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The thermal control system based on a combination of passive and active methods for a compact aerial camera used
in the unmanned aerial vehicle system is studied. Integrated analysis and an experimental method are developed to
ensure both low-power limit and high image quality of the camera. For rapid estimation of thermal behavior, we
develop a thermal mathematic model based on a thermal network method that also offers an initial design reference
for the active control system; then we develop a more complex integrated analysis method to analyze and optimize
the thermal system, which allows us to get performance insights such as internal temperature gradient and airflow of
the compact system. We also focus on analyzing the optical surface errors under thermal disturbance. Comparisons
of interferometer test records and thermal-elastic simulation results are presented, and this comparison shows that
the integrated optomechanical analysis method contributes to the success of optomechanical system design by en-
suring thermal disturbance will not deform the optical surfaces beyond allowable limits. Finally, the design method
is verified through a thermo-optic experiment. © 2019 Optical Society of America

https://doi.org/10.1364/AO.58.006996

1. INTRODUCTION

Thermal management is a critical aspect of space and aerial op-
tical system design to ensure performance requirements are met
over the operational service environments. Generally, the ther-
mal management of an aerial camera includes the use of passive
and active control methods [1]. The passive thermal control
method is the procedure to control the temperature of the com-
ponent within the specified range by adjusting the paths of con-
duction and radiation; the active thermal control method is the
procedure to control the temperature using mechanical mobile
components or fluid, using electric energy from a heater, and
changing the temperature [2].

The development of a thermal control system in an aerial
camera typically involves a period of simulation and testing
to ensure thermal requirements with relatively low power
and mass [3]. The thermal mathematical modeling method
often provides a rapid estimation of thermal behavior and
an understanding of the parameters of the system. The tradi-
tional modeling method such as thermal network modeling is
based on classic heat transfer theory, which divides the thermal

system into a number of finite subvolumes. Edeson et al. [4]
constructed thermal mathematical models for an infrared cam-
era using the software ESATAN, which uses a thermal network
representation, and the analysis results of the model were taken
as the temperature loads of the structural analysis. Another
more accurate approach used in modeling the thermal system
is using detailed finite element (FE) models. Liu et al. [5]
established a FE thermal model for an aerial camera’s primary
optical system to simulate the temperature distribution.

More recent attention has focused on the optomechanical
integrated analysis for high-performance optical systems. The
benefit of performing integrated analyses is the ability to
provide insight into the interdisciplinary design relationships
of thermal and structural designs and their impact through
a deterministic assessment of optical performance [6]. Johnston
et al. [7] introduced an integrated structural-thermal-optical
modeling method to predict the effect of thermal distortion on
the optical performance of the James Webb Space Telescope.
Bonin and McMaster [8] proposed a closed-loop optimization
method using mechanical and optical analysis software;
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the mechanical analysis software output is post-processed into
Zernike polynomial coefficients. The modulation transfer func-
tion (MTF) is the basic and useful parameter to predict the
image quality achieved by an imaging system [9,10]. Liu et al.
[11] studied the temperature’s effect on the MTF based on an
integrated analysis process.

This paper is a contribution to extend thermal mathematic
modeling method to the integrated optomechanical analysis
process to a fast estimation of thermal behavior and provide
a reliable initial design reference for the thermal control system.
The objective of this work is to model the thermal system and
develop an integrated optomechanical process for the perfor-
mance analysis of the system. Another objective of this study
is to investigate a comprehensive performance analysis, includ-
ing thermal gradient, lens surface errors, airflow, MTF, etc., to
be used to get the lowest heat power with satisfying optical per-
formance. This paper proposes an analysis and experimental
method, including thermal theoretical and integrated optome-
chanical analysis for the development of the thermal control
system of an aerial camera. The focus holds on the following
aspects:

(1) A detailed description of the calculation of the heating
power based on the thermal mathematic model is given to show
how thermal behavior can be effectively obtained before the
integrated analysis.

(2) Describe how to access the effect of thermal behavior on
optical surface accuracy and the parameter MTF based on the
integrated optomechanical analysis; the interaction among
thermal, structural, and optical analyses is also explored.

(3) Investigate the accuracy of the proposed analysis
method by comparing the results obtained by the simulation
and experiment.

In the next section, the design of the thermal system of the
aerial camera is described. In Section 3, the thermal mathematic
model is developed based on a network method to estimate the
heat power needed by the thermal control system. Section 4
introduces an integrated optomechanical analysis for further
investigating the temperature gradient and image quality of
the camera. The calculation of MTF and optical surface errors
is also presented in this section. Section 5 presents the thermo-
optic experiment including the MTF test, followed by conclu-
sions in Section 6.

2. THERMAL SYSTEM DESIGN

A. Introduction of the Camera
1. Composition of the Camera
The camera’s size is 320L*252W*345H, and the weight is 12 kg,
including focusing component, thermal control component, po-
sition and orientation system (POS), stable platform, and lens,
as illustrated in Fig. 1(a). The lens component is shown in
Fig. 1(b); the telecentric optical system includes 15 pieces of the
lens in which the biggest and minimum diameters are 109 mm
and 9.48 mm, respectively. The diameter of the quartz optical
window is 170 mm and the axial length of the lens is 217 mm.

2. Thermal Environment
The aerial camera is assembled on the airframe of an unmanned
aerial vehicle (UAV); the lower part of it is in direct contact with

outside air, as illustrated in Fig. 2. The flight attitude of the
UAV is 400–1500 m, the cruising speed is 100 km/h, and
the minimum operating temperature is −20°C. According to
the optical system requirements, the ideal operating tempera-
ture of the lens is 15°C–30°C, the axial and radial temperature
gradients should be less than 2°C, and the error of the MTF
should be less than 10%.

3. Design Consideration
The optical system has high requirements for the processing
and assembly accuracy of lenses and optical–mechanical struc-
tures. As illustrated in Fig. 3, each lens was placed in a cell and
secured in place with a threaded retaining ring for holding
lenses with good stability, and the preload torque was applied
to the ring. In the lens mounting stage, an interferometer was
used to measure the surface deformation of the optical
elements to obtain an acceptable level between the mirror
and mounting interfaces. However, it is difficult to track the
surface accuracy of optical components after barrel assembly.
Therefore, one of the objectives of this paper is to obtain
the change in surface accuracy under thermal disturbance by
simulation analysis and to analyze whether the surface defor-
mation will have a significant impact on the performance of
the optical system.

For the thermal control system of the compact camera stud-
ied in this paper, because of its narrow internal space, it is dif-
ficult to accurately measure the airflow, thermal distribution,
and dynamic response of the structure by sensors in the process
of prototype development and testing. Therefore, an integrated
analysis method is needed to analyze the state of the system
under disturbance conditions. The design of the thermal con-
trol system is a systematic project involving disciplines such as
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Fig. 1. Camera system.
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Fig. 2. UAV system.
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thermal, mechanical, and optical. In designing a thermal sys-
tem, it is especially important for the optical designer, and
mechanical and thermal engineers to work closely together
so that the low power and high image quality can be fully real-
ized. Then a fast and efficient integrated analysis method will
be needed, from mathematical calculation and simulation
analysis to experimental verification of a complete process to
analyze and optimize system performance.

B. Passive Thermal System Design
1. Thermal Housing Assembly Design
The thermal housing assembly design considers mainly the
following:

(1) providing insulation between internal and external air of
the thermal control system;

(2) reaching a relatively higher structure frequency using
the minimum mass.

Multilayer sandwich composites were used in the light-
weight design of the thermal housing assembly. The faces’
material of the sandwich composites was glass fiber, and the
core’s material was foam. The comparison of the structural
behavior of the housing assembly made by different materials
is shown in Table 1. Apparently, the sandwich composite
creates both lower mass and higher natural frequency.

2. Thermal Insulation System Design
The passive control methods as illustrated in Fig. 4 are as
follows:

(1) a multilayer SiQ2 blanket is affixed to the inner face of
the thermal housing assembly;

(2) the inner air is sealed against the outer environment to
further reduce thermal conductivity;

(3) polyimide pads are used as the thermal interface;
(4) the interior surfaces of the lens and housing assembly

are blackened to reduce stray light reflections within the system
and to the uniform temperature distribution.

The properties of insulation materials are shown in Table 2.

C. Active Thermal System Design
1. Heating Components
The heating component consists of a heater film, an aluminum
bracket, and an axial fan, as shown in Fig. 5(a). The heat gen-
erated by the heater film is transferred by the conduction of the
aluminum bracket quickly to the outlet of the axial fan, which
blows the hot air to the target area.

Heating components A and B are placed, respectively, at the
to and bottom of the thermal system. Component B blows hot
air on the optical window directly, which not only improves the
heat transfer efficiency but also avoids fogging and frosting of
the window. However, there is no longer a need for indium tin
oxide (ITO) film [12] to heat the optical window, which may
influence the image quality of the optical system.

2. Control Strategy
A bang–bang controller is used to control heating components
A and B, respectively, as shown in Fig. 5(b). The inputs of the
controller are the values of temperature sensors, and the tem-
perature is restricted between a lower and an upper bound.
When the temperature drops to a predetermined low set point

Lens

Retaining ring(a) (b)

Lens cell

Individual lens mounting ZYGO test

Fig. 3. Lens system.

Table 1. Structure Performance Comparison

Material 7075AL Sandwich Composites

Structure
parameter

3 mm/1.5 mm (a) �45° glass fiber (0.115 mm)
(b) 0°, 90°glass fiber (0.115 mm)
(c) foam (2 mm)
(d) �45° glass fiber (0.115 mm)

Mass 555 g 350 g
Natural
frequency

1257 Hz 1420 Hz

Polyimide pads

Thermal housing 
assembly

SiQ2 blanket

Sealed air

Fig. 4. Passive control system.

Table 2. Properties of Insulation Materials

Properties
Density
kg/m3

Heat Transfer
W∕�m · k�

Specific Heat
J/(kg°C)

Polyimide pad 1430 0.35 1670–1750
SiQ2 blanket 130 0.018 502
Air 1.205 0.023 1005

Temperature Sensors

Thermal Controller

<TL?

Heating On

>TH?

Heating Off

Heating 
component A

Heating component B

Axial fan

Heater film

(b)(a)

Active heating components Heating control strategy

Fig. 5. Active control system.
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(TL), the controller switches the heating system on; when the
temperature reaches a pre-determined high set point (TH), the
controller switches the heating system off. The temperature set
points TH and TL are 22°C and 18°C, respectively.

3. THERMAL NETWORK MODELING

A. Thermal Network Theory
The thermal network modeling method is based on the classic
heat transfer theory. The first step in thermal network modeling
is subdividing the thermal system into a number of finite nodes.
As illustrated in Fig. 6, each node represents two thermal net-
work elements, temperature and capacitance. The temperature
T assigned to a node represents the average mass temperature
of the subvolume. The capacitance C assigned to a node is
computed from the thermophysical properties of the subvo-
lume material. The thermal resistance R is assigned to the
sum of thermal conduction, convection, and radiation. The
heat balance equation for all nodes of a thermal network
can be written as

�cm�i
dT i

dτ
�

X

i≠j
Dij�T j − T i� �

X

i≠j
H ij�T j − T i�

�
X

i≠j
Rij�T 4

j − T 4
i � � Qout, (1)

where, Di,j, Hi,j, and Ri,j are the thermal conduction, convec-
tion, and radiation coefficients, respectively, Qout is the outer
heat source, and �cm�i is the thermal capacity.

B. Thermal Mathematic Model
We choose the placement of the lumped node centers depend-
ing on the following factors:

(1) points where temperatures are desired;
(2) position where temperature distribution is expected;
(3) physical reasonableness;
(4) ease of computation.

We simplified the thermal system as 13 nodes, as illustrated
in Fig. 7. According to the heat transfer relations between each
node, the thermal network was designed as shown in Fig. 8.

The thermal resistances in the thermal network were then
calculated based on the thermal principles [13], and the calcu-
lation of heat loss is as follows:

φi �
ΔT
Ri

, (2)

where φi is the heat loss, ΔT is the temperature difference, and
Ri is the thermal resistance.

The main heat transfer roads are node 1-Qout, node 2-Qout,
and node 3-Qout, respectively. In Table 3, the thermal resis-
tance and heat loss results under −20°C operational environ-
ment of the three heat transfer roads are presented.
The calculation procedure of node 3-Qout is presented in
Appendix A.

Node1 (T1, C )1

Node2 (T2, C )2

Node3 (T3, C )3

R1

R2

Fig. 6. Nodalization.

Fig. 7. Nodalization of camera.
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Fig. 8. Thermal network diagram of lens.

Table 3. Thermal Network Results

Heat Transfer Road Thermal Resistance Heat Loss

Node 1-Qout (φ1) 9.5 4.21
Node 2-Qout (φ2) 15.5 2.58
Node 3-Qout (φ3) 1.1 36.3
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The total heat loss of the camera is

φ � φ1 � φ2 � φ3 � 43.09 W: (3)

4. INTEGRATED ANALYSIS METHOD

A. Image Quality Calculation
Image quality is critically important for aerial cameras used in
photogrammetry. The MTF considers the response of the op-
tical system to sinusoidal intensity distributions of varying spa-
tial frequency [9]. The MTF curve is computed by plotting
image contrast as a function of spatial frequency, which is a
function of the spatial frequency f -number and is given as

MTF�f � � π

4

jImax − Iminj
jImax � Iminj

, (4)

where Imax is the maximum intensity, and Imin is the minimum
intensity of the image.

B. Optical Surface Error Calculation
In this paper, both thermal and structural analyses were solved
by FE method aiming to calculate optical deformation due to
thermal loads. The same FE model was used by thermal and
structural analyses. The temperature of each node in the FE
model was calculated by thermal analysis. Then the displace-
ment of each node due to thermal conditions was calculated.
As shown in Fig. 9, vector up0 denotes the position of node P0

of an optical element in the initial state, which moves to a new
position up1 due to the thermal loads. Based on the kinematics
of infinitesimal deformation [14], the position of P1 is

up1 � up0 � ud , (5)

where ud is the displacement vector of node P1.
The new position up1 then was used by the fitting polyno-

mial to create a new optical surface.

C. Process of Simulation
In order to predict optical behavior that can account for optical
surface errors due to thermal loads, an optomechanical analysis
was developed as shown in Fig. 10. To begin this process, a
detailed FE model as shown in Fig. 11 was constructed in
FE analysis software to calculate the thermal and structural re-
sponse. Hexahedral and tetrahedral elements were used to con-
struct the FE model, and the element number was 280000.
The thermal analysis was performed first, and the initial heating
powers were based on the theoretical analysis results in
Section 3.A. Once the thermal analysis results met the thermal
control requirements, a thermo-elastic analysis was performed

to calculate the nodal displacements under the temperature
fields calculated by the thermal analysis. Following the
thermo-elastic analysis, we used Zernike polynomials to re-
present the optical surface deformations. Finally, an optical
analysis was performed using optical software to compute
the optical performance of the deformed optical system.

D. Simulation Results

1. Thermal Analysis
A thermal analysis was performed to compute the temperature
distribution under the environment temperature −20°C. The
steady-state temperature distributions are shown in Fig. 12;
it is apparent in this figure that the resulting temperature dis-
tribution is an axial gradient with a slight radial variation.
Table 4 presents the summary statistics for the temperature gra-
dient of each lens. Both the radial and axial temperature

X0

Z0

Y0

P0

up1

up0

ud

P1 Initial shape

Deformed shape

Fig. 9. Deformation of an optical element.
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Fig. 10. Optomechanical analysis interaction.

Fig. 11. Finite element model of thermal system.
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differences are less than 2°C, which indicates that the simula-
tion results meet thermal requirements.

2. Thermo-Elastic Analysis
A thermo-elastic analysis was performed to compute the defor-
mations of the optical surfaces under the temperature field cal-
culated by the thermal analysis. Figure 13 shows an overview of
the resulting deformed shape. The displacements of the optical
surfaces are between 0.3 μm and 3.3 μm.

In the FE model, the preload torque and “glued contact” of
the individual lens are modeled to ensure that the FE model can
simulate the real physical state as much as possible. The inter-
ferometer test records of the optical surface after individual lens
mounting and the thermo-elastic simulation results of lenses 2
and 7 are presented in Table 5. It is apparent from this table
that the peak-to-valley (PV) values of the optical deformation
changed greatly under the condition of thermal disturbance,
while the root-mean-square (RMS) values changed relatively
little. These are mainly because the circular contact area be-
tween the retaining ring and the lens produced large deforma-
tions, which results in a larger PV value. In other places, the
structural glue as the medium of the cell and optical element
effectively absorbs the stress caused by thermal deformation,
so that the overall deformation accuracy of the mirror is very
small. As shown in Fig. 14, these results also indicate that the
metal-to-glass interfaces of individual lens mounting were

designed successfully by ensuring that thermal disturbance
does not deform the optical surfaces beyond allowable limits.
However, further thermo-optical analysis is needed to determine
whether the optical surface deformation will affect image quality.

3. Thermo-Optic Analysis
The results of the thermo-elastic analysis were post-processed
by Zernike polynomial fitting [15]. Then the data were trans-
ferred to the optical software, and an optical analysis was per-
formed to compute the optical performance of the newly
created optical system. The MTF of the optical system is illus-
trated in Fig. 15. The average MTF at Nyquist frequency
91 lp/mm of the optical system decreases from 0.42 to 0.39.

Fig. 12. Thermal analysis result: (a) lens system temperature distri-
bution and (b) optical system temperature distribution.

Table 4. Optical System Temperature Results (°C)

Lens Num Temperature Gradient

1 21.2–22.1 0.9
2 21.3–21.6 0.3
3 21.5–21.9 0.4
4 21.6–22.0 0.4
5 21.6–22.0 0.4
6 22.0–22.3 0.3
7 22.2–22.3 0.1
8 22.3–22.3 0.03
9 22.2–22.2 0.03
10 22.2–22.3 0.1
11 22.1–22.2 0.1
12 22.1–22.2 0.1
13 22.0–22.2 0.2
14 21.8–22.2 0.4
15 21.2–21.8 0.6

Fig. 13. Thermo-elastic analysis result.

Table 5. PV and RMS of the Optical Deformation

Optical Surface

Test Records Thermo-Elastic

PV RMS PV RMS

Lens 2_upper 0.19 0.009 1.66 0.22
Lens 2_lower 0.11 0.012 1.01 0.13
Lens 7_upper 0.14 0.007 1.14 0.09
Lens 7_lower 0.25 0.006 1.29 0.17

Fig. 14. Interferometer test record of lens 2.
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With the impact of the thermal loads, the MTF of the optical
system decreased by 7%.

4. Optimum Design
The method of the thermal network provides a very good initial
reference for the position and power of active heating.
However, due to the different complexity of the model, the
active thermal control system was further optimized in the pro-
cess of integrated simulation analysis. The geometry of the ther-
mal control system belongs to a compact inverted T -shaped
hollow structure. To avoid temperature gradient caused by ac-
tive heating, one of the key points of integrated analysis is to
optimize the position, outlet direction, and parameters of the
fans in the upper and lower regions, so as to ensure uniform
heat transmission through the movement of internal air.

In the process of optimization design, the internal airflow
states under different outlet directions and wind forces were
compared, and the temperature distribution under these con-
ditions was further analyzed. As illustrated in Fig. 16(a), the
method of vertical airflow needs more fans to ensure that
the internal temperature meets requirements, and the optical
window’s temperature was difficult in meeting the require-
ments. Figure 16(b) shows the situation of using a circumfer-
ential airflow method with insufficient wind power; the airflow
did not circulate well inside to ensure a good temperature gra-
dient. After several iterations, the final design was obtained, as
shown in Fig. 16(c). The average airflow rate is about 2 m/s,
and the forced convection coefficient is around 40 W/(m2k).
The upper fan contributes to reduce the temperature gradient
of the upper area. Since the optical window is the location with
the greatest heat loss, the lower fan blows the heat to the optical

window directly and drives the lower airflow. It can also prevent
fogging and frosting of the optical window.

After determining the design of the fans, the design of heat-
ing power becomes simple. Only a few iterations are needed. By
adjusting the power of the two main heating positions, the min-
imum power that meets the requirements of temperature and
gradient can be obtained.

5. THERMO-OPTIC EXPERIMENT

A. Introduction of Experiment Design
1. Experimental Setup
To verify the analysis method proposed in this paper, a thermo-
optic experiment was set up. The frequency generation method
was used to test the MTF of the camera [16]. An object con-
sisting of a pattern having the Nyquist frequency was imaged by
the camera under test, and the contrast of the image was mea-
sured directly. As shown in Fig. 17, the camera was placed in
the environmental test chamber, and a test pattern was placed at
the focal plane of the parallel light pipe. For the purpose of
temperature measurement, eight temperature sensors were
placed in the lens barrel’s upper, middle, and bottom areas,
respectively, as illustrated in Fig. 18.

2. Test Process
As illustrated in Fig. 19, the test process under the operational
environment temperature is as follows:

Step ① Keeping the environment temperature at 20°C and
measuring MTF, then switching the thermal control system on;

Fig. 15. MTF result.

Fig. 16. Internal airflow design.

Fig. 17. Experimental setup for MTF measurements.

Fig. 18. Position of temperature sensors.
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Step ② Cooling the camera to −20°C at a constant rate;
Step ③ Keeping the test temperature for 2 h and measuring
MTF; for the purpose of heat loss measurement, electricity
statistics of the heating system were also performed;
Step ④ Heating the camera to 20°C at a constant rate;
Step ⑤ Switching the thermal control system off.

3. Test Results
Figure 20 shows the experimental data measured by the eight
sensors at −20°C environment temperature. It is apparent in
this figure that the temperature of lenses was controlled be-
tween 19.5°C and 23°C. The temperature gradients between
the eight measuring points are less than 2°C.

For the purpose of further thermal behavior analysis, the
axial and radial temperature gradients of the lens are given by

T L-axial � j�T p1 � T p2 � T p6 � T p7 � T p8�∕5
− �T p3 � T p4 � T p5�∕3j, (6)

T L-radial � max�jT p1 − T p2j, jT p4 − T 5j�, (7)

where T p1 − T p8 denote the average temperature of the meas-
uring sensors 1–8, respectively.

The average and gradient temperatures of the optical
window are given by

TW -aver � �T p6 � T p7 � T p8�∕3, (8)

TW -grad � max �jT p6 − T paj, jT p7 − T paj, jT p8 − T paj�: (9)

The average temperature of the lens is written as

T L-aver � �T p1 � T p2 � T p3 � T p4 � T p5�∕5: (10)

Table 6 presents the summary statistics for thermal behaviors of
the camera under different experimental temperatures. It is
apparent from this table that the average and gradient temper-
atures of the lens meet thermal requirements. The MTF exper-
imental data of the camera system are shown in Table 7.
Since the MTF of the COMS sensor is about 0.6 at the
Nyquist frequency, the MTF of the camera system is about
60% of the lens’MTF. The variation of the systemMTF under
different experimental temperatures was very small, which was
caused mainly by measurement errors.

In order to identify the accuracy of the proposed method,
the heat powers obtained by the mathematic model, integrated
analysis, and experiment are presented in Table 8. In summary,
these results show that the thermal math model offered a rapid
estimation with acceptable accuracy in the conceptual design
stage, then the heat powers were modified during the integrated
analysis. These differences were caused by a variety of factors,
such as the detailed level of the analysis model, the parameters
difference between the model and actual device, and the error
caused by the instrument.

Based on the theoretical analysis, integrated simulation
analysis, and thermal optics experiment of the thermal control
system, we optimize and improve the thermal control system,
and find the lowest power that can ensure the performance of
the optical imaging system under the limit operating temper-
ature. The optical–mechanical–thermal integrated simulation
analysis enables us to evaluate the parameters of the internal

Fig. 19. Test cycle diagram.

Fig. 20. Test records of eight temperature sensors.

Table 6. Temperature Results (°C)

Test Temperature T L-aver T L-axial T L-radial TW -aver TW -grad

0 20 0.8 0.2 20.5 0.1
−10 20.5 0.9 0.4 19 0.3
−20 20.4 1.2 0.5 18.5 0.5

Table 7. Measuring Results of MTF

Test Temperature 20°C 0°C −10°C −20°C

MTF 0.239 0.229 0.246 0.231
MTF error — 4.18% 2.92% 3.34%
Heating power (W) — 27.4 36.4 51.3

Table 8. Comparison of Heat Loss

Test
Temperature Experiment

Integrated
Analysis

Mathematic
Model

Heating power (W) 51.3 48 43.09
Error — 6.4% 16.1%
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system such as airflow, temperature, and structural response
under disturbance conditions. These are especially important
for the study of the performance of compact imaging systems.
On the other hand, based on the comparison of experimental
test results and simulation results, the model is continuously
optimized, so that the model can predict the performance more
and more accurately.

6. CONCLUSION

In this investigation, a general and systematic methodology has
been presented to assess the thermal control system’s perfor-
mance considering both thermal and optical requirements.
The interaction among thermal, structural, and optical analyses
was investigated. In general, therefore, it seems that the thermal
math model was effective, offering rapid estimation of the ther-
mal behavior of the system. The results of this study indicate
that the integrated optomechanical analysis method has
achieved accurate solutions for estimating the thermal and op-
tical behavior of the system. Based on the results of this study,
the following main conclusions can be drawn:

(1) The key step in the integrated analysis process is that the
data processing includes interpolation and fitting to provide
efficient means of data transfer between different analysis
software.

(2) Experimental/simulation comparison proves an
acceptable accuracy of the developed model and simulation.
A more accurate mathematic model or FE model can be ob-
tained by using the thermal parameters measured from thermal
experiment.

(3) A limitation of this study is that the rigid-body errors
and higher-order elastic deformation were not separated in the
calculation of the optical surface errors. Further studies are
needed to assess the image quality effects of the rigid-body
errors, including decenter, despace, and tilt [17] due to the
thermal loads.

Generally speaking, we observe that the integrated analysis
method proposed in this paper effectively offers good potential
to be applied to other optomechanical systems to meet the re-
quirements of lower-power and high MTF.

APPENDIX A: HEAT LOSS CALCULATION OF
NODE 3-Qout

The thermal network diagram of node 3-Qout is shown in
Fig. 8, where R7,R8,R9,R10,R11, and R12 are the thermal con-
duction resistances of optical windows’ polyimide insulation,
lens structure, SiQ2 blanket, thermal housing assembly, optical
window, and inner air, respectively. Rbhj-cov and Rbhj-rad are the
resistances of the optical window of convection and radiation
heat transfer, respectively. Rckz-cov and Rckz-rad are the resistances
of the bottom of the thermal housing assembly of convection
and radiation heat transfer, respectively. Rgj-cov and Rgj-rad are
the convection and radiation resistances of the bottom of
the lens structure, respectively. The thermal resistances are cal-
culated based on thermal principles [12], and the results are
shown in Table 9.

The thermal resistance of each part is calculated as follows:

Rbhj � R12 �
1

1
Rbhj-cov

� 1
Rbhj-rad

� 1.24, (A1)

Rckz � R9 � R10 � R11 �
1

1
Rckz-cov

� 1
Rckz-rad

� 21.06, (A2)

Rgj � R7 � R8 �
1

1
Rgj-cov

� 1
Rgj-rad

� 20.1, (A3)

RN3 �
1

1
Rbhj

� 1
Rckz

� 1
Rgj

� 1.1, (A4)

where Rbhj is the thermal resistance of the optical window com-
ponent, Rckz is the thermal resistance of the thermal housing
assembly, Rgj is the thermal resistance of lens structure, and
RN3 is the thermal resistance of node 3-Qout.

The heat loss under −20°C environment temperature of the
node 3-Qout is as follows:

φ3 �
ΔT
RN3

� 36.3, (A5)

in which

ΔT � T envi − T tar, (A6)

where T envi � −20°C, which is the environment temperature,
and T tar � 20°C, which is the thermal control target
temperature.
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