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Abstract: The large-aperture reflective cameras on the geostationary orbit are susceptible to significant temperature
fluctuations due to the “Sun transit” effect. To address the shortcomings of existing thermal control measures using
camera sunshades to suppress the “Sun transit” and the issue of excessively large solar avoidance angles determined
solely by geometric relationships, a thermal control design method is proposed that involves adding multi-layer
thermal protection at the secondary mirror position of the camera. The goal is to optimize the avoidance angle and
enhance the camera’s tolerance to “Sun transit”. A heat balance and motion relationship between the avoidance angle
and duration is established. Then, the minimum solar avoidance angle after adopting the multi-layer thermal
protection design is calculated. This angle is compared with the one determined by geometric relationships, leading to
the conclusion that this method can effectively enhance the camera’s tolerance to “Sun transit”. A heat dissipation
scheme is proposed that involves a coupled north-south heat spreader design with low-temperature compensation for
the internal heat source. The calculation results of the two avoidance angles are applied to the calculation of the heat
dissipation area and low-temperature compensation power, achieving a closed-loop heat dissipation scheme. Puls, the
superiority of the multi-layer thermal protection design method is demonstrated from the perspectives of heat

dissipation area and low-temperature compensation power requirements. A comparative analysis of simulation
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analysis, thermal balance tests, and in-orbit temperature data further validates the effectiveness of this method.
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0 Introduction

High-resolution imaging satellites operating in
the geostationary earth orbit (GEO) have technical
advantages such as wide field of view, high tempo-
ral resolution, and strong response capabilities.
They are increasingly becoming a research hotspot
for major national and international space agen-
cies'"®. The camera, as the main payload of the sat-
ellite, is a particular focus of this research™*®. In
China, the main representative is the “Gaofen-4”
satellite launched in December 2015. The satellite is

used for land resource surveys, crop assessment, di-

*Corresponding author, E-mail address: 13699226843(@139.com.

Article ID: 1005-1120(2025)04-0452-12

saster monitoring and evaluation, weather monitor-
ing and forecasting, forestry surveys, earthquake
monitoring, and emergency response, etc. The pay-
loads on board are large-aperture, reflective, inte-
grated high-resolution cameras covering visible and
infrared wavelengths'”®. The United States began
developing geostationary remote sensing systems as
early as 1970, with the Geosynchronous Space Situ-
ational Awareness Program (GSSAP) constellation
being a typical example. Completed at the end of
2016, the constellation carries optical payloads pri-
marily used for surveillance and observation of GEO

satellites. It can approach and fly in formation to ob-

How to cite this article: LIAN Xinhao, XIA Chenhui, GAO Chao. Thermal control design for enhancing tolerance of large-

aperture reflective camera “Sun transit” on geostationary earth orbit[J]. Transactions of Nanjing University of Aeronautics

and Astronautics, 2025,42(4):452-463.
http://dx.doi.org/10.16356/}.1005-1120.2025.04.002



No. 4 LIAN Xinhao, et al. Thermal Control Design for Enhancing Tolerance of Large-Aperture-- 453

tain high-definition views of key targets and is the
main system currently used by the US military for
routine surveillance of high-orbit targets """, Other
countries are also developing geostationary remote
sensing satellites in parallel, such as Europe’s Me-
teosat, Japan’ s JAM, Russia’s GOMS, India’ s
INSAT, and South Korea’s COMS"*.

GEO orbital thermal flux is characterized by

11 especially the

large variations and low frequency'
“Sun transit” phenomenon at the camera’s light in-
let. Without proper thermal control design, it can
easily cause thermal cycling in the camera’s optical
system, greatly affecting the camera’s high-quality
imaging, and may even cause irreversible damage to
the optical system. Many researchers have studied
GEO orbital camera thermal control technology,
characteristics of external thermal flux, and its simu-

lation methods ",

The widely adopted thermal
control method is to apply certain thermal control
measures to the camera’ s light shield to suppress
the impact of “Sun transit” and achieve the goal of
controlling the temperature of sensitive areas within
the camera such as secondary mirror, primary mir-
ror. After adopting this method, the temperature
fluctuation of the camera’ s primary and secondary
mirror positions within one orbital cycle is about 1—
2 C, which meets the index requirements, but
there is a certain gap compared to the actual perfor-
mance of low-orbit cameras with temperature fluctu-
ations within 0.3 ‘C""*". The reason is that the sup-
pression effect on “Sun transit” is still insufficient.
Since the impact of “Sun transit” is so significant and
the effect of suppression methods is limited, natural-
ly, solutions are proposed from the source of “Sun
transit” , which is the direction of solar light inci-
dence. One of these methods is to use satellite atti-
tude maneuvering as an external force to avoid solar
light from shining on the camera’s light inlet. Some
researchers have proposed specific control algo-
rithms for satellite attitude avoidance maneu-
vers ?"#!. The core idea of the control algorithm is
to convert the constraints of camera usage, on-
board power constraints, dynamic constraints, etc.,
into spatial geometric relationship constraints, and

thus select the optimal avoidance angle. The con-

straint condition of camera usage, that is, the mini-
mum avoidance angle of the camera, is determined
by the design state of the camera. From the perspec-
tive of the difficulty of achieving satellite attitude
avoidance, it is obviously better to have a smaller
angle. This article attempts to start from the camera
thermal control design method, striving to reduce
the temperature fluctuation of sensitive positions of
the camera and optimize the avoidance angle, en-

hancing the camera’s tolerance to “Sun transit”.
1 Camera Thermal Control Design

1.1 Difficulties in camera thermal control design

The GEO orbit large aperture reflective camera
features high resolution and long operational life re-
quirements, necessitating the stability and uniformi-
ty of the optical system’ s temperature throughout
its entire lifecycle. Moreover, due to the camera’s
large size, high power dissipation, and harsh exter-
nal thermal conditions, the thermal control design
faces significant challenges. Specifically, these chal-
lenges the following are as follows.

(1) The GEO orbit period is long (24 h) with
drastic changes in external thermal flux and the pres-
ence of “Solar transits”.

As shown in Fig.1, the variation pattern of the
external thermal flux in all directions within the or-
bital plane ( £X and +Z, in this coordinate sys-
tem: X points the direction of the satellite’s flight,
and + Z points toward the Earth’s center, as shown
in Fig.2) is such that for half the period. The thermal
flux value is zero. And for the other half, it changes
according to a sinusoidal function. The amplitude is
the projection value of the solar constant S within the
orbital plane (maximum around the equinoxes at ap-
proximately 1 360 W/m” and the minimum around
the solstice at approximately 1 210 W/m?). Each di-
rection is 90° out of phase with the next, meaning
that regardless of the camera’ s aperture orientation
within any direction of the orbital plane, there is al-
ways solar radiation incident on the camera’s optical
system, i.e., a “Sun transit” situation.

The external thermal flux in the direction per-

pendicular to the orbital plane ( =Y) is a stable
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Fig.1 External thermal flux of GEO
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Fig.2 Definition of the satellite coordinate system

constant within the same orbital period and at any
moment at least one direction has zero external ther-
mal flux, making it a relatively ideal orientation for
heat dissipation. However, its annual variation with-
in the range of 0—560 W/m? poses considerable dif-
ficulties for heat dissipation design.

(2) A larger camera aperture means that the
overall size of the camera will increase, which in
turn leads to a larger satellite platform. This pres-
ents two challenges: Firstly, the distance for heat
transfer from the camera heat source to the cooling
surface becomes longer, which increases the difficul-

ty of thermal design; Secondly, the satellite” s mo-

ment of inertia increases, making it more difficult to
control if satellite attitude maneuvers are used to

avoid “Sun transit”.

1.2 Thermal control design to enhance the cam -

era’s tolerance to solar transit

The basic idea of the thermal control design
aiming at enhancing the camera’s tolerance to “solar
intrusion” is as follows. (1) Carry out structural tem-
perature control design and a pre-liminary scheme
for internal heat source dissipation; in the structural
temperature control design, strengthen thermal pro-
tection at sensitive locations to reduce the impact of
direct solar heat flow. (2) Calculate the heat flux
that still reaches the camera’s sensitive areas after
thermal protection design and the resulting tempera-
ture fluctuations. The heat flux corresponding to
temperature fluctuations that exceed the specified
range is the heat that needs to be eliminated through
satellite attitude avoidance. Based on this, calculate
the minimum avoidance angle. (3) Calculate and
adjust the heat dissipation area under this avoidance
angle, then, close the loop on the internal heat

source dissipation design scheme.
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1.2.1 Structural temperature control design
and preliminary scheme for internal heat
source dissipation

As shown in Figs.3, 4, the structure of a large-
aperture reflective camera consists of a primary mir-
ror assembly, a secondary mirror assembly, a main
bearing plate, a barrel, and a hood, etc. The sec-
ondary mirror and the front part of the barrel are
close to the light inlet and are prone to “Sun transit”
disturbances. Therefore, thermal protection must
be a key focus in the camera’s thermal design. Spe-

cific measures for structural temperature control are

as follows.
Camera baffle ~ Lens barrel subassembly ~ Bearing plate

Secondary Main

s bglsl;?ébl mirror Heat shield
u y subassembly Bearing plate
Q- _\_,é _____
9;;/ RS —Multilayer
P /// insulation
/;, L Thin film
Solar/r . I [ electric heater

vector !

Fig.3 Camera optomechanical structure

Lens barrel subassembly Bearing plate

Secondary mirror
subassembly

Camera baffle Main mirror subassembly

Fig.4 3D diagram of camera optomechanical structure

(1) A heat shield is designed on the back of the
mirror (towards the lightinlet side) , as shown in
Fig.5. The groove space formed by the secondary
mirrors-upport structure is utilized. The heat shield
is designed in two parts, the inner and the outer.
Each of them is covered with multiple layers of ther-
mal insulation components, forming a double-lay-
ered structure to enhance the isolation effect against
sunlight on the back of the secondary mirror. The

outer surface of the secondary mirror frame is cov-

ered with multiple layers to prevent heat leakage to
the outside. The installation positions of the second-
ary mirror frame, the secondary mirror internal heat
shield, and the secondary mirror support structure
adopt thermal insulation design. Heating circuits are
placed at the positions of the secondary mirror inter-
nal heat shield and the secondary mirror frame to ac-
tively control the temperature of the secondary mir-

ror.

Supporting structure Secondary mirror frame

T
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Fig.5 Thermal control method in secondary mirror sub-

assembly

(2) The barrel, as the main structural compo-
nent for carrying the secondary mirror assembly,
any temperature-induced thermal deformation will
directly affect the relative position of the primary
and secondary mirrors, thereby affecting the imag-
ing quality. Therefore, maintaining its temperature
stability is crucial. The location of the barrel means
that both its inner and outer walls can be exposed to
sunlight. The focus of its thermal control design is
to find a way to isolate the “doublesided attack” of
sunlight. As shown in Fig.6, heat shields are added
on both the inner and the outer sides of the barrel.
The outer surface of the outer heat shield is covered
with multiple layers of thermal insulation compo-
nents to isolate sunlight, forming the first layer of
thermal barrier. Multiple layers of thermal insulation
components are covered on the outer surface of the

barrel to form the second layer of thermal barrier.
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Fig.6 Thermal control method in lens barrel subassembly

Multiple layers of thermal insulation components
are covered on the outer surface of the inner heat
shield to form the third layer of thermal barrier. The
first two layers of thermal barriers mainly isolate the
heat flow on the outer wall of the barrel, while the
third layer isolates the heat flow on the inner wall of
the barrel. Heating circuits are arranged on the outer
wall of the barrel for active temperature control.

(3) Heat shields are set up on the back and

around the primary mirror, with heating circuits ar-
ranged on the heat shields to control the temperature
of the primary mirror.

(4) Heating circuits are arranged on the main
load-bearing plate to control its temperature, and
the outer surface is covered with multiple layers of
thermal insulation components to isolate heat trans-
fer with the outside world.

Based on the characteristics of the external heat
flow distribution, the internal heat source cooling
adopts a north-south coupled cooling surface design.
That 1s, the heat from the internal heat source is
conducted to the nearest cooling surface through
heat pipes, and the two cooling surfaces are connect-
ed by heat pipes to distribute the heat evenly, as
shown in Fig.7. To maintain the stability of the cool-
ing system and prevent the temperature {rom drop-
ping too low when the internal heat source is not
working, a heating loop is arranged at the position
of the internal heat source for low-temperature com-
pensation temperature control. The areas of the
north and the south cooling surfaces are the same,
and the radiation surfaces are all coated with optical

sdar reflector (OSR) thermal control coating.

Mircro heatpipe Focal plane circuit Double holes midsize
; ; ; ()] Electronic equipment heat pipe
6 pieces side by side
6p y side) B (0,
Lap jiont p— Detector (Q,)
Double holes midsize | Mircro heat pipe P
Radiator heat pipe (3 pieces side : : ouble holes midsize | o 4000
(G9) by side) Electronic equipment heat pipe 1
C(©Qy
Double holes midsize heat pipe Lap jiont
Double holes midsize
Double holes midsize heat pipe | Electronic equipment Electronic equipment heat pipe
A(Q) D (Qy
} Double holes large size heat pipe i

Fig.7 Heat dissipation paths of the internal heat source

A preliminary calculation is conducted for the
heat dissipation area and low-temperature compensa-
tion power, assuming that the temperature control
target for each internal heat source is [T.,, T,.,],
the heat generated during operation is Q;, and the
thermal resistance from the internal heat source to

the heat dissipation surface is R,. Then the area A of

the heat dissipation surface satisfies the following
heat balance relationship
n —
2 Q[ + ashAQS,max - ZSUA Th ( 1)
i=1
where ay, is the maximum value of the solar absorp-
tion ratio of the heat dissipation surface thermal con-

trol coating, according to Ref.[10], and set as 0.24;
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¢ the thermal radiation rate, taken as 0.78; @, m. the
maximum value of the solar direct heat flux reaching
the heat dissipation surface, according to section
1.1, and set as 560 W/m?; ¢ the Stefan-Boltzmann
constant, with a value of 5.67X10°* W/(m*K*) ;
and T, the temperature of the heat dissipation sur-
face, which is taken as the average value of T,=
T.,— Q,R,. By simple transformation of Eq.(1) ,
the heat dissipation surface area A can be preliminar-
ily calculated. The low-temperature compensation
power is the minimum power required to maintain
the lower limit of the internal heat source tempera-
ture control target under the conditions of the heat
dissipation surface area being A, the internal heat
source not working, and the minimum external heat
flux as 0 W/m?. P; satisfies the energy balance rela-
tionship while being constrained by the thermal re-
sistance R from the internal heat source to the heat
dissipation surface, that is, it satisfies Eqs.(2, 3).
Solving the Egs.(2,3) by iteration gives P, and T ..
T. is the temperature of the heat dissipation sur-
face, which is different from the temperature T in
Eq.(1).

EPZZZeaA?j (2)

p=—tt - (3)

1.2.2 Calculation of the minimum avoidance
angle

As shown in Fig.3, the camera’s light aperture

diameter is D; the secondary mirror diameter is

and the distance from the secondary mirror to the

front end of the camera’s light shield is L.. If the an-

gle @ between the solar light and the camera’s opti-

cal axis is maintained @ = arctan , under the

shielding of the camera’s baffle, the solar light will
not illuminate the secondary mirror assembly, so so-
lar avoidance is not required. As the rotation of the
satellite around the Earth, the angle @ gradually de-
creases, and the solar light will illuminate the back
of the secondary mirror, causing a temperature rise
in the secondary mirror, which requires avoidance.
After adopting the thermal control measures de-

scribed in section 1.2.1 for the secondary mirror po-

sition, the solar avoidance angle can be reduced. As-
suming the minimum avoidance angle for solar light
18 Onin, and the temperature rise AT of the secondary
mirror does not exceed 0.3 K under the require-
ment, the required avoidance duration r must satisfy
the following heat balance relationship and motion

relationship

CmAT:€1€2X1vgsgd‘ZCOS ﬁmm'r (4)
1
(9min :Ewr (5)

where ¢, represents the thermal capacity of the sec-
ondary mirror, measured in J/K. ¢ and e, are the
equivalent emissivities of the two layers of the
multilayer insulation components of the secondary

mirror! %’

, which are taken as 0.03 according to
Ref.[24]. X, , is the view factor from the external
heat shield to the internal heat shield of the second-

ary mirror , and its calculation method is derived

2
1 ) 5
from Ref.[25]. Xu:E K — 1624(r") ES

r

1+ R
1+T2’ R\=nr/l, R,=r,/l. And in practice,

1

since the differences between r; and 7, are small, R,
and R, can be approximated as R,=R,~d/21, with
! being the distance between the two disks. w is the

angular velocity of the satellite rotating around the

. 21 1
with a value of — X ——=7.27 X
24 3600

10 “rad/s. By combining Eqs.(4) and (5) and solv-

ing iteratively, 0., and 7 can be determined.

Earth,

Taking a camera as an example with we have a
clear aperture diameter D =610 mm, a secondary
mirror diameter =150 mm, a distance from the
secondary mirror to the front end of the camera’ s
light shield L, =360 mm, a thermal capacity of the
secondary mirror ¢,=578 J/K, and a distance of
/ = 90 mm. Using the calculation formulas for &
and X, ,, we find x=2.36, X,,=0.55. Evidently,
Egs.(4, 5) cannot be directly solved analytically.
Therefore, an iterative method is used to obtain
their numerical solution, with angular calculation ac-
curacy of 0.05%, and the initial angle value is set to
0,=45°. By substituting 0,=45" into Eqs.(4,5) ,
we obtain ¢,,=41.70° and 7, =20 024 s. Let 0, =
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0.5(0,+ 0,.) =43.35°. Substitute this value back in-
to Eqs.(4, 5) to calculate and obtain 6,~40.6°
and 7,=19 472 s. This process is repeated until the
desired condition |6,— @, [<<0.05° is met. The specif-
ic calculation process is detailed in Table 1.The final
results are 0,,—36.8" and t=17 683 s.

Table 1 Calculation process of 0, and 7

i 0./ (%) 0./(%) T /s 10,—6.1/(")
1 45.00 41.70 20 024 3.30
2 43.35 40.55 19472 2.80
3 41.95 39.65 19 023 2.30
4 40.80 38.96 18 705 1.84
16 36.79 36.81 17 863 0.02

It is important to further verify, by maintaining
this avoidance angle, whether sunlight will be re-
flected onto the main mirror or not. The specific

. : D
method is to determine whether 6, = arctan—

can be established. The distance from the primary
mirror to the front end of the light shield of the cam-

D
era is L,=920 mm, and since arctan— =33.5° ,

0.n»=36.8" is greater than this angle, maintaining
the solar avoidance angle ensures that sunlight will

not be reflected onto the main mirror.

Sunshine avoidance period
X,

Fig.8 Diagrammatic sketch of avoidance angle and period

Compared to the avoidance angle 0=

arctan =46.5" derived from geometric rela-

tionships, this avoidance angle has been reduced by
9.7°, indicating that after adopting thermal protec-
tion measures, the minimum solar avoidance angle
has been decreased, enhancing the camera’s ability
to “Sun transit”.
1.2.3 Closed-loop design for heat dissipation of
internal heat sources

In the heat dissipation scheme for internal heat
sources within section 1.2.1, the calculation of the
heat dissipation surface area and the low-tempera-
ture compensation power did not consider the
change in the angle between the solar rays and the
heat dissipation surface caused by solar avoidance,
which could lead to changes in the external heat
flow of the heat dissipation surface, thereby adjust-
ing the surface area and low-temperature compensa-
tion power. The attitude maneuvering methods that
can be used for solar avoidance include rotation
around the X-axis, which is rolling, rotation around
the Y-axis, which is pitching, and rotation around
the Z-axis, which is yawing. Taking the camera’ s
optical port facing the X direction as an example,
since the rolling method does not change the angle
of solar incidence, solar avoidance cannot choose
the rolling method. If pitching is chosen, because
the heat dissipation surface is selected in the + Y di-
rection, the pitching avoidance method will not
cause a change in the angle between the heat dissipa-
tion surface and the solar rays, and the heat dissipa-
tion surface area and low-temperature compensation
power calculated using the method of section 1.2.1
will not change. Using the yaw method to avoid so-
lar rays will cause the angle between the solar rays
and the heat dissipation surface to increase, leading
to adjustments in the heat dissipation surface area
and low-temperature compensation power. The
camera’ s optical port facing the Z direction is simi-
lar. Using the rolling method to avoid solar rays will
cause adjustments in the heat dissipation surface ar-
ea and low-temperature compensation power. The
avoidance angles calculated in section 1.2.2, 0,,—
36.8°, and the avoidance angles obtained from geo-
metric relationships, §=46.5", are input into ¢, .=

Ssinbi, and ¢ mx=SsInd to obtain new ¢ p.. Using
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these values to recalculate the heat dissipation sur-

face area A and compensation power EP, accord-

ing to Egs.(1—3). The calculation results are com-
pared with those in section 1.2.1, as shown in Table
2. The thermal resistance R, from the internal heat
source to the heat dissipation surface is not the focus
of this paper and is only given as an input condition
for calculation.

From the calculation results, it can be seen
that after adopting avoidance measures, the solar di-
rect heat flux reaching the heat dissipation surface in-
creases, leading to an increase in the area of the

heat dissipation surface and the low-temperature

compensation power. This is the cost of adopting
avoidance measures to deal with “solar transit”. Rel-
atively speaking, the secondary mirror position has
adopted thermal protection measures, and the avoid-
ance angle obtained from the relative geometric rela-
tionship is smaller. The solar direct heat flux reach-
ing the heat dissipation surface will decrease, and
accordingly, the area of the heat dissipation surface
and the low-temperature compensation power will
both decrease by about 10% , indicating that the sec-
ondary mirror thermal protection measures help to
optimize the avoidance strategy and enhance the tol-

erance to “solar transit”.

Table 2 Calculation results of A and XP; under different avoidance angles

Input condition

Not avoiding 0,,=36.8° 0.,.,=46.5°

Internal heat source

Q/W T./K T,/K R/KW ') D P/W A/m> D P/W A/m’ D.P/W A/m’

Focal plane circuit 14 279 293 0.4 69.8 0.14 81.2 0.16 90.6 0.18
Detector 5 279 293 0.8 69.8 0.14 81.2 0.16 90.6 0.18
Electronic equipment A 3 279 298 0.3 69.8 0.14 81.2 0.16 90.6 0.18
Electronic equipment B 15 279 298 0.3 69.8 0.14 81.2 0.16 90.6 0.18
Electronic equipment C 13 279 298 0.3 69.8 0.14 81.2 0.16 90.6 0.18
Electronic equipment D 12 279 298 0.3 69.8 0.14 81.2 0.16 90.6 0.18

2 Design Verification and On-Orbit
Application

To verify the effectiveness of the aforemen-
tioned design, simulation analysis and thermal bal-
ance tests were conducted. A thermal model of the
spacecraft system was established using Thermal
Desktop software, and the geometric model was ap-
propriately simplified according to the needs of ther-
mal analysis, neglecting the effects of the camera’s
internal microstructures on heat conduction and radi-
ation. Local structural features such as screws were
simplified, as shown in Fig.9. The avoidance angle
and avoidance time were set according to the calcula-
tion results of the minimum avoidance angle in sec-
tion 1.2.2, and calculations for high and low temper-
ature conditions were performed. For high-tempera-
ture conditions, the external heat flux is taken at the
winter solstice, with the camera installation bound-
ary temperature at 25 ‘C. The radiation properties of

the radiators and the multilayer insulation compo-

nent surfaces were taken as the values at the end of
the lifetime. For low-temperature conditions, the
external heat flux was taken at the spring equinox,
with the camera installation boundary temperature
at —10 “C. The radiation properties of the radiators
and the multilayer insulation component surfaces
were taken as the values at the beginning of the life-
time. The main thermal properties parameters in ther-
mal analysis were selected based on Refs.[26-28],
and specific details are listed in Tables 3, 4.The in-
ternal heat source operated continuously for eight

hours, and the operating time was able to cover the

Installation
boundary

Double hole large
size heatpipe

Fig.9 Thermal model of camera
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avoidance period. The temperature variation curves

of the primary mirror, the secondary mirror, and

the detector over two orbital periods are shown in
Fig.10.

Table 3 Key thermal properties in thermal analysis

) Density/ Thermal conductivity/ Specific heat capacity/
Component Material A . .
(kgem *) (We(m-K) ") (kJe(kg'K) ")
Camera baffle Carbon fiber 1700 35 921
Main mirror SiC 3400 185 825
Secondary mirror Glass—ceramic 2530 1.64 821
Secondary mirror frame
. TC4 4 500 8.8 678
Bearing plate
Lens barrel body C-SiC 2000 20 700
Heat shield Kevlar 1440 0.04 1420
Radiator Aluminium alloy 2700 130 921
Table 4 Radiation properties of radiators and the multilayer
Surface Beginning/end of the lifetime Solar absorption ratio a, Thermal radiation rate e
. Beginning 0.12 0.78
Radiator
End 0.24 0.78
. Beginning 0.36 0.70
Multilayer
End 0.60 0.70
Fig.11. During the tests, electric heaters were used
2 e . .
o Matores . to simulate the heat flow at the secondary mirror
8} ——Main mirror Secondary mirror
S ler /7% Detector thermal shield and radiating surface positions. The
% - ‘ position of the secondary mirror thermal shield was
Q B 4
§ ‘~ simulated by placing the electric heater on the out-
= ol ‘ . .
8 o f e ] L side of the outer thermal shield, and the heat flow at
4 . " - - the heat dissipation surface was simulated by placing
0 40 80 120 160 . .
£/10% the electric heater on the radiating surface of the
(a) High temperature condition C e -
heat dissipation surface. The surface of the heat dis
20 e e Y sipation surface where the electric heater was placed
——Main mirror —Secondary mirror . . .
O ry
 1al /™ — Detector /™ was coated with a thermal control coating, with a
o [ Iy . .
E| i fod surface emissivity of 0.784+0.02, equivalent to the
IS L :" | “ .. i .
g1 [ I OSR radiation effect® ', The heating power calcu-
E gl / ‘ lated according to the minimum avoidance angle in
— B . section 1.2.2 was loaded onto the simulated electric
4 1 1 1 1
0 40 80 120 160 heater. The selection of the thermal balance test con-
t/10's

(b) Low temperature condition

Fig.10 Temperature curves of thermal analysis

Thermal balance tests were conducted, with
the thermal tests performed in a vacuum chamber.
The nner wall temperature of the vacuum chamber
was below 100 K. The vacuum degree was higher
than 1.3>X107° Pa, and the surface reflectivity is
greater than 0.9. A thermal vacuum environment is

effectively simulated. The test site is shown in

ditions completely corresponds to the thermal analy-
sis conditions. The temperature variation curves of
the primary mirror, the secondary mirror, and the
detector within one orbital period are shown in
Fig.12.

Comparing the thermal analysis calculations
with the thermal balance test temperature data, we
find the consistency is good. The temperature of the
secondary mirror fluctuates around 19.2—19.4 °C,

and the temperature of the primary mirror fluctuates
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Fig.11 Picture of the camera thermal balance test in progress
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Fig.12 Temperature curves of thermal balance test

around 20.2—20.4 “C. During the avoidance period,
there is no significant temperature rise. The temper-
ature of the detector is maintained around 5.9—
16.2 °C during the eight hours when it is not work-
ing, and at that time, the temperature rises to a
maximum of 16.8 °C. It remains stable during the
avoidance period, indicating that the thermal design
method adopted is reasonable and effective. The
proposed design method has been successfully ap-
plied to the Earth synchronous orbit satellite model

launched at the end of 2021. After nearly three years

of on-orbit operation, its camera thermal control
system remains stable. In order to facilitate the com-
parison with simulation analysis and thermal balance
test data, one year of on-orbit data for the primary
mirror, the secondary mirror, and the detector posi-
tions was retrieved, as shown in Fig.13. The tem-
perature of the primary and the secondary mirrors
are close to the simulation and the test data, and
most of the detector temperature falls within the
range of 5.9—15.8 C, which is better than the simu-
lation and the test data, further demonstrating the

effectiveness of the design method.
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Fig.13 Temperature curves in orbit

3 Conclusions

In order to solve the problem that camera in
GEO is susceptible to “Sun transit” , a two-layer
thermal design method is proposed. By establishing
thermal and motion relationships between the avoid-
ance angle and duration , the results of avoidance an-
gle are obtained.

(1) The avoidance angle obtained by this meth-
od is 36.8", which is reduced by 9.7° compared to
traditional methods. This results in a reduction of ap-
proximately 10% in both the heat dissipation surface
area and the low-temperature compensation power.
The results of simulation analysis, thermal balance
tests, and in-orbit applications all strongly support
the effectiveness of this method. The effectiveness of
this method is supported strongly by results of simu-
lation analysis, thermal balance test and in-orbit ap-
plication.

(2) This method can be applied to more cam-
era design scenarios with sun avoidance require-

ments. In engineering practice, after determining the
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avoidance angle, one should specifically calculate
the changes in the heat dissipation surface area and
low-temperature compensation power resulting from
the implementation of avoidance measures, thereby

achieving a complete closed-loop design process.

References

[1] LI Guo, KONG Xianghao. Overview and develop-
ment trends of high-resolution optical imaging satellite
at geostationary orbit[J]. Spacecralt Recovery &. Re-
mote Sensing, 2018, 39(4): 55-63. (in Chinese)

[2] WANG Changging, XIAO Zuolin, ZHANG Qian.
Advantage competition of air and space in artificial in-
telligence era[ J]. Transactions of Nanjing University of
Aeronautics and Astronautics, 2020, 37(4): 501-507.

[3] LIU Gang, YU Miao. Status and development trends
of high-resolution geostationary optical imaging satel-
lite[ J]. Flight Control &. Detection, 2020, 3(5): 21-
27. (in Chinese)

[4] GUO Chongling, CHEN Jiayi, CHEN Chuanzhi, et
al. Review on critical technologies for truss structure of
large aperture space optical telescope[J]. Journal of
Nanjing University of Aeronautics & Astronautics,
2024, 56(1): 31-43. (in Chinese)

[5] TAO lJiasheng, SUN Zhiguo, SUN Yyinghua, et al.
Exploration of high resolution optical remote sensing
of the geostationary orbit[J]. Opto-Electronic Engi-
neering, 2012, 39 (6): 1-6. (in Chinese)

[6] ZHANG Xuejun, FAN Yanchao, BAO He, et al.
Applications and development of ultra large aperture
space optical remote sensors[J]. Optics and Precision
Engineering, 2016, 24(11): 2613-2626. (in Chinese)

[7] LI Guo, KONG Xianghao, LIU Fengjing, et al. GF-
4 satellite remote sensing technology innovation[J].
Spacecraft Recovery &. Remote Sensing, 2016, 37
(4): 7-15. (in Chinese)

[8] MA Wenpo, LIAN Minlong. Technical characteris-
tics of the staring camera on board GF-4 satellite[ J].
Spacecraft Recovery &. Remote Sensing, 2016, 37
(4): 26-31. (in Chinese)

[9] LI Qing, LIU Aifang, WANG Yongmei, et al. Re-
search on development and ability of American space
offensive and defensive system[J]. Spacecralt Engi-
neering, 2018, 27(3): 95-103. (in Chinese)

[10] DU Xiaoping, LI Zhi, WANG Yang. Research on the
building of US space situational awareness capabili-
ty[J]. Journal of Equipment Academy, 2017, 28(3) :
67-74. (in Chinese)

[11] HE Xingwei, FENG Xiaohu, HAN Qi, et al. Ad-

vances of the geostationary meteorological satellite in

[13]

[15]

[16]

[18]

[19]

[20]

[21]

the world: A review[J]. Advances in Meteorological
Science and Technology, 2020, 10(1): 22-29, 41. (in
Chinese)

RUDDICK K, NEUKERMANS G, VANHELLE-
MONT Q, et al. Challenges and opportunities for geo-
stationary ocean colour remote sensing of regional
seas: A review of recent results[J]. Remote Sensing
of Environment, 2014, 146: 63-76.

RYU J, CHOIJ K. Observation on the suspended sed-
iment concentrations in the coastal area using geosta-
tionary ocean color imager (GOCI)[C]//Proceedings
of the 5th EARSel. Workshop on Remote Sensing of
the Coastal Zone. Prague, Czech Republic: EAR-
Sel, 2011: 89-93.

WU Yuhua, CHEN Liheng, LI Hang, et al. Compu-
tation of external heat fluxes on space camera with atti-
tude change in geostationary orbit[J]. Infrared and La-
ser Engineering, 2019, 48(6): 284-292. (in Chinese)
YU Feng, XU Nana, ZHAO Yu, et al. Thermal de-
sign and test for space camera on GF-4 satellite[J].
Spacecraft Recovery & Remote Sensing, 2016, 37
(4): 72-79. (in Chinese)

YU Feng, XU Nana, ZHAO Zhenming. On-orbit
temperature analysis and thermal design optimization
for camera on GF-4 satellite[J]. Journal of Beijing
University of Aerinautics and Astronautics, 2021, 47
(1): 177-186. (in Chinese)

ZHAO Zhenming, WANG Bing, GAO Juan. Prelimi-
nary research on the thermal design methods of the
geosynchronous orbit staring cameralJ]. Spacecraft
Recovery & Remote Sensing, 2010, 31(3): 34-40. (in
Chinese)

XU Nana, YU Feng, FENG Yanguang. Investigation
of space heat flux simulation method for remote sensor
in geostationary orbit[ J]. Spacecraft Recovery &. Re-
mote Sensing, 2017, 38(6): 65-73. (in Chinese)
ZHAO Zhenming, LU Pan, SONG Xinyang. Ther-
mal design and test for high resolution space camera on
GF-2 satellite[J]. Spacecraft Recovery &. Remote
Sensing, 2015, 36(4): 34-40. (in Chinese)

SONG Xinyang, GAO Juan, ZHAO Zhenming, et
al. Application of indirect thermal control technology
for constant temperature control of HR optical remote
sensor[ J]. Spacecraft Recovery & Remote Sensing,
2015, 36(2): 46-52. (in Chinese)

PENG Zhou, LI Zhensong, QIAO Guodong, et al.
Sunlight avoidance design for camera of geostationary
orbit remote sensing satellite[J]. Chinese Space Sci-
ence and Technology, 2045, 35(2): 57-62, 76. (in



No. 4 LIAN Xinhao, et al. Thermal Control Design for Enhancing Tolerance of Large-Aperture-- 463
Chinese) [M]. Beijing, China: Astronautic Press, 1991. (in
[22] LIU Yunhe, LIU Fengjing, YU Longjiang. Sunlight Chinese)

[23]

[24]

[25]

[26]

[27]

[29]

invation avoidance method of GEO optical remote
sensing satellite[ J]. Spacecraft Engineering, 2014, 23
(6): 24-29. (in Chinese)

ZHAO Xin. Analysis of equivalent thermal properties
of MLI[J]. Spacecraft Engineering, 2008, 17(4): 51-
55. (in Chinese)

ZHANG Yang, ZHAO Jianfeng, HAN Chongwei, et
al. Thermal performance equation of multilayer insula-
tor for spacecraft[ J]. Chinese Space Science and Tech-
nology, 2021, 41(2): 63-70. (in Chinese)

YANG TAO Wenquan.
[M].4th ed. Beijing, China: Higher Education Press,
2006: 398-402. (in Chinese)

GILMORE D G. Satellite thermal control handbook
[M].2nd ed. EI Segundo, USA: The Aerospace Cor-
poration Press, 1994.

LEI Zhibo, CAO Jianguang, DONG Lining, et al.

Shiming, Heat transfer

Application of high thermal conductivity materials for
spacecraft thermal management[J]. Materials Devel-
opment in China, 2018, 37(12): 1039-1047. (in Chi-
nese)

ZHANG Jianke. Experiment and research for test
methods of thermal conductivity of carbon fiber com-
posites at low temperature[ J]. Cryogenics, 2010(4) :
58-61. (in Chinese)

MIN Guirong. Satellite thermal control technology

[30] HOU Bin. Research progress on thermal control coat-
ings for spacecraft[J]. Modern Radar, 2021, 43(1):
86-90. (in Chinese)

Acknowledgment The work was supported by the Na-
tional Key Research and Development Program of China

(No0.2021YFC2202102).

Author
Mr. LIAN Xinhao re-

ceived his B.S. degree in chemical machinery from Xi’ an Ji-

The first/corresponding author

aotong University, Shaanxi, China, in 1998 and M.S. de-
gree in aircraft design from Northwestern Polytechnical Uni-
versity, Shaanxi, China, in 2012. In 1998, he joined Beijing
Institute of Space Mechanics & Electricity and engaged in re-

search on thermal control technology of space cameras.

Author contributions Mr. LIAN Xinhao designed the
study, conducted the thermal analysis, interpreted the re-
sults and wrote the manuscript. Dr. XIA Chenhui conducted
the experiments and processed the thermal balance data. Mr.
GAO Chao designed the experimental device and provided
pictures of the camera thermal balance test in progress. All
authors commented on the manuscript draft and approved the

submission.

Competing interests The authors declare no competing in-

terests.

(Production Editor: ZHANG Bei)

Bk F% LE 38 thl?é}iET‘WEM“EI‘i” i 52 B€ 71 4= F+ B9
AR T 7Tk

HHE,ARE, & A

(dext

23 Al MLHL AF 75 B, AE 52 100094, H [ )

HE R b i K e 2R S X A S 23] 8 k"% e FE8R AR Rk, 4 A 69 K R A8 AUIE R F 56 e

#Ml#}*zﬁ%frﬁ% VB &7 ke R R e AL

i JUAT £ F E 69 K e R AL f B

% BB ey B Az kot ok, A BARACHLE B R RFP AL B R TR R, ST AL
AR EFHEEH XA, BRITFETRA L BRI RF G0 R KaHE A
AERATT AW A E TR A B R AR AL Bk A R A e i

i KA AR 4 R AR LR BT AL B Y
E R E AR L R K 2
JE, 5 W JUAT £ A 5 R 0 AL
$ R R kA8 AR B R e AR

WRANME G R HORFH T R AT AL A At ST 4 RARAN A B AR AR AME 2 R0 S P B R R T
R AR A F A AR AR AR IR AME S R E KA AT RA S BRGSO R AR s

BT Ao PRI A SR ATIR
KGR b IR F R A

JE At —
B ok s MR AL#E ; A dx %t A B &7

IhdE T oy ke A Ak



