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A  low-power  limit  was  encountered  during  the design  of  an  aerial  camera’s  thermal  control  system.  It
must meet  both  low-power  limit  and  high  image  quality.  In order  to ensure  the  camera’s  image  quality
measured  by  the  modulation  transfer  function  (MTF),  the  authors  studied  the  camera  with  the  method
of integrated  analysis:  First  calculating  the nodal  displacements  according  to the  boundary  conditions,
ntegrated analysis
erial camera
hermal design

after  that,  using  Zernike  polynomials  to express  the  surface  figure  changes,  then  calculating  the MTF.
According  to  this  process,  the  authors  studied  the temperature  field’s  effect  on  the  MTF,  found  a suitable
one  for  the camera,  and  developed  a thermal  control  strategy  for  the camera  which  met  the low-power
limit.  The  analysis  was  confirmed  by the  experimental  data  and  the  test  results  met  the  requirements  of
the  camera’s  imaging.

© 2015  Elsevier  GmbH.  All  rights  reserved.
. Introduction

An aerial mapping camera was designed for long time surveying
ork. It was large-array and high-precision one. Long time working

utside the aircraft would be subject to the impact of the external
nvironment, which made the camera’s temperature distribution
hanges and reduced the accuracy of surveying and mapping. [1–4]
o it needed a temperature control system. The authors’ job was to
esign a suitable one for the camera.

The ideal temperature control system was able to make the
hole camera work under conditions at room temperature (20 ◦C)

ll the time. If the camera was in the extreme cold conditions and
orked for a long time (10 h), to keep the whole camera being at

he design temperature (20 ◦C), the system required at least 1.6 kW.
owever, the total power that allocated to the temperature control

ystem was only 900 W.
To solve this problem, the authors need to consult with the
eneral technical unit: either increase the temperature system’s
ower, either reduce the target temperature, or find out a mutually
cceptable solution.
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In this paper, the authors reconsidered the camera’s thermal
control indicators, found a suitable temperature field for the cam-
era by integrated analysis, and then redesigned a thermal control
system which met  both the low power and high image quality.

2. The introduction of the camera

The camera’s shape: The camera’s overall dimension is
˚400 mm × 500 mm,  and it has two symmetrical lens groups inside
its interior, as seen in Fig. 1.

The camera’s installation: The camera was embedded in aircraft,
and was  connected to the platform. The lens group was fixed by
flanges to the camera (Fig. 2).

The camera’s external environment: When the camera was
working, the temperature of the air outside was  −17.5 ◦C; the flight
speed was  about 120 m/s; the working time was about 10 h.

3. Description of the process of determining thermal
control indicators

To reconsider the thermal control indicators, the method of inte-

grated analysis must be used. Integrated analysis method has been
applied to various aspects [5–11]. It was  a combination process
of thermal, mechanical and optic. It should have several precondi-
tions: the optical design and structural design of the camera should

dx.doi.org/10.1016/j.ijleo.2015.05.138
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Fig. 1. The overall camera.

Fig. 2. The camera’s installation.
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Fig. 4. Equilibrium temperature and nodal displacements without thermal control.
Fig. 3. The process’s flow chart.

e initially completed; the camera’s finite element thermal analysis
nd finite element analysis of structural mechanics should be done;
he camera’s MTF  could be calculated in accordance with chang-
ng conditions. The flow chart was shown in Fig. 3. First, obtaining
he temperature distribution by analysis and calculation, or just
ssuming a temperature field; then building the finite element
odel, calculating the camera’s node displacements according to

he temperature field and the support, connections, gravity and
ther mechanical boundary conditions; third expressing each sur-
ace’s changes by Zernike polynomials, which were widely used
n optics [12–16], according to the node displacements; last cal-
ulating the MTF  with the changing surfaces and verifying if the
emperature field was acceptable.

In this paper, the temperature field analysis, nodal displacement
eformation’s calculation, Zernike polynomial’s fitting, and MTF’s
alculation were, respectively, performed by software IDEAS-TMG,
X-nastran, Sigfit and Zemax.
According to the boundary conditions of the camera in part 2,
f there were no implementation of thermal control measures, the
amera’s temperature field, nodal displacement deformation and
Fig. 5. MTF  at room temperature and outside aircraft.

MTF  could be obtained by each corresponding software. The results
could be seen as in Figs. 4 and 5. Fig. 4 showed the equilibrium
temperature and the corresponding nodal displacement deforma-
tion outside aircraft. Fig. 5 showed the MTFs at room temperature
(designed MTF) and in the equilibrium temperature outside air-
craft, respectively. As could be seen, when the spatial frequency in
cycles per mm was  30, the MTF  value had dropped to 0. So it is
necessary to take temperature control. As mentioned in the intro-
duction, the system power was  limited. To meet the requirements
of the MTF  in condition of low power, first, the temperature field’s
impact on the MTF  should be studied.

4. The impact of temperature on the MTF

The impact of temperature on the MTF was reflected in two
aspects: changes in temperature made the material expansion and
contraction, which would cause the optical face’s changes; temper-
ature changes cause changes in refractive index of the lens. In this
camera’s working conditions, the temperature fluctuation’s range
was not very large(less than 20 ◦C), and the change in refractive
index was  less than 2e − 5. So only the optical face’s changes would
be considered and changes in refractive index would be ignored in
this paper.

The following three cases would illustrate the impact of optical
face changes caused by temperature on the MTF.

Case1: the camera overall had axial temperature difference,
with the upper part 20 ◦C, and the lower part 0 ◦C. The temperature
gradually decreased from the upper to the lower. The temperature
distribution was  shown in Fig. 6a. Under this condition, the cam-
era’s node displacements and MTF  were, respectively, calculated
and shown in Fig. 6b and c, according to the process in part3.

Case2: the camera overall had radial temperature difference,
with the edge 20 ◦C, and the center 15 ◦C. The temperature grad-
ually decreased from the center to the edge. The temperature
distribution was  shown in Fig. 7a. Under this condition, the cam-
era’s node displacements and MTF  were respectively calculated and
shown in Fig. 7b and c.

Case3: the camera overall had axial temperature difference,

with the upper part 0 ◦C, and the lower part 20 ◦C. The tempera-
ture gradually increased from the upper to the lower. It was just
contrary to the case1. The temperature distribution was shown in
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Fig. 6. Temperature distribution, node displacements and MTF in case1.
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temperature during the experiment. They were evenly placed on
Fig. 7. Temperature distribution, node displacements and MTF in case2.

ig. 8a. The camera’s node displacements and MTF  were, respec-
ively, calculated and shown in Fig. 8b and c.

In case1 and case2, the maximum temperature differences were
0 ◦C and 10 ◦C, respectively; and the maximum displacements
ere 0.0235 mm and 8.456E − 3 mm,  respectively. Both the max-

mum temperature difference and displacement in case1 were
arger than in case2, but higher MFT  than in case2.

In case1 and case3, both the maximum temperature differences
ere 20 ◦C; and the maximum displacements were 0.0235 mm and

.0203 mm,  respectively. The maximum displacements were basi-
ally the same while the MTF  was much higher in case1 than in
ase3.

As could be seen above, the maximum temperature difference
nd maximum displacement had no direct linear relationship with
he MTF; different temperature distribution had different effects
n the MTF.

The author’s aim was to find a temperature field which was easy
o maintain, with low power consumption and little declining on
he MTF  compared to the case at room temperature.

The authors repeated the steps in part3 and analyzed a vari-
ty of temperature fields on the MTF, including axial differences:

pper hot while bottom cold and the reverse, middle hot while
ides cold and the reverse, uniform temperature distribution; radial
ifference: edge hot while center cold and the reverse, uniform
Fig. 8. Temperature distribution, node displacements and MTF in case3.

temperature distribution; and permutation and combinations of
them – That’s 15 temperature fields in all.

The authors found that in a number of calculation results: the
MTF  was  not only related to the optical design, the temperature
distribution and optical surface changes, but also related to the
mechanical design (connections, supports, fixed mode, etc.).

In this camera, for example, the most sensitive place to the MTF
was near the part of camera’s support flange, while at a distance
from the flange, it was  not so much sensitive. In another word, the
components near the flange were temperature sensitive parts.

5. Integrated analysis

Based on the above analysis, the authors conducted a tempera-
ture field design suitable for the mapping camera: the components
near the flange portion was pasted on heating film to ensure the
temperature stable at 20 ◦C; the components far away from the
flange portion, which were just the parts in contact with the atmo-
sphere, were pasted on both insulation materials and heating films,
however the heating target temperature was no longer 20 ◦C but
lower(from 0 ◦C to 10 ◦C, related with altitude), which could effec-
tively reduce the power. Under this condition, the finite element
thermal analysis was  simulated. When the camera’s temperature
got equilibrium, it could be seen as Fig. 9a. The parts near the flange
portion maintained the temperature at 20 ◦C, and the parts in con-
tact with the atmosphere were about −10 ◦C. The total power was
700 W,  less than the overall 900 W available. Similarly, according
to the steps in part3, the calculated nod displacements and MTF
were respect shown in Fig. 9b and c. Looking at the results from the
analysis, this design met  both the low-power and the high MTF.

6. Experiment

The purpose of the experiment was to test the camera’s MTF  in
the equilibrium temperature, which was obtained under the com-
bined effects of low temperature environment and thermal control
system’s working. The equilibrium temperature needed to be sim-
ulated in the experiment.

The thermal control system was needed to keep the equilibrium
temperature. There were 12 temperature sensors in all to test the
the lens barrel’s upper, middle and bottom, respectively.
The whole camera was  placed in the chamber of high-low tem-

perature and pressure. Inside the chamber, the temperature was  set
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Fig. 9. Temperature distribution, node displacements and MTF with thermal con-
trol.

Fig. 10. Experiment equipment.
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Fig. 11. Temperatures changing with time.

t −17.5 ◦C, and there was air flow circulation. Beside the chamber,
here equipped a 2 m × 5 m optical platform. The CTE Tester was  on
t and could provide targets and test the MTF  through the chamber’s
ptical window. See as Fig. 10.

The chamber and the camera’s thermal control system con-
inued to work 5 h to ensure the camera’s temperature get
quilibrium. The temperatures changing with time were measured

y the 12 sensors and they could be seen as in Fig. 11. According
o the test data, when it got to 3.5 h, the camera had reached
Fig. 12. MTF  of experiment test and theoretical calculation.

temperature equilibrium, and the temperature distribution was
basically the same as Fig. 9a.

The MTF  was tested and it could be seen in Fig. 12. The real
testing MTF’s trends were basically the same as the theoretical cal-
culation. The testing value was  a little lower. This difference was
caused by a variety of factors, such as the difference between the
model and the actual device, the difference between the calcula-
tion temperature and the real one, the error during testing, the
error caused by the instrument, etc. It was inevitable. The test
results meet the requirements of the camera’s imaging. By now,
the contradiction mentioned in the paper has been solved.

7. Conclusion

The authors experienced a contradiction between a low power
consumption and high MTF  requirement in the design of ther-
mal  control system. According to integrated analysis, the authors
studied the influence of temperature on the MTF, Re-planned the
camera’s thermal control targets, and found a suitable temperature
field for the camera to resolve the contradiction. The experimen-
tal data verified the correctness of the analysis, and the test results
were consistent with the analysis.
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