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The correction of a thermal model for a thermally controlled satellite in ground test conditions is studied using a Monte Carlo
hybrid algorithm. First, the global and local parameters are summarized according to sensitivity analyses on uncertain parameters,
and then the model correction is treated as a parameter optimization problem to be solved with a hybrid algorithm. Finally, the
correction of the thermal model is completed using a layered correction method. The sensitivity analysis showed that the effective
emissivities across the multi-layer insulation (MLI) and the emissivities of the thermal control coating are global parameters,
while the contact heat transfer coefficients are local parameters. After correction, the deviations between the calculated and test
values were all within +£3°C. The final results prove that the method in this study is superior to traditional methods and satisfies

the requirements for thermal model correction.
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Due to the complexity of an actual spacecraft, its thermal
analysis network model generally requires simplifications
and reasonable assumptions. At the same time, the input
parameters of the thermal model, such as the contact heat
transfer coefficients, thermal optical properties of surface
coating and so on, are subject to uncertainty. The combina-
tion of these factors leads to deviations between results
from the thermal network method and spacecraft thermal
balance test or telemetry system. Sometimes these devia-
tions are relatively large. To minimize calculation devia-
tions and improve the ability of the model to achieve more
accurate spacecraft temperature analysis, it is essential to
correct the thermal model [1].

Currently the commonly used correction methods are the
least-squares method correcting the integrated radiation
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factors [2] and the semi-empirical trial method [3]. How-
ever, the accuracy of the thermally corrected model largely
depends on empirical judgments of analysts in the above
methods, so there may be large errors in the correction of
some key parameters. In addition, with the increasing com-
plexity of the spacecraft’s internal structure and layout,
there are increasing uncertainties in the thermal analysis.
Because of the increasingly uncertain parameters and the
correlation or coupling between them, corrections by tradi-
tional methods not only result in a heavy workload, but also
cannot satisfy the progressively higher temperature control
requirements. Therefore, improvement of the correction
method is very necessary.

The Monte-Carlo method has been widely used in struc-
tural analysis, radiation and mass flux calculation, geo-
physical inversion studies, measurement of thermophysical
properties, satellite detection of atmospheric ozone and
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many other areas [4—10] because of its simple principles and
universally-wide applicability. The method is more suitable
to the correction of multi-parameter and large-scale thermal
models than traditional methods", so the application pros-
pects of the method in the field of space thermal model cor-
rection has attracted considerable attention from scholars,
both in China and abroad, in recent yearsz), [11,12]. Mare-
schi et al. [13] used the method to improve the efficiency of
the correction of the INTEGRAL satellite thermal model,
but its accuracy needs to be improved. Cheng et al. [14,15]
corrected a virtual satellite thermal model and obtained
good effect when the optical properties of spacecraft surface
coatings, contact heat transfer coefficients and so on were
regarded as uncertain parameters. However, only a virtual
satellite was used in the two references, and owing to the
lack of experimental data, the calculated results of the ther-
mal model were treated as “experimental values” in the cor-
rection. Therefore, in the thermal model correction, the
“true values” of uncertain parameters were known. In fact,
the true values of uncertain parameters of a real satellite are
unknown over a wide range, so the model correction is
more difficult. In addition, the effect of the multi-layer in-
sulation (MLI) thermal parameters on the spacecraft tem-
peratures was not considered in the model.

Research work on spacecraft thermal model correction
based on the Monte-Carlo method has only just begun in
China, and has so far been generally about what effects will
be produced when the method is applied to engineering
practice. Moreover, for the specific correction method and
the steps to be taken, more in-depth research is needed.

For the above reasons, the thermal model for a thermally
controlled satellite in ground test conditions was corrected
in accordance with thermal balance test data based on a
Monte-Carlo hybrid algorithm. First, the global and local
parameters were summarized according to the sensitivity
analyses on uncertain parameters, and then the model cor-
rection was treated as a parameter optimization problem to be
solved with a hybrid algorithm. Finally the correction of the
thermal model was completed using the layered correction
method. After correction, the deviations between calculated
and test values were all within £3°C, proving that the method
in this study is superior to traditional methods [1,3,16] and
satisfies the requirements for thermal model correction.

1 Physical model

The satellite used a box-type configuration and board struc-
ture. Its platform structure consisted of the docking ring,
bottom plate, top plate, = Y side plate, + Z side plate,
Y-partition and Z-partition. The equipment inside the

Chinese Sci Bull

May (2011) Vol.56 No.13

satellite included most electronic equipment installed on the
main floor, Z-partition, Y-partition and Y side plate.

The thermally controlled satellite did not have the solar
arrays, antennas and other equipment installed outside it in
the ground test conditions. The thermal balance test was
done in a vacuum tank, cooled with liquid nitrogen and
coated with black paint to simulate the vacuum, cold and
black-background environment. Resistance heating sheets
were used to simulate the space external heat flux, and
thermistors and thermocouples were used to measure tem-
perature.

2 Thermal analysis model

2.1 Simplification of the physical model

To ensure calculation accuracy, the following reasonable
simplifications are made to facilitate the thermal analysis:

(1) ignore all electrical connectors, cable conductors and
installation screws inside the satellite;

(ii) ignore all holes formed by the electrical connectors,
conductors and equipment installation screws in the equip-
ment installation board or panel;

(iii) consider most of the electronic equipment and con-
vert them to hexahedrons, cylinders or a combination of the
two in accordance with their equivalent radiation area;

(iv) ignore the thermal contact between the honeycomb
panels;

(v) consider the impact of contact thermal resistance be-
tween electronic equipment and associated fitting surfaces.

2.2 Principle of node partition

The principles of node partition are listed below:

(i) consider general electronic equipment as an isother-
mal body and single node model;

(i) construct three sheets for a honey comb panel, and set
the material, thickness and thermal optical properties for the
top and bottom face sheets. A honeycomb core is placed
between the top and bottom face sheets. If a MLI is attached
to the face sheet, the corresponding outer surface of the
MLI is a node and its thickness is zero;

(iii) node partition of honeycomb board with pre-buried
heat pipes is in accordance with the distribution of heat
pipes, and each heat pipe is divided into at least three nodes.

2.3 Calculation model

The thermal model of the thermally controlled satellite was
built in accordance with the principles of model simplifica-
tion and node partition. The powers of the heating sheets on

1) Molina M, Finzi A E. Monte Carlo techniques for thermal analysis of space vehicles: Practical examples of robustness determination in preliminary design. In: AIDAA VIII

Congresso Nazionale, 2005

2) Zhong Q, Liu W, Ma H T. Overview of thermal model correction. In: The Seventh Conference on Space Thermal Physics, 2005
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the outer surfaces of the satellite were introduced into the
thermal model as the absorbed external heat flux. The ther-
mal model of the thermally controlled satellite is shown in
Figure 1 (a).

The thermal balance test was done in a vacuum tank.
Therefore, it was necessary to build a thermal model for the
vacuum tank. In the modeling, the main simplifications and
parameter settings were as follows: (1) the heat sink, guide
rail and test bench were considered, but the cables, brackets
and other components were ignored; (2) the impact of rare-
fied gas in the vacuum tank was not considered; and (3) the
heat sink temperature was —190°C, and the emissivity and
absorptivity of the vacuum tank’s internal surface coating
was 0.90. The thermal model of the vacuum tank is shown
in Figure 1(b).

The thermal model of the thermally controlled satellite
was placed in the model of the vacuum tank in accordance
with the requirements for the location of the test, and their
combination was the calculation model, which is shown in
Figure 1(c).

3 Thermal model corrections

3.1 The optimization model and optimization algo-
rithm

In this study, SINDA / FLUINT was used to help correct the
thermal model. In essence, it selects uncertain parameters,
constructs object functions of the calculated and test data,
and solves the parameter optimization problem to achieve
the model correction. The object function refers to the errors
between the calculated and test data and its expression de-
pends on the data fitting method. In this study, the least
square error method was used to construct object function,
and the optimization model is as follows:

N 2

min|,[> (R-T) /N |, (1)

i=l1

with N as the total number of items of equipment, P; the
predication of the equipment i, and T; the test data for the
equipment .
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As a single-objective unconstrained optimization prob-
lem constructed in eq. (1), it can be solved mainly by the
following algorithm: a quasi-linear optimization method,
Monte Carlo method and hybrid algorithm [15]. In fact, the
hybrid algorithm is an application of the combination of
quasi-linear optimization and the Monte Carlo method.
Cheng et al. [15] found the hybrid algorithm can obtain
higher precision results and consume less calculation time
compared with the other two methods. Moreover, its result
does not depend on initial values, so it is particularly suit-
able for problems with less prior information. Therefore, the
hybrid algorithm was used in this study.

3.2 Correction process for thermal model

The first step in thermal model correction was sensitivity
analyses to identify key uncertain parameters. The second
step was to select the appropriate correction method to cor-
rect the thermal model.

Under these test conditions, the key uncertain parameters
affecting the satellite temperatures are mainly the effective
emissivity across the MLI, the emissivity of the thermal
control coating, and the contact heat transfer coefficient
between the equipment and installation board. Sensitivity
analyses were made on the uncertain parameters with the
Monte-Carlo method [14]. Through the sensitivity analyses
we found that the effective emissivities across the MLI and
the emissivities of the thermal control coating, defined as
key global parameters, have considerable impacts on almost
all the satellite equipment, and the contact heat transfer co-
efficients, defined as key local parameters, only had an im-
pact on equipment associated with the specified contact heat
transfer coefficient. Using the layered correction method,
the thermal model correction process was done in three
steps:

(1) correct the key global parameters taking all parame-
ters as variables;

(2) take the first step’s results as the key global parame-
ter values and correct key local parameters;

(3) take the first two steps’ parameter correction results
as initial values to further correct them with the quasi-linear
optimization algorithm, specifically referring to the BFGS

Figure 1 Thermal network model. (a) Thermal model of a thermally controlled satellite; (b) thermal model of vacuum tank; (c) thermal model in ground

test conditions.
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method [17] in this study.

Uncertain parameters are presented in Table 1. The opti-
cal properties of thermal control coatings are associated
with the coating type and each of the thermal control coat-
ings is interrelated. The contact heat transfer coefficients are
related to the equipment. The effective emissivity of each
region is independent.

4 Calculation results and discussion

The calculation conditions are presented in Table 2. The
heat flux in the steady-state conditions 1 and 2 are the same,
but active temperature control requirements for the equip-
ment in the two conditions are different. Due to the exis-
tence of the shadow zone, the calculation for transient con-
dition 1 was a transient simulation and averages were ob-
tained for the equipment temperatures. Integral average
values of the orbital period external thermal flux were used
to calculate all the satellite temperatures in the steady-state
conditions 1 and 2.

A group of thermal balance tests in the steady-state

Table 1 Uncertain parameters
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condition 1 was carried out, and the results (shown in Fig-
ure 2) were taken as test data. Three and two groups of
thermal balance tests were done in the transient condition
and steady-state condition 2, respectively, and the averages
of results in every condition were taken as test data (shown
in Figures 3 and 4). The average deviation and standard
deviation for the temperature analysis are defined as fol-
lows:

2)

== , 3)

where N is the total number of items of equipment; 7; is test
data of the equipment i; P; is predication of the equipment .

4.1 Temperature results

In this study, the test data for steady-state condition 1 were

Parameter description

Number of parameters

Maximum value

Minimum value

Dry contact heat transfer coefficient (W m?2K™" 2 50 200
Contact heat transfer coefficient with thermal grease (W m> K™") 22 400 2000
Effective emissivity across MLI 6 0.01 0.05
Emissivity of polyimide film coating 1 0.67 0.71
Emissivity of S781 coating 1 0.86 0.90
Table 2 Conditions for calculation
Active t 1 trol
Conditions Space external heat flux - clive femperature con .ro Heat load
Batteries Other equipment
Steady-state condition 1 maximum beta angle 8°C+0.5°C 25°C+0.5°C
Transient condition summer solstice 10°C+0.5°C 23°C+0.5°C preset values
Steady-state condition 2 maximum beta angle 10°C+0.5°C 23°C+0.5°C
33
1 Steady-state condition 1 244 . .
304 Test data 21 . s
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Figure 2 Comparison of test and calculated results in steady-state condition 1. (a) Equipment; (b) deck measuring points.
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Figure 3 Comparison of test and calculated results in transient condition. (a) Equipment; (b) deck measuring points.

used to correct the thermal model, while the Transient Con-
dition and Steady-state Condition 2 verified the corrected
model [1]. Test and calculated temperatures of 25 items of
equipment and 24 deck measuring points were compared.
The results are shown in Figures 2—4. It can be seen that:

(1) After correction of the thermal model in Steady-state
Condition 1, the average deviation between calculated data
and test data is —0.21°C, and standard deviation 1.51°C. All
temperature deviations are within = 3°C, 59 and 70 percent
of which are less than = 1°C and = 2°C, respectively.

(2) Thermal analysis for the corrected model was done in
the Transient Condition and Steady-state Condition 2. In the
two conditions, the average deviations are —0.08°C and
—0.56°C, and the standard deviations are 1.56°C and
1.54°C, respectively. All temperature deviations are less
than + 3°C, of which less than + 1°C and + 2°C account for
55 and 76 percent in the Transient Condition, and 55 and 69
percent in the Steady-state Condition 2, respectively. These
results suggest that the corrected thermal model is reasona-
bly valid.

4.2 Values and distribution of uncertain parameters

The parameter values of the corrected thermal model are as
follows. The dry contact heat transfer coefficients are 68.5
and 65.6 W m™ K', respectively. The emissivities of the
polyimide film coating and S781 coating are 0.69 and 0.89,
respectively. There are 23 contact heat transfer coefficients
with thermal grease and 6 effective emissivities across the
MLLI, shown in Figure 5(a) and (b) respectively.

As shown in Figure 5, it can be clearly seen that ranges
of thermal contact heat transfer coefficient and effective
emissivity across the MLI are 800—1600 W m™ K™ and
0.0103-0.0251, averaging 1226.8 W m™ K" and 0.0148
respectively. However, it is difficult to give the distributions
of the two parameters. There are three main reasons: (1) the
contact heat transfer coefficient is relevant to a variety of
factors; (2) as a complex combination, there are many fac-
tors affecting the thermal performance of the MLI; (3) only
limited statistical data of uncertain parameters were ob-
tained in this study.

3 (a) Steady-state condition 2 244 (b Steady-state condition 2 y
30} q B &
21 . "
27 588 .-,'"-.._ e Hy o " "
B . W 18 A o
- ” o - | ] " — 4 kS . -
8 24 L (*Xe] -'_-! 5,:’_ 15 - " s X "
% = © 1 '
£ 214 . g 2] '
fud = i 1 %
ﬂé_ 184 } é 9 -_ ; " L]
] - " T G-
2 15 & .
[ ] 4 b
r L]
12+ Test data in first test 377+ Testdatain firstdata  |»
* Test data in second test (] u o4 * Testdatain second test - .
9 1 Averages of test data I Averages of test data
64" Predication -39 = Predication L]
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Serial numbers of equipment

Serial numbers of deck

Figure 4 Comparison of test and calculated results in steady-state condition 2. (a) Equipment; (b) deck measuring points.
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Figure 5 Parameter correction values. (a) Contact heat transfer coefficient;

5 Conclusions

In this study, the thermal model for a thermally controlled
satellite in ground test conditions was corrected based on
the Monte Carlo hybrid algorithm. The deviations between
calculated and test data are all within +3°C. At the same
time, the parameter corrected values were given and ranges
of contact heat transfer coefficient and effective emissivity
across the MLI were also obtained. On the premise of accu-
rate parameter sensitivity analyses, this method has a fast
calculation speed and a relatively simple correction process.
Overall, it is successful in engineering applications.
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