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Abstract

Smart structures based on shape memory polymer composites (SMPCs) have attracted extensive
attention because of their unique self-deployment behavior. This study investigated the thermal
design and analysis of the SMPC flexible solar array system (SMPC-FSAS). The thermal design
ensured the reliability of the deployment functionality and desirable structural temperatures. The
fundamental properties of the shape-memory materials were obtained by dynamic mechanical
analysis and shape fixity ratio tests. Thermal experiments, including the thermal balance test
(TBT), thermal vacuum test and thermal cycle test were conducted to verify the safety and
reliability of the SMPC-FSAS. Additionally, the temperature distribution of the SMPC-FSAS
was simulated using numerical analysis. Notably, a geostationary satellite carrying the
SMPC-FSAS was successfully launched into a geosynchronous orbit and controlled deployment
was accomplished for the first time. The prediction of the numerical model was consistent with
the TBT and on-orbit data, thus validating the accuracy of the numerical method. The research
in this work has important reference significance for ultra-large SMPC-FSAS in the future.

Keywords: flexible solar array, shape memory polymer composites, thermal analysis,
geosynchronous orbit

(Some figures may appear in colour only in the online journal)

1. Introduction

Shape memory polymers (SMPs) are a type of smart mater-
ial that can be endowed with a specific shape after external
stimuli (such as thermal, magnetic field, electricity, light)
[1-6], and can recover to their original shape following fur-
ther stimulation. SMPs are highly concerned to be applied
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in the aviation, aerospace and medical industry [7-9] due to
their shape memory characteristic. SMPs can be introduced
into SMP composites (SMPCs) by adding fibers, particles and
other reinforcing phases [10-14], thereby greatly improving
the recovery force and mechanical properties of SMPs. SMPs
can be used in various environments by tuning the reinforcing
phase to acquire specific mechanical parameters [15-18].

In 2017, the National Aeronautics and Space Administra-
tion (NASA) successfully implemented an on-orbit demon-
stration of a roll-out solar array that could store and release
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material strain energy [19]. At the same time, NASA also
developed origami and inflatable structures as deployment
mechanisms [20, 21]. These structures possess the advantages
of light weight, high flexibility and high packaging efficiency.
However, these structures often need the assistance of mech-
anical equipment. SMPCs can be used to deployable struc-
tures due to their shape memory performance of the materials
[9, 22-24]. Simultaneously, the deployable structures based
on the SMPCs have the advantages of light weight, high
packaging efficiency, self-deployment, and low impact [25].
SMPCs are being widely studied as a new type of aerospace
material. The prototype of the SMPC solar array substrate Mis-
sion SMS-I [7], developed by Jinsong Leng’s research group,
was carried on an experimental satellite in 2016. The proto-
type solar array substrate was bent into an ‘€2’ shape before
launch and recovered to the flat state after deployment. Simil-
arly, composite technology development [26] has introduced
a new lightweight array (CLASP) based on SMPC, which is
suitable for small satellites with high packaging efficiency.

Materials used in the aerospace field need to withstand
a variety of extreme space environments, including space
particle radiation, vacuum, extreme high and low temperat-
ures, etc. The research on material level experiments for space
environments was very limited. Leng et al [27] investigated
the mechanical properties of the shape memory epoxy after
140 d of ~y-ray irradiation, and proved that the irradiation
environment had little effect on the mechanical properties
of the material. Tan ef al [28] concluded that the transient
temperature and mechanical properties of the shape memory
epoxy after 240 h of ultraviolet radiation or 45 thermal cycles
have been improved. Xie et al [29] investigated the shape
memory cyanate after vacuum outgassing and ultraviolet radi-
ation exposure test and discovered that it has good durability
in the space environment. The (micro-) failures under thermo-
mechanical conditions are also critical in the thermal respons-
ive structure. At present, there have been some material level
tests [30-32]. However, thermal research on space deployable
structures based on SMPCs is currently lacking.

In this work, the thermal design and analysis of the SMPC
flexible solar array system (SMPC-FSAS) were investigated.
The thermal design of the SMPC FSAS was carried out
to ensure the function of the structure and the controllable
temperature distribution. The dynamic mechanical analysis
(DMA) was used to identify the glass transition temperat-
ure (T'y) of shape-memory materials. The shape fixity ratio of
cyanate-based SMPC locking laminate (SMPC-LL) was tested
at 80 °C, 100 °C, and 120 °C, respectively. The thermal bal-
ance test (TBT) of the SMPC-FSAS was conducted by simu-
lating space heat radiation using a solar simulator. The thermal
vacuum test (TVT) and thermal cycle test (TCT) were con-
ducted by applying the obtained thermal balance temperat-
ures. In addition, a numerical simulation was conducted to pre-
dict the temperature distribution of the SMPC-FSAS in orbit.
Finally, a geosynchronous satellite carrying the SMPC-FSAS
was successfully launched into a geosynchronous orbit, and
the thermal data obtained in orbit were compared with the sim-
ulation and experimental data.

2. Structural description and thermal design

2.1. Structural description

The structure diagram of the SMPC-FSAS is shown in figure 1.
The stowed and deployed states of the SMPC-FSAS are shown
in figures 1(a) and (b) respectively. The SMPC-FSAS primar-
ily consists of two locking mechanisms and two deployable
mechanisms. The locking mechanism consists of two cyanate-
based SMPC-LLs, and the locking and releasing functions
are realized by transforming the shape of the cyanate-based
SMPC-LL. In the locked state, the SMPC-LL assumes a flat
shape (storage state), and it assumes a ‘€2’ shape (original
state) after release. The deployable mechanism is composed
of two epoxy-based SMPC lenticular tubes (SMPC-LTs). In
the stowed state, the SMPC-LT assumes a curled shape (stor-
age state), and it assumes a straight shape (original state) after
deployment. Previous works [25, 33] have investigated the
performance of the SMPC-LT and introduced the structural
design of SMPC-FASA.

2.2. Thermal design

The SMPC-LL in the locking state needs to maintain a
low-temperature environment to ensure the reliability of the
SMPC-FSAS in the stowed state. However, the shape memory
materials have a small specific heat capacity and are more
sensitive to space thermal environment. In particular, the early
release of the SMPC-LL affects the structural stiffness. There-
fore, it is necessary to propose thermal control requirements.
Table 1 presents the thermal control requirements of shape-
memory materials.

The SMPC-FSAS was installed on the east board of the
geostationary satellite. The geostationary orbit is a high orbit
with a long orbit period. Therefore, if there are no thermal
control measures, the surface temperature of an object easily
increases. The parameters of shape-memory materials are lis-
ted in table 2.

For the thermal design and calculation of the on-orbit tem-
perature, the steady-state heat balance equation is given as
follows:

Qa = Qr (1)

where Qq is the dissipated heat, including heat flow that is con-
ducted out and radiated out. Q, is the absorbed heat, including
heat flow from conduction, heat flow from radiation absorption
and heat flow from inside.

According to Fourier’s law, the conducted heat flow can be
expressed the following:

T
e = —AAd )

dx
where ¢. denotes conducted heat flow, A denotes the thermal
conductivity, A denotes the heat transfer area, and T denotes
the surface temperature.



Smart Mater. Struct. 31 (2022) 025021

Z Liu et al

(a)
SMPC SMPC
Light shield

lenticular tube locking laminate

Flexible
solar array

Figure 1. Structure diagram of the SMPC-FSAS: (a) stowed state of the SMPC-FSAS; (b) deployed state of the SMPC-FSAS [33].

Table 1. Thermal control requirements based on the material thermal properties of shape-memory materials.

SMPC-LL in SMPC-LL in SMPC-LT in SMPC-LT in
stowed state deployed state stowed state deployed state
Thermal control <80 >173 <123 >123
temperature (°C)
Table 2. The parameters of shape-memory materials.
Specific heat
Heat transfer capacity Hemispherical
Material Density (Kg m™?) coefficient d (kg-"C)’l) emissivity Solar absorptivity
Epoxy-based SMPC 1520 0.373 1.271 0.77 0.55
Cyanate-based SMPC 1720 0.481 1.198 0.75 0.711

The radiant heat flow can be described as follows:
¢ =e0(T—Tp)" 3)

where ¢, presents radiant heat flow, € presents the hemispheric
emissivity, o presents the Stefan—Boltzmann constant [34],
and T presents the background temperature.

Assuming that the temperature in space is uniform, there is
no internal heat source or heat conduction. The thermal bal-
ance equation is shown in equation (4)

c0A(T—Ty)* = 0Q. )

where « denotes the solar absorptance, and Q denotes the solar
heat flow.

The thermal balance temperature of the object could be
obtained from the above formula. Therefore, reducing the
temperature of an object can be achieved by increasing its
hemispherical emissivity and reducing its solar absorptance.
According to the structural features and material properties,
the thermal control design of the structure is as follows: (a) a
light shield was designed and installed outside the SMPC-LL
to protect it from direct sunlight from SMPC-LL and effect-
ively prevent high temperatures from causing its premature
release; (b) the silvered fluorinated ethylene propylene (F46)
film [35] was pasted on the surface of the light shield and

the base. The hemispherical emissivity and solar absorptivity
of the material were 0.71 and 0.07 respectively, which could
effectively reduce heat conduction from other components to
SMPC-LL; (c) the 5 mm polyimide heat insulation mat was
designed and installed on the installed base, which effectively
isolated the heat conduction between the installed base and the
satellite board.

In this study, heating films were attached to either side
of the SMPC-LT to provide heat. The steady-state temperat-
ure was calculated to understand the relationship between the
heating power and the temperature. The calculation equation
of the heating temperature of the SMPC-LT is as follows:

1
L
~ cph
0

{_hct (T—To) —eo(T—To)* = \(T—To) + g dt

(&)

where ¢ denotes the specific heat capacity, ¢ denotes the heat-
ing time, p denotes the density of the material, P denotes the
heating power, & denotes the thickness of the material, and %,
denotes the convective heat transfer coefficient.

Heat flow includes four parts: convection heat dissipation,
radiation heat dissipation, heat conduction heat dissipation
and heat transfer by the heating film. The heat flux g can be
expressed as follows:
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Figure 2. Relationship between the convective heat transfer
coefficient and the steady-state temperature.

4=l t N (T-To) —eo(T-Tof* +5  ©

when g = 0, the structure reaches the thermal steady state. The
equation of heating power is given as follows:

P=A[(ha+X) (T—Ty) + (T~ Ty)* )

where 0 = 5.67 x 1078 W (m2-K*»)~!, T, = 298.15 K,
A = 0.0243 mm?. In this paper, the surface temperature of
SMPC-LT was calculated. Because there is no convective heat
transfer under vacuum conditions, the temperature during the
heating process was higher than that of the ground environ-
ment. To meet the temperature requirements of the ground
and vacuum at the same time, the heating film was designed
with double electric circuits. The heating powers of 40 and
80 W were used in the vacuum and atmospheric environments
respectively. Figure 2 plots the relationship between the con-
vective heat transfer coefficient and the steady-state temper-
ature. The results show that the temperature at 40 W with no
convective is equivalent to that at 80 W with a convection coef-
ficient around 10 W (m? °C)~!, which represents the atmo-
spheric environment.

3. Numerical simulation

3.1 Numerical model

Thermal simulation simulates the space thermal environ-
mental conditions experienced by spacecraft equipment in
orbit, thus can be used to effectively evaluate thermal balance
temperature and functional reliability of an object. Each mater-
ial in the SMPC-FSAS exhibited complex heat conduction.
Thus, the finite element technique was easier to implement
than the theoretical analysis. Therefore, the numerical simu-
lation of the SMPC-FSAS was carried out by using UG NX

Figure 3. Simplified finite element model of the SMPC-FSAS.

software to simulate the thermal environment in orbit. The
grid model and coordinate system of SMPC-FSAS are illus-
trated in figure 3. The five red dots represent the temperat-
ure measuring points on the surface. The measurement points
were located on the base, the SMPC-LL, and at three positions
on the SMPC-LT (the normal direction of the plane is X—,
Z+ or X+). To satisfy the space test effect of SMPC-FSAS,
the ordinary attitude and long-term facing solar attitude were
simulated. For the ordinary attitude, the X+ and Z+ of the
coordinate system were the same as the flight direction of the
satellite and the direction facing the earth, respectively, and
Y+ was determined by the right-hand rule. For the long-term
facing solar attitude, the X+ and Z+ of the coordinate system
faced the sun and the normal direction of the orbit, respect-
ively, and the Y+ was determined by the right-hand rule. At
this time, the flexible solar array could attain the maximum
power generation voltage at this angle. The numerical simula-
tion of the following four working conditions was carried out
in this study as follows: (a) high-temperature steady-state in
ordinary attitude: the heat flux was 1414 W m~2 (1 solar con-
stant), and the installation surface temperature was 50 °C; (b)
low-temperature steady-state in ordinary attitude: the heat flow
was 0, the installation surface temperature was —10 °C; (c)
high-temperature transient-state in ordinary attitude: the max-
imum heat flux was 1414 W m~—2, and the installation surface
temperature was 50 °C; (d) high-temperature steady-state in
long-term facing solar attitude: the direction of heat flow was
consistent with X-direction, the heat flux was 1414 W m—2,
and the installation surface temperature was 50 °C.

To evaluate the effectiveness of the light shield, this study
simulated the thermal balance temperature before and after the
addition of the light shield under a high-temperature envir-
onment. At the same time, we performed numerical simula-
tions on the heating steady-state temperature of the SMPC-
LTs to further understand the steady-state temperature under
different heating environments. The different heating environ-
ments were as follows: (a) a heating power of 40 W under a
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Figure 4. The surface temperature of the SMPC-FSAS before and after adding the light shield: (a) steady-state temperature of the
SMPC-LL; (b) steady-state temperature distribution before adding the light shield; (c) steady-state temperature distribution after adding the

light shield.

vacuum environment; (b) a convective heat transfer coefficient
of 6 W (m? °C)~! with a heating power of 40 W; (c) a heating
power of 80 W under a vacuum environment; (d) a convect-
ive heat transfer coefficient of 6 W (m? °C)~! with a heating
power of 80 W.

3.2. Numerical analysis

Figure 4(a) shows the steady-state temperature of the SMPC-
LL before and after adding the light shield under the high-
temperature working condition. Before the light shield was
added, the highest temperature of the SMPC-LL was 87 °C,
which was higher than the thermal control temperature of the
SMPC-LL in the design. Satisfactorily, the highest temperat-
ure of the SMPC-LL was 53 °C after adding the light shield,
which could meet the thermal control requirements. The res-
ults show that the light shield could effectively reduce the sur-
face temperature of the SMPC-LL. Figures 4(b) and (c) present
the steady-state temperature distribution of the SMPC-FSAS
before and after adding the light shield, respectively. Compar-
ing the two states, it was found that the surface temperature of
the locking mechanism reduced after the addition of the light
shield. The temperature of the SMPC-LL at the gap between
the SMPC-LT and the light shield was higher than that at other
locations. A gap of 10 mm was designed to ensure that the
deployment of the SMPC-LT was not hindered.

Figure 5 illustrates the high-temperature transient-state
temperature curve. The highest temperatures of SMPC-LT and
SMPC-LL were 76.1 °C and 49.8 °C, respectively. The lowest
temperatures of SMPC-LT and SMPC-LL were —78.1 °C and
—43.2 °C, respectively. For high-temperature working condi-
tions of the orbit for one day, the SMPC-FSAS was located in
the shaded area against the sun at 0 ~ 12 h and could not absorb
solar energy, so the temperature was extremely low. Figure 6
outlines the steady-state temperature curves and temperature

80 |
-" S
—— Base -y’
ar — — SMPC-LL 7
4oLV |+ + - SMPC-LT X-
— + =SMPC-LT 2+
20 F —-- SMPC-LT X+

Temperature (°C)
: : =

40k N \‘: N T ﬂ
\ st N as
-60 F %
I e o h
-E0 -
1 1 L 1 L i L " L
0 4 ) 2 16 20 24
Time (h)

Figure 5. High-temperature transient-state temperature curve.

distributions under different working conditions. The light
shield in the figure was hidden to show the temperature of the
SMPC-LL. The highest steady-state temperatures of SMPC-
LT and SMPC-LL were 77.8 °C and 53.1 °C respectively, and
the minimum steady-state temperatures were —103 °C and
—90.8 °C respectively, which are close to the heat balance
temperatures. For long-term facing solar attitude, the steady-
state temperatures of SMPC-LT and SMPC-LL were 59 °C
and 1.3 °C, respectively.

Figures 7 and 8 show the steady-state temperature curves
and temperature distributions under different heating environ-
ments. When iy = 6 W (m? °C)~!, under heating powers
of 40 W and 80 W, the steady-state temperatures of the
SMPC-LT were 127.21 °C and 200.43 °C, respectively. When
he = 0 W (m? °C)~!, under heating powers of 40 and
80 W, the steady-state temperatures of the SMPC-LT were
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Figure 6. The steady-state temperature curves and temperature distributions under different working conditions: (a) high-temperature
steady-state condition; (b) low-temperature steady-state condition; (c) long-term facing solar attitude steady-state condition.
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Figure 7. The steady-state temperature curve of the highest
temperature point during the heating process of the SMPC-LT.

179.38 °C and 256.80 °C, respectively. It can be observed
that the numerically predicted steady-state temperatures are
very close to the theoretical and experimental temperatures.
The results also show that the design of double circuit heating
film can meet the heating power requirements under different
environments.

4. Experiments

4.1 Dynamic mechanical analysis

DMA was used to measure the T, of shape-memory mater-
ials. In this study, a dynamic thermal analyzer (NETZSCH
DMA Q800) was used and the three-point bending mode
was selected. The dimensions of the specimens were 35 mm
(length) x 6 mm (width) x actual thickness for each mater-
ial. During the test, the loading frequency was 1 Hz and the
heating rate was 5 °C min~".

4.2. Shape fixity test

A shape fixity test of the SMPC-LL was conducted to verify
the shape fixity ratio at high temperatures. An ambient temper-
ature can stimulate the recovery of the SMPC-LL and activ-
ate the locking and release mechanism of the SMPC-FSAS.
In this study, the SMPC-LLs of the storage state were placed
in chambers with temperatures of 80 °C, 100 °C, and 120 °C
for shape fixity tests. During the testing, the shape recovery of
the SMPC-LLs was recorded every 5 d for 50 d, and then the
shape fixity ratio of the SMPC-LL was calculated according
to the schematic diagram (as shown in figure 9). Because the
locking and release of the SMPC-FSAS are mainly determ-
ined by the distance between the two ends of the SMPC-LL,
this study describes the shape change by the distance between
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Figure 9. Schematic diagram of the shape fixity ratio test.

the two ends of the SMPC-LL. The calculation equation of the
shape fixity ratio is as follows:

L L

S 0

Ry x 100% ®)

where R; denotes the shape fixity ratio, L, denotes the recov-
ery length, L, denotes the length of the original shape
(L, = 28 mm), Ls denotes the length of the storage shape
(Ly = 38 mm), R; and R, denote the radius of the arc seg-
ment (R} = R, = 4.39 mm), and d denotes the length of the
linear segment (d = 5 mm).

4.3. Thermal balance test

The TBT was conducted to simulate the thermal environment
(vacuum, cold black) of the geosynchronous orbit to verify

the thermal balance temperature of the SMPC-FSAS. The
KFTA solar simulator (as shown in figure 10(a)) developed
by the Beijing Institute of Satellite Environmental Engineer-
ing was used to investigate the surface temperature variation
and steady-state thermal balance temperature of the SMPC-
FSAS. The device can simulate the solar radiation environ-
ment, with an irradiation volume of ®600 x 600 mm and
a limit vacuum degree of 1 x 107> Pa. Its radiation heat
flux ranges from 707-2175 W m~2. To evaluate and com-
pare the thermal balance temperature, the paste position of
the thermistors was consistent with that of the numerical sim-
ulation (as illustrated in figure 3). The vacuum degree was
5.9 x 107 Pa~ 1.2 x 107> Paduring the test, the temperature
of the cold black screen was less than —173 °C, and the satel-
lite board simulator (as illustrated in figure 10(b)) were stable
at 50 °C (high-temperature working condition) and —10 °C
(low-temperature working condition). A solar simulator was
used for irradiating perpendicular to the installation surface to
simulate the ordinary attitude (as shown in figure 10(c)), and
the solar simulator was used to irradiate parallel to the install-
ation surface to simulate the long-term facing solar attitude
(as shown in figure 10(d)). During the test, the placement state
of the SMPC-FSAS was adjusted after the test at the ordinary
attitude, and the long-term facing attitude test was carried out
after the vacuum was exhausted again. The four working con-
ditions in TBT were consistent with those in numerical simu-
lation. Owing to the limitation of thermal balance equipment,
the heat flow under the transient-state condition in the TBT
was calculated from the different incidence angles of sunlight,
while the transient-state condition in the numerical simula-
tion was based on the actual continuous solar incidence angle.
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Figure 10. TBT of the SMPC-FSAS: (a) KFTA solar simulator; (b) simulated satellite board installation; (c) ordinary attitude; (d) long-term

facing solar attitude [33].
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During the steady-state condition test, continuous irradiation
was provided for 12 h or until a steady state was reached.
The heat flow at different incident angles was calculated
as in equation (9). In this study, the incidence angle of sun-
light is the angle between direct sunlight and the base of the
SMPC-FSAS. Figure 11 shows the heat flux corresponding to

different incident angles of sunlight. Since the minimum heat
flow of the solar simulator was 707 W m—2, when the calcu-
lated heat flow was less than 707 W m~2, the heat flow was
input as 707 W m—2

QG = Qmax x sinf. (9)

where Qy is the heat flux corresponding to the incident angle
6, Omax is the maximum heat flux (Qmax = 1414 W m~2), and
0 is the incident angle.

4.4. Thermal vacuum and thermal cycle test

To investigate the thermal stability of the SMPC-FSAS, TVT
of 6.5 cycles and TCT of 18.5 cycles were performed on the
SMPC-FSAS [36] (as revealed in figures 12 and 13). The
TVT was carried out in the thermal vacuum chamber (KM2)
developed by the Beijing Institute of Satellite Environmental
Engineering. The equipment can simulate the high and low
temperature environment in a vacuum environment with an
effective volume of ®1700 x 2500 mm. Its vacuum degree can
reach 5 x 10~* Pa, and its temperature ranges from —160 °C
to 150 °C. The TCT was carried out in the high and low tem-
perature test chamber (F-10A) developed by the Chongqing
Yinhe Testing Instrument Co., Ltd The equipment can simu-
late the atmospheric high and low temperature environment
with an effective volume of 600 x 600 x 670 mm, and its
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temperature ranges from —150 °C to 180 °C. The ambient
temperature of the SMPC-FSAS was controlled by using an
infrared heating cage during the TVT. A temperature cham-
ber was used to control the ambient temperature during the
TCT. Considering the TBT error, the upper and lower tem-
perature limits of the TVT and TCT were obtained by using a
deviation of 15 °C on the basis of the thermal balance temper-
ature obtained by TBT. Therefore, during the TVT and TCT,
the temperature range was —117 °C ~ 88 °C. For the TVT,
each cycle time was 20.5 h, and the vacuum degree was less
than 6.65 x 1073 Pa. The heating and cooling rates were 1
and 0.37 °C min~', respectively. In the TCT process, each
cycle time was 12.3 h, and the temperature change rate was
3 °C min~!. Once the temperature remained stable for 1 h, it
was maintained in a stable state for 4 h.

4.5. Heating test

The heating test of the SMPC-LT was conducted to exam-
ine the temperature change. During the test, the ambient tem-
perature was 20 °C, and the heating power of the SMPC-LT
under the atmospheric environment and vacuum environment

Temperature (°C)

Figure 14. Tan ¢ curve of the shape memory materials.

was 80 W and 40 W, respectively. The vacuum degree of the
vacuum environment was 6.65 x 10~ Pa. The test time was
600 s, and the temperature was monitored by attaching a tem-
perature sensor to the surface of the SMPC-LT.

5. Results and discussion

5.1. Dynamic mechanical properties

The Tan ¢ curve of the shape memory materials is given in
figure 14. The temperature corresponding to the peak of Tan §
is the T, of the shape memory materials. It can be noted that
the T, of the epoxy-based SMP and cyanate-based SMP were
149 °C and 203 °C, respectively. The T, of the epoxy-based
SMPC and cyanate based SMPC were reduced by 26 °C and
30 °C lower than that of their pure polymer forms, respect-
ively, which was due to the addition of the carbon fiber twill.
As the T, of cyanate-based SMPC was higher than that of
epoxy-based SMPC, the shape fixity ratio of cyanate-based
SMPC was higher than that of epoxy-based SMPC at high
temperatures. The SMPC-LL used in the SMPC-FSAS were
required to maintain a superior shape fixity ratio at high tem-
peratures. The SMPC-LTs had lower requirements for the
thermal environment. Therefore, epoxy-based SMP was used
as a matrix to prepare SMPC-LT.

5.2. Shape fixity performance

The shape fixity ratio of the SMPC-LL in 30 d is illustrated in
figure 15. The shape fixity ratios of the SMPC-LLs at 80 °C,
100 °C, and 120 °C after 50 d were approximately 100%,
99.2%, and 98.0%, respectively. Notably, SMPC-LL could be
completely fixed at 80 °C. At temperatures of 100 °C and
120 °C, the SMPC-LLs maintained a high shape fixity ratio,
and the shape could also be completely fixed over time.
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Figure 15. Shape fixity ratio of the SMPC-LL in 50 d.

5.3. Thermal balance test analysis

The high-temperature steady-state temperature curve under
high temperature is shown in figure 16(a). The steady-state
temperature at the Z+ position of the SMPC-LT was 73.2 °C,
which was 37.4 °C and 36.2 °C higher than the temperatures at
the X+ and X — positions, respectively. This is because the Z+-
position of the SMPC-LT directly faces the heat flow input dir-
ection. The highest steady-state temperature would be used as
the high-temperature reference value for TVT and TCT. The
low-temperature steady-state temperature curve is presented
in figure 16(b). The result revealed that the lowest temperat-
ure of the SMPC-LT was —102 °C, which could be used as
the low-temperature reference value for the TVT and TCT.
The transient-state temperature curve in ordinary attitude is
outlined in figure 16(c). The components of the SMPC-FSAS
demonstrated good symmetry in the low-temperature transi-
ent and high-temperature transient states. Significant differ-
ences between the transient and the steady-state temperatures
were not observed. This is because of the small heat capa-
city of the structure. Figure 16(d) shows the steady-state tem-
perature curve of the SMPC-FSAS in the long-term facing
solar attitude. Because the X+ direction was directly facing
the solar simulator, the X+ position of SMPC-LT demon-
strated the highest temperature. The steady-state highest tem-
peratures of the SMPC-LL and SMPC-LT were 2.0 °C and
61.0 °C respectively, which are safe for the shape-memory
materials. Table 3 lists the comparison of surface temperature
between simulation and experiment under different working
conditions. Because of the simplification of the model and the
limitation of the measuring point location in the experiment,
minor errors were accepted. In conclusion, the simulation and
experimental results were consistent with each other.

5.4. Thermal vacuum and thermal cycle test analysis

Figures 17(a) and (b) plot the temperature and time curves of
the TVT and TCT, respectively. The surface temperature of

SMPC-LT was used as the control temperature. The highest
temperature was 89 °C, and the lowest temperature was
—120 °C during the TVT and TCT. During the TVT, the
limit temperatures on the SMPC-LT surface were 83 °C and
—113 °C, respectively. The temperature of the SMPC-LL was
lower than that of the exposed SMPC-LT because the thermal
environment was provided by the external infrared heating
cage. The results comply with the test requirements. In con-
trast to the TVT results, the surface temperature of each com-
ponent was almost the same in the TCT test curve. That is
because the experimental environment for the TCT was a
closed space with a relatively uniform temperature. The tem-
perature curves of TVT and TCT in each cycle were consist-
ent, which indicated that the test results were effective. After
the test, the state of the SMPC-FSAS was normal after careful
observation.

5.5. Deployment temperature

Figure 18 shows the temperature curves during the heating.
The blue dots in the figure indicate the time when the SMPC
is fully deployed. The deployment time of the SMPC-FSAS
under atmospheric and high vacuum environments was 152
and 179 s, respectively. At this time, the temperature of the
test points was 161 °C and 120 °C respectively. Because
air convection does not occur in a vacuum, the surface tem-
perature of the SMPC-LT was more even than that in the
atmospheric environment, and the temperature required for
deployment in a vacuum was lower than that in an atmo-
spheric vacuum. The steady-state temperature of SMPC-
LT under atmospheric and vacuum conditions was 198 °C
and 170 °C, respectively. It can be noted that the experi-
mental temperatures were relatively close to the theoretical
results.

6. On-orbit demonstration

The SJ-20 geostationary satellite carrying the SMPC-FSAS
was successfully launched at the Hainan Wenchang Satel-
lite Launch Center on 27 December 2019, and the world’s
first SMPC-based flexible solar array was deployed on 5
January 2020 (as shown in figure 19). It can be noted that
SMPC-FSAS can be deployed in 3 min, and the recovery
ratio can reach almost 100%. When the recovery time was
within 30 s and the temperature was approximately 60 °C,
there was almost no recovery. When the temperature reached
80 °C, the SMPC-FSAS gradually recovered until it was fully
deployed. Notably, the deployment process was extremely
slow.

Figures 20(a) and (b) plot the temperature curves of the
SMPC-FSAS on the orbit in the stowed and the deployed
states, respectively. Because the thermistor range employed
in the SMPC-FSAS was —50 °C to 250 °C, the temper-
ature signal below —50 °C was not collected. The deploy-
ment test was performed the day after the satellite entered
the synchronous orbit, and the temperature curve of the
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Figure 16. Temperature curve under the different conditions: (a) high-temperature steady-state condition; (b) low-temperature steady-state
condition; (c) high-temperature transient-state condition; (d) long-term facing solar attitude condition.

Table 3. Comparison of steady-state temperature between simulation and experiment under the different conditions.

Condition Method Base SMPC-LL SMPC-LT X— SMPC-LTZ+ SMPC-LT X+
High-temperature Experiment 49.6 °C 53.2°C 35.8°C 73.2°C 37.0°C
steady-state temperature Simulation 45.0°C 53.1°C 45.6 °C 778 °C 46.2°C
Relative error —9.27% —0.18% 27.37% 6.28% 24.86%
Low-temperature Experiment —64.2°C —734°C —-81.2°C —101.9 °C -96.7 °C
steady-state temperature Simulation —65.0°C —-71.2°C —85.6°C —103.0°C —-90.8 °C
Relative error 1.25% —2.99% 5.42% 1.08% —6.10%
Long-term facing solar attitude Experiment —48°C 2.0°C —50.0°C -21.6°C 61.0°C
steady-state temperature Simulation -7.1°C 1.6°C —45.6 °C —-19.2°C 59.0 °C
Relative error 47.9% —20% —8.8% —11.1% 3.28%
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Figure 17. Temperature and time curve: (a) TVT; (b)TCT.
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Figure 19. On-orbit temperature curve and performance demonstration of the SMPC-FSAS [33].

SMPC-FSAS in the stowed state was selected as the tem-
perature closest to the one day on the synchronous orbit.
The highest transient-state temperatures of SMPC-LL and
SMPC-LT were 54.3 °C and 80.7 °C, respectively. The tem-
perature curve of the structure on the day of deployment is
shown in figure 20(c). The temperatures of the SMPC-LL
and SMPC-LT increased sharply during the heating process.
When the temperature was restored, the temperature curve
of the structure surface was basically the same as the curve
in figure 20(b). Figure 20(d) illustrates the temperature curve
during deployment. The highest temperature of the SMPC-LL
and the SMPC-LT during heating were 175 °C and 128 °C,
respectively. The first peak in the curve for the SMPC-LL was

due to the trial power-on test, and the second peak was due
to the release of the SMPC-LL. The first peak on the SMPC-
LT temperature curve was caused by heating the SMPC-
LT, and the second peak in the SMPC-LT temperature curve
was caused by heating some additional components on the
SMPC-FSAS.

The comparison of the transient-state temperature of sim-
ulation, experiment and on-orbit data is listed in table 4. The
three results had a good consistency, indicating the validity
of the numerical model and experimental settings. Consider-
ing the simplification of the numerical model and the location
bias of the temperature sensor in the experiment, the error can
be accepted.
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Figure 20. Temperature curve of the SMPC-FSAS on orbit: (a) stowed state; (b) deployed state; (c) temperature curve on the day of

deployment; (d) temperature curve during deployment.

Table 4. Comparison of the highest transient-state temperature
among simulation, experiment and on-orbit data in the stowed state
(The contents in brackets are relative errors).

Method SMPC-LL SMPC-LT X+

On-orbit data (°C)
Simulation (°C)
Experiment (°C)

54.3
49.8 (—8.28%)
50.4 (=7.18%)

80.7
76.1 (=5.70%)
72.3 (—10.40%)

7. Conclusions

The SMPC-FSAS is not susceptible to the complex technical
problems of traditional mechanical space deployable mechan-
isms. The thermal design of the SMPC-FSAS ensured satis-
factory deployment power and temperature control. The shape
fixity test showed that the SMPC-LL can be completely fixed
in a temperature environment of 80 °C. The balance temperat-
ure of SMPC-FSAS was obtained using a TBT. A TVT of 6.5
cycles and a TCT of 18.5 cycles verified that SMPC-FSAS
demonstrated good stability under high and low temperat-
ure environments. Additionally, the temperature distributions
under different orbital conditions were obtained by numer-
ical simulation. The highest temperatures of the SMPC-LL
and SMPC-LT were 53.1 °C and 77.7 °C respectively, which
met the requirements for thermal control of shape memory
materials. The theoretical, simulation and experimental results

showed that the design of double circuit heating film could
meet the temperature requirements of vacuum environment
and atmospheric environment at the same time. The orbital
data verified the correctness of the numerical model and exper-
imental settings. On the basis of the research in this work, fur-
ther research on ultra-large SMPC-FSAS will be conducted in
the future.
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