

_dp _wo coswotsin20

= =2 270 77 (13)
dt 2 1-cos2wotsin’6

wz

Similarly, when the orbit incidence is varying from 0° to

35°, with the orbital height of 491.3 km and the eccentricity

approximately equaling to zero, the simulation results of

the yaw angle and the yaw angular velocity are shown in
Figure 8 and Figure 9.

Yaw/( ©)
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Orbital Incidence/( °©) 0 0

Orbital Phase/( °)

Figure 8. Simulations of the yaw angle

As shown in Figures 8 and 9, the yaw angle and angular
velocity in amplitude will increase with the rise of the orbit
incidence. For example, in the summer solstice, the yaw
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Figure 9. Simulations of yaw angular velocity
angle amplitude reaches the extrema at ¢ = £90°:
l/)max =0, ((P = 900); (14)
Ymin = -0, (9 =-90°)

At the same time, the yaw rate amplitude comes to the
extrema at ¢ = 0 and 180°, respectively:
(p = 0);

(p =180°)

Wzmax = Wo tan 0, (15)

Wzmin = —Wo tan 0,

In Figure 9, when 6 is 35°, the maximum and mini-
mum values of yaw angular velocity are 0.0445° s™! and
-0.0445° 571, respectively.

From the simulation results, we can see that the yaw
control is effective to enhance the solar cell output. light
angle of windsurfing can be improved under yaw control
and can be applied to attitude control. Next, the attitude
control simulation is investigated with the orbital elements
to simulate the yaw maneuver.

4 Simulations of the yaw maneuver

Before calculating the yaw angle and angular velocity of
attitude control, it is necessary to define the coordinate sys-
tems first. Here, J2000.0 inertial coordinate system, orbital
coordinate system and body coordinate system are mainly
considered:

In the J2000.0 inertial coordinate system OX;Y;Z;, the
origin O is the Earth center, OX; is pointing to the vernal
equinox, OZ; is the equator normal, OY; is determined by
the right hand rule.

In the orbital coordinate system 0X,YoZ,, O is the
satellite centroid, OZ, points to the Earth center, OY, is the
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opposite direction of the orbital normal, 0X, is determined
by the right hand rule.

The body coordinate system is 0X,Y,Z;,, when the
three axis attitude angles are 0, 0X,Y,Z;, and OX,Y,Z,
coincide.

Assuming that the solar right ascension and the solar
declination are as and 65 in J2000.0 coordinate system,
respectively, the Earth-Sun vector 0OS, can be formulated
as:

T
0S, = (cos ascosds sinascosbs sin 6s> (16)

In the orbital elements of the J2000.0, the right ascen-
sion of descending node is Q, the inclination is i, the perigee
angle is w, and the true anomaly is f. The vector OS, can
be transformed from the J2000.0 coordinate system to the
orbit coordinate system.

First, by rotating Q around OZ;, the rotation matrix
R,(Q)is:

cosQ sinQ O
R(Q)=|-sinQ cosQ O (17)
0 0 1

Secondly, rotating i around the X axis presents the ro-
tation matrix Ry (i):

1 0 0
Rx()=|0 cosi sini (18)
0 -sini cosi

Thirdly, rotation of w + f around the Z axis gives the
rotation matrix Rz(w + f):

cos(w+f) sin(w+f) O
Rw+f)=|-sinlw+f) cos(w+f) O 19)
0 0 1

Then, rotating —90° around the Y axis makes the rota-
tion matrix Ry (-90°):

0 0 1
Ry(-90)=|0 1 0 (20)
-1 0 0

Finally, by rotating 90° around the Z axis, the rotation
matrix R;(90°) is:

0 1 0
R:(90°)=|-1 0 © (1)
0 0 1
The new vector OS can be expressed as:
T
OS = <Xs ys Zs) (22)
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According to Egs. (17-22), we can write OS as:

0S = R;(90°)Ry(-90°)R(w + f)Rx()R-(Q)0Sy  (23)
Eq. (23) can be expanded as:
Xs = —C0s &s cos 8 (sin(w + f) cos Q (24)

+cos(w + f) cosisin Q)
- sin as cos 6 (sin(w + f) sin Q - cos(w + f) cosicos Q)

+sin 65 cos(w + f) sin i

ys = — COS s cOS b sini sin Q (25)
+ sin a5 cos 6 sin i cos Q — sin §s cos i
2zs = — cos s cos §s (cos(w + f) cos O (26)

- sin(w + f) cos isin Q)
- sin as cos 85 (cos(w + f) sin Q + sin(w + f) cosicos Q)

- sin 85 sin(w + f) sin i

Figure 10 shows the Earth-Sun vector OS in the orbital
coordinate system. After rotating i around the 0Z,, OS,
0Z,, and the panel normal ON, are on the same plane.
When the attitude angles are zeroes before the rotation, ¥
is the yaw that can be achieved by rotating around the 0Z,,
axis.

Zo Yo

S
10) 3
y Xo

N

Figure 10. Geometric model on orbit coordinate system

From Figure 10, The yaw, 1, can be calculated as:

Xs
= —atan—
Y Ve

@7)

Figures 11 and 12 illustrate the yaw angle and the yaw
angular velocity which are calculated with the orbital ele-
ments near the equinoxes and the solstices in 2020.

It can be seen that the yaw angle and angular velocity
amplitudes are the highest near the summer solstice. The
yaw angular velocities of Figure 11 and Figure 8, and the yaw
angular velocities of Figure 12 and Figure 9 are basically the
same in the numerical intervals to indicate that the models
and the simulations are agreeable.
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Figure 12. Simulations of the yaw angular velocity with orbital
elements

5 Results and discussions

In space operation, a yaw maneuver implementation is
used to heighten the electric power supply (EPS) output to
meet the solar cell degradation due to the SEEs. By control-
ling the yaw attitude, vectors ON that are the solar panel
normal, OZ, that belongs to the body coordinate system,
and OS pointing to the Sun from the Earth are on the same
plane in the celestial sphere.

Control results of the yaw maneuver from the first day
are shown in Figure 13 and 14 with the yaw angle and the
yaw angular velocity. The observed are the telemetry data
in the downlink from the satellite ADCS, the calculated
are the simulation data using the orbital elements. In the
calculated data, the yaw angular velocity is a numerical
differentiation from the yaw angle. As can be seen, the
theoretical calculations are indeed in good agreement with
the telemetry observations to indicate the modelling and
the simulating are correct and the ADCS works well.

Figures 15 and 16 illustrate the results of the solar panel
temperature and current before and after the yaw control.

As shown in Figure 15, the thermal fluctuation range
after the control is obviously smaller and the amplitude is
reduced from 83.7°C to 61°C. According to Eq. (1), we can
see that the decrease of the temperature range is helpful
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to improve the power output stability. At the same time,
the thermal peaks become lower, and the thermal valleys
are higher. The temperature difference in an orbital period
drops to mitigate the thermal stress impacts on the solar
cells in the space irradiation environments to improve the
device reliability.

As can be seen from Figure 16, the maximum and mini-
mum values of the solar cell current in the sunshine area
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are 2.16A and 1.79A before the yaw maneuver, and the av-
erage value is about 2.00A. After the space operation, the
maximum, minimum and averaged values are 2.23A, 1.90A
and 2.03A.

The average values are compared here to evaluate the
yaw mode effects. In fact, the mean current of 2.03A is the
result after the maneuver. If there is no attitude control, the
mean value should be even smaller. Referring to the data
in Figure 7, the ratio parameter, 7, is 1.079 in Figure 16 in
the yaw mode. It can be calculated that the mean current
in sunshine area without the attitude maneuver should
be 1.88A. This proves that after one year time, the output
current from the solar panel rapidly falls from 2.00A to
1.88A with a decrease of 0.12A, and the annual degradation
is about 5.9%.

Eqg. (1) shows that the solar cell current is determined
by several factors containing the panel incidence. Here, the
yaw control is employed to reduce the the panel incidence
to increase the solar array power. At the same time, solar
activities cannot change the direction from the Sun to the
Earth and the attitude maneuver is valid all the year.

Xu (2001) detailed an attitude control case about FY-1B
satellite which had exhausted the fuel and was rescued by
employing the geomagnetic field and the gravity field. Peng
et al. (2008) reported a posture anomaly handling process
that an LEO satellite which had one tank of fuel emptied
and the other frozen was damped by the geomagnetic field
to recover. Other examples described by Desouky and Ab-
delkhalik (2020); Huang et al. (2018); Cubas and De Ruiter
(2020) also show the attitude handling from different satel-
lites mainly using the magnetic damping for detumbling.

Therefore, the ADCS plays an extremely important role
in the spacecraft management and maintenance. In space
operation, it is necessary to excavate the ADCS performance
to play its maximum role to provide assistance for satellite
operation or life extension. Bitetti et al. (2018) believed that
the satellite life extension is an optimized output result
that comprehensively considers fuel, energy, thermal con-
trol, and space environment constraints. Iovine (2018) and
Chambliss (2018), respectively, summarized the on-orbit
maintenance work of the International Space Station (ISS),
and they pointed out that good thermal management and
control play a vital role in reliability and life extension;
Zhang (2020) thought that the refinement of space manipu-
lation helps to improve the management level of overdue
spacecraft. In this paper example, in view of the influence
of the SEEs on the solar cell array power degradation, the
ADCS is used to implement the yaw maneuver, so that the
the solar cell output current is increased, and the thermal
stress is reduced, and the impacts of the SEEs are effectively
mitigated.
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In addition, radiation hardening by design (RHBD) for
the SEEs is another key attention. Nowadays, in the near-
Earth space, the spacecraft number is rapidly increasing in
quantities (Kopacz et al. 2020; Anderson et al. 2020) and
the space applications of commercial off-the-shelf (COTS)
devices have become increasingly widespread (You et al.
2019; Bai 2019). However, Zhang et al. (2019) and Gohardani
(2018) emphasized that the radiation protection is critical
and must be seriously taken into account to meet the space
application requirements because that the COTS ICs are
often vulnerable to the SEEs. In the following work, it is
necessary to pay more attention to the space environment
impacts on other devices or subsystems for telemetry diag-
nosis, state of health (SOH) management and orbital main-
tenance.

6 Conclusions

In this study, with respect to the solar cell power degrada-
tion due to the SEEs, a yaw control method is implemented
on orbit to effectively improve the panel incidence to in-
crease the solar cell output current. In the summer solstice,
when the orbit incidence is 30°, the yaw maneuver can give
a ratio rise of about 8% in the current. While the orbit inci-
dence is 35°, the current increasing ratio will reach more
than 10%.

The yaw control can be conveniently used to harvest
more solar power to meet the energy requirements for other
satellites running in the near-Earth space.

In the future, if the solar array performance continues
to deteriorate, it is also possible to add a roll maneuver
based on the yaw control, which is expected to further im-
prove the solar cell output.
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