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To ensure excellent dynamic and static performance of large-area, off-axis three-mirror anastigmat (TMA)-space
cameras, and to realize a lighter weight for the entire system, a truss support structure design is applied in this
study. In contrast to traditional methods, this paper adopts topology optimization based on the solid isotropic
materials with penalization method on the truss structure design. Through reasonable object function and con-
straint choice, optimal topology results that have concerned the effect of gravity in the X, Y, and Z axis are
achieved. Subsequently, the initial truss structure is designed based on the results and manufacturing technology.
Moreover, to reduce the random vibration response of the secondary mirror and fold mirror without mechanical
performance decline of the whole truss, a weighted optimization of truss size is proposed and the final truss
structure is achieved. Finite element analysis and experiments have confirmed the reliability of the design
and optimization method. The designed truss-structure camera maintains excellent static performance with
the relative optical axis angle between the primary mirror and corresponding mirrors (secondary mirror and fold
mirror) being less than 5.3 in. Dynamic performances, such as random and sinusoidal vibration responses, also
met the requirements that the acceleration RMS value for mount points of the fold mirror should be less than 20 g
and the primary frequency reached 97.2 Hz.  © 2017 Optical Society of America

OCIS codes: (280.0280) Remote sensing and sensors; (280.4788) Optical sensing and sensors; (350.4600) Optical engineering;
(850.5730) Resolution; (350.6090) Space optics.
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1. INTRODUCTION

With the development of Earth remote sensing imaging tech-
nology, lightweight, large fields of view (LFOV), and high
image resolutions are in high demand for space cameras.
Therefore, off-axis three-mirror anastigmat (off-axis TMA) op-
tical systems with these advantages have been used extensively
in space cameras. However, off-axis TMA optical systems have
also brought about great difficulties, such as main support
structure design, optical system alignment during the develop-

key to guaranteeing an accurate structural location and imaging
quality for the optical elements. Therefore, appropriate design
of high-stability main supporting structures is the key to
satisfying the demands of optical systems [2—4].

So far, thin-walled cylindrical structures and truss structures
have been mainly adopted as camera main support structures;
e.g., the main support structure of the QuickBird 2 satellite
with 8.8 m focal length launched in 2001 employs a cylindrical
structure [5]. In contrast, HUBE, ALOS-3 [6-8], Hi-RISE [9],

ment process owing to the characteristics of long focal
distances, LFOV, and asymmetry [1].

This paper focuses on research into the main support struc-
ture design. It is well known that all the mirror subassemblies
are assembled on the main support structure of a space camera,
so that the main support structure has access to provide a fixed
means of optical system installation to ensure that the optics
remain relatively stable when located in space, which is the
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etc., adopt a truss structure. Considering the influence caused
by weight, material processing manufacturability of the space
camera researched in this paper, a truss structure is employed as
the main support structure.

Space cameras usually experience complex dynamic environ-
ments in orbit and during launch. The stiffness and strength of
a truss structure can directly guarantee the mechanical perfor-
mance of a space camera in such an environment [10].
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Therefore, lots of researchers around the world have studied the
truss support structure of space cameras for decades. For exam-
ple, Atwood and O’Brien have developed an adjustable truss
structure for the Schmidt space camera, which can make optical
alignment adjustable to reduce the influence of thermal load
[11]. Imai and co-workers have developed a truss support struc-
ture for the ALOS-3 space camera [6-8], which has an off-axis
TMA optical system. Xin from China has designed and studied
the truss support structure of an off-axis TMA long focal length
space camera [12,13]. However, research into the optimization
of space camera truss support structures is almost entirely
based on mode frequency or structural stiffness. The dynamic
performance index of a space camera also includes the natural
frequency, the frequency responses to acceleration, random
vibration responses, etc. Traditional research into optimization
of space cameras is not optimal. To improve present research,
this paper includes influences of truss rod cross-section dimen-
sions on the random vibration response of parts of the key
payload installation into account after a brief truss structure
is determined, and determines an optimization method that
is based on the acceleration RMS value (GRMS) of random
vibrations. In this way, the author of this paper has obtained
a main truss support structure with excellent dynamic perfor-
mance with sufficient dimensional stability for the camera
structure. After finite element (FEM) analysis and experimental
verification, the main truss support structure researched in
this study has met the requirements of a space camera under
development.

2. MAIN SUPPORT STRUCTURE DESIGN OF
SPACE CAMERA

The off-axis TMA optical system studied in this paper is shown
in Fig. 1. The distinct characteristics of this off-axis TMA space
camera are a high resolution and LFOV, which make the mir-
ror heavier and larger as a result. In particular, the fourth mirror
component weighs 42 kg and is more than 1000 mm long. The
interval distance between the first mirror and secondary mirror
researched in this paper reaches up to 1500 mm. The require-
ments of positional accuracy for all the optical components are
shown in Table 1.

In contrast to the traditional Rayleigh method used to op-
timize the angle of the truss rod [14,15], topology optimization
of the main support structure based on solid isotropic material

with penalization (SIMP) [16-19] was applied in this study

Focal
surface

Fig. 1. Optical system layout.
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Table 1. Requirements of Optical Tolerance

Eccentric Tilt

Mirror AX(mm) AY(mm) AZ(mm) 0X(") 0Y(") 0Z()

M1 Datum Datum Datum Datum Datum Datum
M2 0.03 0.03 0.04 13 13 20
M4 none none none 30 30 none

using the FEM software Patran. According to the topology
optimization results, an initial truss structure for the space
camera is given in Fig. 4.
The optimization model can be expressed as follows:
Optimization objective:

Minimize: C; = yC, + nC, + xC,. (1)

Constraints:

(1) The main support structure must weigh no more than
M (kg).

(2) The displacement of mass points M2 and M4 under
gravity loads in the X, ¥, and Z directions should be no more
than 0.03 mm, respectively.

In this model, C; is the optimization objective that is
weighted by C,, Cy, and C,. Note that C,, C},, and C, are
the compliance functions of the whole structure under gravity
in the X, Y, and Z directions, respectively. y, k, and # are
weighting factors (this paper selects 0.33 for ¥, &, and 7).

In accordance with the optical system shown in Fig. 1, we
established the FEM model of the main support structure of a
researched space camera, as shown in Fig. 2. The boundary
conditions and constraints of the FEM model are given as
follows:

1. M1, M3, and the focal surface are all mounted on the
rear frame while M2 and M4 are mounted on the front frame.
The design domain (shown in Fig. 2) is the space between the
front frame and the rear frame with the light region removed.

2. M2 and M4 are equivalent to the mass point and con-
nected with the entire FEM model by use of a rigid connec-
tion, RBE2.

3. Fix the bottom of the FEM model.

4. The material properties of the entire FEM model in
Fig. 2 are shown in Table 2.

Mass point of M4
Mass point of M2

Mount points

Non-design
domain

Fig. 2. Initial FEM model of main support structure.
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Table 2. Material Properties

Poisson’s Ratio

Density(g/cm?) Elastic Modulus (Mpa)
1.8 65000 0.33

Contour Plot
Element Densities(Density)
1. 000E-+00

[B 900E-01
7 800E-01
—6.700E-01

5 600E-01
#—-4500E-01

3 400E-01
2.300E-01
1.200E-01
1.000€-02

Max = 1 000E+00
47959

Fig. 3. Topology optimization result.

After a large number of iterations of the optimization cal-
culation, we obtained optimal material distribution results for
the optimization model under a gravity load in three directions
(X, Y, Z). Since topology optimization is based on the SIMP
method, which takes the density of every FEM model element
as the optimization variable, the final result given in Fig. 3 is
shown in the form of a density cloud image. The higher the area
density is, the more significant the area is. All the trusses are
designed based on an area with high density.

The lightweight result that is obtained by topology optimi-
zation cannot be used directly in practical applications.
Therefore, we designed the truss structural form based on the
optimization results combined with actual processing technol-
ogy. The final structure is shown in Fig. 4.

Fig. 4. Main support structure after optimization.
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3. OPTIMIZATION OF TRUSS ROD CROSS
SECTION BASED ON RANDOM VIBRATION
RESPONSE
A. Theoretical Analysis of Random Vibration
Response
Since random vibration loads are made up of various instanta-
neous vibration excitations, it is hard to find regularity in the
instantaneous vibrations during the random vibration test.
Generally, through statistics such as the RMS value or power
spectral density (PSD) within a loading cycle, research into
the random vibration response of space cameras is available
[20-22].

The kinetic equation for a single degree-of-freedom for a
forced vibration can be expressed as

mj + ¢y + ky = x(2), @

where m, ¢, and k are the mass, damping and stiffness, respec-
tively, and x(#) is the excitation function.

The response and excitation functions are given in the form
of complex exponential functions that can be expressed as fol-
lows:

o(r) = % / ” X (w)eods, 3)

y(e) = % / : H(w)X (0)e™ dt. @
Substituting Egs. (3) and (4) into Eq. (2) gives Eq. (5):
[~0?m + iwc + F|H (@)X (0)e™ = X(w)e™.  (5)

The transfer function of the system can be expressed as

! (6)

k= ma? + icw’

1
k(1 -2 + (2697
The output power spectral density function is

Sy(@) = |H(o)*S, (o). @

The mean-square value function of output is

w2 = / " S, (@0)do = % / : H(o) S (@)dw,  (9)

o

H(w) =

|H (w)| = @)

where § = w/w,, { = ¢/2 (km'/?), and S, () is the input
PSD function. It can be ascertained from Egs. (4) and (8) that
the output PSD functions, S, (@), and l//y2 are only related to
the input PSD function S, ().

Substitution of S =w/w, and ¢ = ¢/2 (km)'/? into
Eq. (7) gives

\H (w)| = ! . (o)

eG4 ()

It can be inferred from Eq. (8) that the output RMS, 7, is
proportional to |H | for a single degree-of-freedom system.
According to Eq. (9), when @, is determined, |H (| is propor-
tional to K, the stiffness matrix of partial structure. Therefore,
when the natural frequency is determined for the entire struc-
ture, the stiffness increase of partial areas can decrease the RMS
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of the acceleration random response in the corresponding
partial areas.

According to the above theories, this paper finds out that
the rigidity reinforcement of key areas can reduce the GRMS
of the corresponding areas. However, the stiffness of unimpor-
tant regions needs to be balanced to keep the overall frequency
of the whole structure unchanged.

B. Optimization and Analysis of the Results
Improving the fundamental frequency of the space camera can
avoid the rocket’s natural frequency, which is a good way to
reduce the acceleration response of the camera. However,
random vibration loads can be described by the acceleration
spectrum during launch, the frequency of which ranges be-
tween 20 and 2000 Hz, so random vibration response may not
be reduced by improving the modal frequency of the camera.
Application of a flexible vibration isolator is another possible
way to reduce the random vibration response, but the pointing
accuracy of the space camera will decline, which is undesirable.
Therefore, it is of great importance to research truss support
structures that can withstand the complex dynamic environ-
ment during the rocket’s launch and meet the requirements
of a camera ground test. This paper proposes a method to
optimize the main truss support structure that minimizes
the root mean square value of the random vibration accelera-
tion response (GRMS) at the mounting point of the mirror
component under the constraints of the total mass and modal
frequency.

The FEM model of the camera truss support structure has
been established and is shown in Fig. 5. An excessive moment
of inertia would bring out an excessive dynamic response of
both the M2 and M4 components in the front of the support
structure during the rocket launch. When a dynamic response,
such as acceleration response, stress etc., exceeds the system
limits, plastic deformity, or even destruction of the optical sup-
port structure, will eventually occur. To avoid this situation, we
established the objective function that requires a minimal
GRMS for the random vibration response of the M4 and

Mass point of M2

Mass point of M4

Fig. 5. Finite element model of the truss support structure.
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Table 3. Rod Sizes After Optimization

Rod1 Rod2 Rod 3 Rod5 Rod 6 Rod 7 Rod 8

r(mm) 302 342 298 372 304 272 294
T, (mm) 84 10 9.8 4.8 5.3 6.2 7.4

M2 component mount points in the rocket launch direction
(z direction). The optimization is given below:
Objective function:

Minimize: D = ab, + fb,. (11)
Constraints:
M < N(kg)
£, > 110 Hz
25 mm < 7; < 45 mm
4 mm < Tfod <10mm(=1,235,6,738). (12)
Design Variable:
T

7o Lo

where D is the optimization objective weighted by bl and
b2, bl is the GRMS of the M4 mounting point, b2 is the
GRMS of the M2 mounting point, and @ and f# are weighting
factors (this paper selects 0.65 for a and 0.35 for ). f is the
primary frequency of the space camera; 77, is the thickness of
the 7th truss rod, the limit of which is 4 mm, as the minimum
wall thickness of the rod is based on the actual processing
technology; M is the mass of the FEM model for design
domain; NV is the upper bond of the whole space camera mass
variable range since overweight of the whole truss structure is
not permitted; 7; is the inner diameter of the ith rod.

After multiple iterations, the optimization function has
converges. The optimization results for varying rod sizes are
shown in Table 3. Figures 6 and 7 are the iteration histories
of the primary frequency and the optimization object of the
space camera, respectively, including the primary frequency of
the space camera, the GRMS of the M4 mounting point, the
GRMS of the M2 mounting point, and D.

Since the optimization object involves the GRMS of both
the M2 mounting point and the M4 mounting point, rod 2,
which is located just below these mounting points, becomes
the biggest and thickest among all the rods. This can be easily
explained due to the random vibration response theory

120 (Hz)

110
100
920
80

70

60
¢ Number of iterations

so L v v
0 5 10 15 20 25

Fig. 6. Iteration history of the primary frequency of the space

camera.
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—&— GRMS of M4 Mounting point

o (GRMS) —4— GRMS of M2 Mounting point

22
20

18

16
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12
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10 1 1 L d i =l
0 5 10 15 20 25

Fig. 7. Iteration history of the optimization object.

mentioned in Section 3.A. An increase of the dimensions of
rod 2 includes the increase of the M2 and M4 support stiffness,
which, in turn, will decrease their GRMS values. Meanwhile,
the sizes of several other, unimportant rods become relatively
small to keep the natural frequency of the whole structure
unchanged.

4. FINITE ELEMENT ANALYSIS AND
EXPERIMENTAL VERIFICATION

In order to verify the feasibility of the design for the main truss
support structure and the effectiveness of the optimization
method, we carried out a finite element simulation, static
stability test, and vibration test on the whole space camera.
Figure 8 gives the FEM model of the whole space camera.

A. Static Stability Finite Element Analysis and Test

The assembly and detection processes of the researched space
camera are conducted on the ground with the optical axis hori-
zontal (along the Z direction); the direction of gravity coincides
with the Y direction of the camera during the process. Only if
the position accuracy of the space camera optical components
meets with the requirements given in Table 1, can the camera
work sufficiently well. Therefore, the truss support structure,

Fig. 8. FEM model of the whole space camera.
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Measure the angle difference (61)

between M1 and M2 around x axis

with theodolite under affection of
gravity in 3( direction

Turn space camera 180
degrees around X axis

Measure the angle difference (62)

between M1 and M2 around x axis

with theodolite under affection of
gravity in -Y direction

The gravity affection on the tilt

. 82 - 01
measure is: g =| 3

Fig. 9. Detection processes.

with a good dimensional stability, must overcome the effect
caused by gravity in the ¥ direction.

To ensure the feasibility of the designed model, an FEM
static stability analysis and on-ground static stability detection
experiments of the model were conducted. The detection proc-
esses are illustrated in Fig. 9 and the testing field is shown in
Fig. 10. The FEM analysis results and experimental results are
all listed in Table 4.

At present, it is hard to perform gravity-free ground detec-
tion, so it is difficult to find the real position of the camera
optical axis. To detect the effect of gravity on the camera,
the author has designed a detection method shown in Fig. 9
that can detect the gravity effect on the camera indirectly.
The testing field of step 1 in Fig. 9 is shown in Fig. 10 (testing
field of step 3 is almost the same).

It is clear from the data presented in Table 4 that a relatively
significant error occurs in 0, but it is much smaller than that
of @X. This is because the true tilt of 8 may be so small that
minute environmental temperature fluctuation (20 £ 3°C,
with the 22 x 107°/°C thermal expansion of Al) and errors
caused by the operation will bring about a relatively large effect.
It can be inferred from Fig. 10 that what affects X most is the
gravity, since the direction is in the normal plane of X, so a

Fig. 10. Static stability testing field (camera assembled on alumi-
num testing frock).
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Table 4. Comparison Between Experiment and Analysis
Data
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Table 6. Comparison Between Test Results and Analysis
Results

M1 The Tilt and Eccentricity of M2 Relative to M1

The Comparison of Modal Data

Analysis Experiment Requirement Analysis  Testing Error
0xX(") Datum 5.3 4.32 13 Ist Mode in X Direction 100.4H 97.2 Hz 3.3%
0Y (")  Datum 0.075 1.17 13 Ist Mode in Y Direction 102.3 Hz 100.9 Hz 1.5%
0Z(")  Datum 2 — 20 Ist Mode in Z Direction 1243 Hz 1172 Hz 6%
AX (mm)Datum 0.007 — 0.03 The Comparison of Sinusoidal Data
AY(mm) Datum 0.00038 — 0.03 - - . .
AZ(mm) Daum 0033 _ 0.04 Direction The response of mirror mounting point (g)
M2 mounting point M4 mounting point
Analysis Testing Error  Analysis  Testing  Error
. . X 9.8 13.6 28% 10.4 13.7 24%
Table 5. Input Test Vibration v 13.8 43 350% 147 5 2%
Sinusoidal Test Conditions z 3.4 3.1 12% 3.6 3.3 11%
The Comparison of Random Vibration Data
Frequency Directi Th f mi ing point (GRMS)
Direction  Range/Hz  5-8 3-80 80-100 irection e response of mirror mounting point
X/Y/Z  Acceleration 391 mm 35 g 15g M2 mounting point M mounting point
Random test vibration (Along X, ¥, Z Direction) Analysis Testing Error  Analysis  Testing  Error
Frequency 20-60 60-200 200-300 300-800 800-2000 X 7.4 8.1 8.6% 8.2 7.9 3.8%
Range/Hz Y 7.79 89 12.5% 8.16 8.9 8.3%
PSD(g2/Hz) 43 dB/oct 0.0162 -8.156 0.0054 +3 dB/oct Z 21.4 26 17.6% 11.3 10.5 7.6%
(GRMS) 3

relatively high tilt occurs in the X direction while the effects of
the temperature fluctuation and operation are relatively small.
Finally, we can conclude from Table 4 that the results of the
analysis and detection are all within our requirements.

B. Dynamic FEM Simulation Analysis and Vibration
Tests

The dynamic FEM simulation analysis and vibration tests
mainly verify the dynamic performance of the whole structure,
including modal characteristics, sine acceleration response, and
GRMS of random vibration. Table 5 gives the input test vibra-
tion of the space camera. Figure 11 shows the vibration test
field. Table 6 gives the comparison between the test results
and analysis results.

Fig. 11. Vibration test field.

According to the above tables, the errors of the FEM analysis
and vibration test data are mostly less than 15%, with several
data errors between 15% and 30%, which meet with the prac-
tical demands of the engineering. The first modal frequency of
the space camera reaches up to 97.2 Hz, while the sine accel-
eration responses of the mirror mounting point are less than
15 g, and the GRMS of the random vibration is less than
26 GRMS. These all fit the design requirements. It is worth
mentioning that the GRMS of the M4 mount point is 10.5
GRMS, much less than that of the M2 mount point (26
GRMS), which meets with the weighting factor specific value
between a and f# (nearly 2: 1) mentioned in Section 3.B. Above
all, the data has demonstrated the validity of the whole design
and the optimization presented in this paper.

5. CONCLUSION

This paper has put forward a detailed structural design, an FEM
simulation, and experimental verification of an off-axis TMA
space camera with a long focal length and LFOV. Topology
optimization of the main support structure was applied during
the structural design stage. Compared with the traditional
method, this paper takes the stiffness of the three axes into
account, which led to a lighter structure and a higher natural
frequency of the camera. A rod size optimization based on theo-
retical research of the random vibration response is proposed
in this paper. The FEM analysis and experiments have verified
the validity of the optimization. The research presented in this
paper provides a meaningful method for large off-axis TMA

space camera design.

Funding. National Natural Science Foundation of China
(NSFC) (41501383).
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