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Abstract. The image quality of the large-scale, long-focus, large field of view, off-axis three-mirror anastigmat
space telescope will decrease dramatically due to the thermal effect. This paper studies the thermal deformation
of the telescope, and based on its axial deformation, it proposes a passive thermal compensation design using
truss rods made of carbon fiber-reinforced plastics, utilizing its thermal conducting design, which is determined
by different spread quantity and spread angle of the lamination. Meanwhile, it satisfies the system stiffness
requirement. First, the truss rods are divided into several independent triangles, according to the principle of
equal axial distance after deformation, the function in terms of coefficient of thermal expansion (CTE) and length
of truss rods is determined. Bonded by the optical tolerance requirement, the range of the CTE is obtained.
Second, according to the CTE function, coupled with the stiffness requirement of the whole instrument, the
CTE of each truss rod is determined. According to the CTE and stiffness requirement, the design of truss rods
lamination is carried out. Finally, the group of truss rods with unequal CTE is obtained. The results have been
validated by finite element analysis, vibration experiments, and image test, which indicate that the accuracy of
the space telescope studied meets the requirements of optical tolerance; in addition, the rotation angle of the
front panel around the X axis is competent, implying the stiffness requirement is solved. Moreover, the modu-
lation transfer function at Nyquist frequency is better than 0.178 under the condition of 20°C� 5°C.© 2019Society of
Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.58.2.023109]
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1 Introduction
With the development of Earth observation technology, the
three-mirror anastigmat (TMA) optical system has been
widely studied by researchers all over the world because
of its advantages of no center obscuration, high-energy uti-
lization, easy-to-achieve wide field of view, and high reso-
lution. However, due to the asymmetry of its optical system,
its supporting structural design, installation, and adjustment
technologies are generally recognized as a technical diffi-
culty in comparison with the symmetrical structure of the
coaxial optical systems.1

The truss structure is widely used in the main support sys-
tem of large and medium space telescope for its advantages
of light weight, high stiffness ratio, and easy-to-manufacture
characteristics. For example, the large space remote sensors,
such as the Hubble, SPOT, HI-RISE, and ALOS-3, in the
United States have adopted the truss structure.2–4 It is diffi-
cult for the space telescope to maintain a relatively constant
temperature environment due to the uneven acceptance of
radiation heat on the surface during its on-orbit operation.
The changeable thermal environment leads to the deforma-
tion of the space telescope under the influence of thermal
strain effect, which consequently incur defocusing and
deviation of the optical system.5,6 Therefore, for the high-
resolution telescope, it is necessary for its structure support
system to adopt thermal compensation design.

In this paper, truss structure is used as the main supporting
structure of this large-scale TMA optical system space tele-
scope. To meet the imaging requirement of 20°C� 5°C, the
coefficient of thermal expansion (CTE) of truss rods is ana-
lyzed and determined by means of passive thermal compen-
sation technique. Based on this, the carbon fiber-reinforced
plastics (CFRP) lamination technology is used for analyzing
and determining the CTE of the truss rods. The CFRP lam-
ination of truss rods is designed to meet the requirements of
thermal deformation and stiffness. Validated by finite element
analysis, experiments, and tests, the space telescope studied in
this paper has good thermal stability, stiffness, and imaging
ability, which is a key comprehensive and indirect indicator
which shows that the compensation design is effective.7,8

2 Determination of CTE of Truss Rods
To eliminate the influence of thermal effect on the optical
system of space telescope, it is necessary to take measures
to compensate the optical system so that it can keep a sat-
isfactory imaging quality within a large temperature range.
This method is normally referred to as heat-free design or
thermal compensation technology. At present, passive ther-
mal compensation technology is the most adopted method
for space telescope.9,10 Its characteristics are described as
simple structure, small size, light mass, zero power con-
sumption, and high reliability. Its principle is to eliminate the
influence of thermal effect by the orderly combination of
different materials and take the advantage of the difference
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among various material properties so as to obtain the heat-
free effect.11 This paper aims to present a passive thermal
compensation technology by utilizing CFRP material to
minimize the thermal deformation effect on the whole
instrument.

2.1 Maximum Axial Deformation Constraints

The optical system of the TMA space telescope studied in
this paper is shown in Fig. 1. Built on the optical system
layout, the truss structure is designed as shown in Fig. 2.
The weight of this space telescope is >750 kg and the
dimension is 1660 � 1580 � 1700 mm as marked. The truss
rods are labeled from truss 1 to truss 8. Other rods not labeled
share the same name due to symmetry.

The thermal deformation principle diagram of space tele-
scope studied in this paper is shown in Fig. 3 below. In this
paper, the thermal deformation of each mirror and the front
and back panels made of titanium alloy is regarded as a black
box and considered as a constant under the condition that
the change in temperature is 5°C and the CTE of titanium is
9 × 10−6∕°C. The space telescope can work well only if the
position accuracy of each mirror meets the optical tolerance
shown in Table 1. The thermal deformation of the space

telescope on orbit shall be extended in three directions of
X, Y, and Z, respectively, in which the optical axis parallel
to Z is perpendicular to the X–Y plane. It can be seen from
Figs. 2 and 3 that the mirrors are mounted to the front and
back panels, and that the materials of each mirror component
have been determined. This paper mainly studies the thermal
compensation in the direction of optical axis (Z direction),
and because the primary and the tertiary mirrors are installed
on the same back panel, the secondary mirror and the plane
mirror are mounted on the same front panel, thermal com-
pensation structure of truss rods is specially designed to
work for the distance from the secondary and plane mirrors
to the primary and tertiary mirrors.

In this paper, the thermal deformation of the mirror base
components and the front and back panels is regarded as a
known constant, which is caused by the thermal deformation
of the panels and the mirror base components made of tita-
nium alloy. All truss rods are connected to the panels made
of titanium alloy using epoxy resin with an elasticity modu-
lus of 4.5 Mpa, whereas the elasticity modulus of CFRP
and titanium alloy are all better than 80 Gpa. The ratio
between them can be almost 20;000∶1. Under this circum-
stance, the thermal deformation of panels can be considered
exempt from the constraint of the truss rods. Therefore, the

Primary
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Plane Mirror

Secondary
Mirror

Tertiary
Mirror

Focal Plane

Fig. 1 Optical system layout.
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Fig. 2 Optimized model of main support structure of the space
telescope.

LPS=LA+LC

LPP=LA+LC

Tertiary mirror

Primary mirror
Tertiary Mirror

Plane mirror

Fig. 3 Thermal deformation principle diagram.

Table 1 Requirement of optical tolerance compared to primary
mirror.

Variance
Primary
mirror

Secondary
mirror

Tertiary
mirror

Plane
mirror

ΔX (mm) Datum 0.03 0.03 —

ΔY (mm) Datum 0.03 0.03 —

ΔZ (mm) Datum 0.04 0.04 —

θX (″) Datum 13 15 30

θY (″) Datum 13 15 30

θZ (″) Datum 20 20 —
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deformation analysis can be carried out without the truss rods
and when all panels and mirror component are in the right
installation place. The results of the analysis, the optical
eccentricity, and the tilt of these mirror components are
shown in Fig. 4 and Table 2. Because of the asymmetry of
off-axis system, coupled with weight caused by the plane and
secondary mirror components mounted on the front panel
which looks like a cantilever, a rotation of the front panel
is inclined to happen. To avoid this, the length of all the
truss rods must be equal in the direction of Z after thermal
deformation.

To sum up, after the thermal deformation of the truss rods,
the following conditions should be met:

(1)
EQ-TARGET;temp:intralink-;e001;63;128jΔT · LO · αj ≤ γ: (1)

(2) All trusses must have the same Z axial distance after
thermal deformation.

(3) Modulation transfer function (MTF) at Nyquist fre-
quency with the temperature range of 20°C� 5°C
should be better than 0.175.

Here, ΔT is the temperature variation, which is 5°C in this
paper; Lo is the axial length of truss rods as a whole; and α is
the comprehensive CTE of all, by comprehensive it means
that the CTE has considered the thermal effect of the panels
made of titanium. Here, γ is the maximum deformation of
all truss rods, which should be

EQ-TARGET;temp:intralink-;e002;326;686γ ¼ ΔZ − ΔZ 0
PS; (2)

where ΔZ is the tolerance of Z axial between the primary
and the secondary mirrors, and ΔZ 0

PS is the tolerance of
Z axial between the primary and the secondary mirrors
caused by thermal influence only by mirror base components
and panels made of titanium, but without the influence of
the truss rods. Since the temperature variation is 5°C and the
CTE of titanium is 9 × 10−6∕°C, then ΔZ 0

PS is obtained as
1 μm. The results are shown in Table 2. Therefore, the theo-
retical γ is about 0.04 mm, where we set a safety coefficient
as 1.33 which in turn determines γ as 0.03 mm.

According to the optical system shown in Fig. 1, we
establish the finite element model (FEM) of the main support
structure of researched space telescope, which is shown in
Fig. 3. The definition is shown below:

LO means the original length of the truss rods in Z direc-
tion without thermal influence.

LA means the length with thermal influence.
LC means the sum of deformation of front panel, back

panel, mirror base, and truss rod junction made of
titanium caused by thermal influence.

LPS means the distance between primary and secondary
mirrors under the condition of thermal influence.

LPP means the distance between primary and plane mir-
rors under the condition of thermal influence.

2.2 CTE Determination

After the determination of maximum axial deformation,
the CTE is to be concluded. The truss structure studied
in this paper is divided into the triangles as shown in
Figs. 5–10.

Since all the M which represents the length of Z axis are
the same after deformation, the problem function is listed in
function 3. It should be noted that the αi different from each
other because of the asymmetric structure:

EQ-TARGET;temp:intralink-;e003;326;238

8>>>>>>>>><
>>>>>>>>>:

l21ð1þΔT · α1Þ2−A2 ¼ l23ð1þΔT · α3Þ2 −B2

l25ð1þΔT · α5Þ2−E2 −F2 ¼ l23ð1þΔT · α3Þ2 −B2

l27ð1þΔT · α7Þ2−D2 ¼ l25ð1þΔT · α5Þ2−E2

l26ð1þΔT · α6Þ2−G2 ¼ l23ð1þΔT · α3Þ2 −B2

l28ð1þΔT · α8Þ2−H2 ¼ l23ð1þΔT · α3Þ2 −B2

l22ð1þΔT · α2Þ2− J2 −N2 ¼ l23ð1þΔT · α3Þ2 −B2

: (3)

The length of M is the vertical distance in the direction
of Z and it is also the projection distance ofM 0. The solution
of the above equation shows that the magnitude order of CTE
α is 10−6, so the α2 terms in the equation can be ignored, and
the following function is obtained:

Fig. 4 Cloud chart of thermal deformation without truss rods.

Table 2 The analysis results of the optical eccentricity and the tilt of
mirror components.

Variance
Primary
mirror

Secondary
mirror

Tertiary
mirror

Plane
mirror

ΔX 0 (mm) Datum 0.00 0.00 0.00

ΔY 0 (mm) Datum 0.0129 0.0258 0.0022

ΔZ 0 (mm) Datum 0.0010 0.006 0.0013

θX 0 (″) Datum 2.348 2.42 3.69

θY 0 (″) Datum 0.00 0.00 0.00

θZ 0 (″) Datum 0.00 0.00 0.00
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EQ-TARGET;temp:intralink-;e004;63;305

8>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>:

α1 ¼ 1
2ΔT

h�
l3
l1

�
2ð1þ 2ΔT · α3Þ þ A2−B2

l2
1

− 1
i

α7 ¼ 1
2ΔT

h�
l5
l7

�
2ð1þ 2ΔT · α5Þ þ D2−E2

l2
5

− 1
i

α5 ¼ 1
2ΔT

h�
l3
l5

�
2ð1þ 2ΔT · α3Þ þ E2þF2−B2

l2
5

− 1
i

α6 ¼ 1
2ΔT

h�
l3
l6

�
2ð1þ 2ΔT · α3Þ þ G2−B2

l2
6

− 1
i

α8 ¼ 1
2ΔT

h�
l3
l8

�
2ð1þ 2ΔT · α3Þ þ H2−B2

l2
8

− 1
i

α2 ¼ 1
2ΔT

h�
l3
l2

�
2ð1þ 2ΔT · α3Þ þ N2þJ2−B2

l2
2

− 1
i

: (4)

In Eqs. (3) and (4), l1 to l7 represents the length of the
truss rod without thermal expansion. α1 to α7 are the CTE
of the respective truss rod in the axial direction. A, B, D,
E, F, G, H, J, and N, shown in Figs. 5–9, are the projection
distance of each truss rod in the X–Y plane after thermal
deformation. The length of A, B, D, E, F, G, H, J, and
N can be expressed in the following Eq. (5):

EQ-TARGET;temp:intralink-;e005;326;529

A ¼ d1 þ Δd1
B ¼ d3 þ Δd3
D ¼ d7 þ Δd7
E ¼ d5 þ Δd5
F ¼ d57 þ Δd57

G ¼ d6 þ Δd6
H ¼ d8 þ Δd8
J ¼ d2 þ Δd2
N ¼ d 0

2 þ Δd 0
2

(5)

Among them, d1 to d7 are the projection distance of the
truss rod in the X–Y plane when the truss structure is not
subjected to thermal deformation, Δd1 to Δd7 are the varia-
tions of the projection distance of the truss rods in the X–Y
plane after the truss structure is subjected to thermal defor-
mation. The distance between the installation points of the
truss rods is known because of the change of the distance
between the installation points of the truss rods on the
front and back panels. The combination of Eqs. (5) and (4)
leads to Eq. (6):

EQ-TARGET;temp:intralink-;e006;326;345

8>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>:

α1 ¼
�
l3
l1

�
2
α3 þ Δd2

1
−Δd2

3
þ2ðd1Δd1−d3Δd3Þ
2ΔTl2

1

α7 ¼
�
l5
l7

�
2
α5 þ Δd2

7
−Δd2

5
þ2ðd7Δd7−d5Δd5Þ
2ΔTl2

7

α5 ¼
�
l3
l5

�
2
α3 þ Δd2

5
þΔd2

57
−Δd2

3
þ2ðd5Δd5þd57Δd57−d3Δd3Þ

2ΔTl2
5

α6 ¼
�
l3
l6

�
2
α3 þ Δd2

6
−Δd2

3
þ2ðd6Δd6−d3Δd3Þ
2ΔTl2

6

α8 ¼
�
l3
l8

�
2
α3 þ Δd2

8
−Δd2

3
þ2ðd8Δd8−d3Δd3Þ
2ΔTl2

8

α2 ¼
�
l3
l2

�
2
α3 þ Δd2

2
þΔd 02

2
−Δd2

3
þ2ðd2Δd2þd2Δd 0

2
−d3Δd3Þ

2ΔTl2
2

: (6)

Since the variation of Δd is 10−2 mm level and the rod
length l is 103 mm, the following polynomial composed
of Δd2 divided by the denominator is almost 10−10 in mag-
nitude, which can be ignored. In the same way, as the mag-
nitude order of d1 to d7 is almost 102, ΔT is 5°C, which
means that the denominator is 107 in magnitude order, the
number with 10−8 magnitude order can also be ignored.
To sum up, Eq. (6) can be simplified to Eq. (7):

Truss 1&3

Truss 5&7

Truss 6

Truss 2

Truss 8

Fig. 5 Simplified truss structure.

Fig. 6 Triangle of truss rods 1 and 3.

Fig. 7 Triangle of truss rod 6.
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EQ-TARGET;temp:intralink-;e007;63;315

α1 ¼
�
l3
l1

�
2
α3

α7 ¼
�
l5
l7

�
2
α3

α5 ¼
�
l3
l5

�
2
α3

α6 ¼
�
l3
l6

�
2
α3

α8 ¼
�
l3
l8

�
2
α3

α2 ¼
�
l3
l2

�
2
α3

: (7)

It can be concluded from Eq. (7) that all the CTE of the
truss rods can be converted into a function related to α3, as
long as α3 is determined, all the other coefficient can be
determined.

Since the thermal deformation of the truss rods must sat-
isfy Eq. (1), the thermal deformation of the truss rod 3 must
satisfy the following Eq. (8):

EQ-TARGET;temp:intralink-;e008;63;166jM −MOj ≤ γ: (8)

where MO is the axial distance of the truss rod without ther-
mal deformation, which is already known. Here, M is the
axial distance of the truss rod after thermal deformation.
For truss rod 3, there is

EQ-TARGET;temp:intralink-;e009;63;91M2 ¼ l23ð1þ ΔT · α3Þ2 − B2: (9)

Combining Eqs. (8)–(10) acquires the following equation:

EQ-TARGET;temp:intralink-;e010;326;298

1

ΔT

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMO− γÞ2þB2

p
l3

−1

�
≤ α3

≤
1

ΔT

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMOþ γÞ2þB2

p
l3

−1

�
:

(10)

By introducing specific values in Eqs. (7) and (10), the
range of the CTE of the truss rods is obtained:

EQ-TARGET;temp:intralink-;e011;326;178

8>>>>>>>>>><
>>>>>>>>>>:

α1 ¼ 1.152α3
α7 ¼ 1.278α3
α5 ¼ 0.961α3
α6 ¼ 1.306α3
α8 ¼ 1.006α3
α2 ¼ 0.996α3
−1.7 × 10−6∕°C ≤ α3 ≤ 5.4 × 10−6∕°C

: (11)

Fig. 8 Triangle of truss rods 5 and 7.

Fig. 9 Triangle of truss rod 8.
Fig. 10 Triangle of truss rod 2.
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To facilitate the lamination design, the CTE of Eq. (11) is
rounded up and Eq. (12) is obtained as the final function of
the thermal expansion coefficients of the rods:

EQ-TARGET;temp:intralink-;e012;63;719

8>><
>>:

α1 ¼ 1.2α3
α7 ¼ α6 ¼ 1.3α3
α5 ¼ α3 ¼ α8 ¼ α2
−1.7 × 10−6∕°C ≤ α3 ≤ 5.4 × 10−6∕°C

: (12)

3 Lamination Design for Truss Rods
The spread quantity and spread angle of the lamination
design of truss rods is the core of the structural design,
and the quality of the lamination will determine the success
of truss design to a great extent. Lamination design is built on
the orientation of each unidirectional layer in the laminate,
layer sequence, percentage of each unidirectional layer in
total number of layers, the total number of layers, etc. The
widely applied theoretical functions for the single laminate
are as follows:12

The vertical elastic modulus:

EQ-TARGET;temp:intralink-;e013;63;524E1 ¼ EtV þ Emð1 − VtÞ: (13)

The lateral elastic modulus:

EQ-TARGET;temp:intralink-;e014;63;482E2 ¼
EfEmðVf þ η2VmÞ
EmVf þ EfVmη2Þ

: (14)

The vertical Poisson’s ratio:

EQ-TARGET;temp:intralink-;e015;63;425ν1 ¼ νfVf þ Vmð1 − VfÞ: (15)

The lateral Poisson’s ratio:

EQ-TARGET;temp:intralink-;e016;63;382ν2 ¼ ν1
E1

E2

: (16)

The vertical and lateral shear modulus:

EQ-TARGET;temp:intralink-;e017;63;328G12 ¼
GfGmðVf þ η12VmÞ
GmVf þ GfVmη12Þ

: (17)

The Ef, Em are the elastic modulus of carbon fiber and
matrix, respectively; vf, vm are the Poisson’s ratios; Gf, Gm
are the shear modulus; Vf is the volume of the fiber; Vm ¼
1 − Vf is the volume matrix; η2 and η12 are the correction
coefficients obtained from experiments, and the carbon fiber/
cyanate may use 0.7.12 Since the truss structure designed in
this paper needs a higher base frequency to evade the inher-
ent frequency of the rocket itself, the high modulus fiber
M40 is preferred and the resin material adopted is cyanate.
Accordingly, the unidirectional material parameters of the
carbon fiber are shown in Table 3.

The most commonly used laminating design for simple
parts like truss rods is meshed laminates. the most commonly
used way. That means, layers shall be plied in�θo direction,
and this method is adopted in this paper. The cross-layer
often uses Halpin function to calculate the CTE in the central
direction of the laying angle from −θo to þθo.13

In this project, the CFRP material of truss rod is equivalent
to isotropic material and its equivalent modulus is 70 Gpa.
The thickness of all truss rods are obtained by previous
optimization under requirements like strength and stiffness.
The concrete values are shown in Table 4.

According to the above analysis, the layer design of truss
rods in this paper should meet the requirement of Eq. (12).
Owing to the need to set α3 first and to make the truss rods
with a high axial modulus, this paper selects the �15 deg as
the spread angle and the single layer thickness of 0.4 mm
as the design for rod 3. Through analysis, the key parameters
of the rod 3 are obtained and listed in Table 5.

It is clear that the axial linear expansion of rod 3 satisfies
the requirement of Eq. (12). The axial coefficient of the rest
of the rods can be calculated according to equation relation-
ships between truss rods. the result is shown in Eq. (18):

EQ-TARGET;temp:intralink-;e018;326;510

8<
:

α1 ¼ −2.016 × 10−6∕°C
α7 ¼ α6 − 2.184 × 10−6∕°C
α5 ¼ α3 ¼ α8 ¼ α2 ¼ −1.68 × 10−6∕°C

: (18)

According to Eq. (18), taking process technology into
consideration, the spread angle is rounded up to carry out
the layer lamination. Through the orderly design of the lam-
ination angle, the thickness of the unidirectional layer and
the number of layers, the layout of the truss rod is obtained
as shown in Table 6.

Table 3 Unidirectional layer material parameters of M40 cyanate composite.

P
(10−9 g∕mm3)

Ex
(Gpa)

Ey
(Gpa)

Gxz
(Gpa)

Gyz
(Gpa)

Gxy
(Gpa)

αx∕10−6
°C

ay∕10−6
°C μ

1.8 220 9 4.5 4.5 4.5 −0.58 18.4 0.28

Table 4 Thickness of truss rods.

T1 (mm) T2 (mm) T3 (mm) T5 (mm) T7 (mm) T8 (mm)

8 7.2 8 7.2 8 5.2

Table 5 Key parameters of rod 3.

P
(10−9 g∕mm3)

Ex
(Gpa)

Ey
(Gpa)

Gxy
(Gpa)

αx∕10−6
°C

ay∕10−6
°C

1.8 170.4 9.06 17.4 −1.68 16.93
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4 FEM Analysis, Experiment, and Test Verification
of the Whole Instrument

4.1 Finite Element Analysis of the Space Telescope

To verify whether the parameters of carbon fiber composite
material designed in this paper can meet the thermal stability
and dynamic properties of the telescope at 20°C� 5°C, the
parameters of Table 6 are taken into the FEM for the whole
instrument analysis. Then the surface accuracy, optical ec-
centricity, and inclination of the mirror at 25°C are obtained
and are shown in Table 7. The modal information of the
whole instrument is shown in Table 8. Figure 11 shows the
free expansion deformation cloud chart of the whole instru-
ment under 25°C condition with no gravity influence.

It can be seen from Tables 7 and 8 that the optical eccen-
tricity of each mirror compared to the primary mirror is
within 0.03 mm and the inclination is within 5″, which sat-
isfies the optical tolerance requirement in Table 1. In addi-
tion, it can be seen from Tables 7 and 8 that the optical
eccentricity of the secondary mirror and the plane mirror
along the optical axis (Z direction) is under control, which
indicates that the front frame rotates very little around the
X axis after thermal deformation. And it proves that the
axial distance after thermal deformation of all truss rods is
basically equal. The correctness of the design is illustrated
in this paper. Finally, it can be seen that the fundamental

Table 6 Properties of truss rods made of CFRP.

Layer
angle
(θo)

Single layer
thickness
(mm)

Number
of layers

Ex
(Gpa)

Ey
(Gpa)

Gxy
(Gpa)

Ax
(10−6 °C)

Ay
(10−6 °C)

Error between
αx and design

value (%)

Rod 1 �17 0.2 20 154.6 9.09 20.7 −1.98 16.5 1.2

Rod 2 �15 0.2 18 170.4 9.06 17.4 −1.68 16.93 0

Rod 3 �15 0.2 20 170.4 9.06 17.4 −1.68 16.93 0

Rod 5 �15 �15 0.2 18 170.4 9.06 17.4 −1.68 16.93

Rod 6 �18 �18 0.1 30 146.2 9.12 22.4 −2.12 16.2

Rod 7 �18 �18 0.2 20 146.2 9.12 22.4 −2.12 16.2

Rod 8 �15 �15 0.2 13 170.4 9.06 17.4 −1.68 16.93

Table 7 Optical eccentricity and inclination of mirrors at 25°C
condition.

Primary
mirror

Tertiary
mirror

Secondary
mirror

Plane
mirror

ΔX (μm) −0.011 −0.0723 0.0001 0.12

ΔY (μm) −16.4 6.24 −33.4 −20.7

ΔZ (μm) −5.8 −12.7 5.07 5.6

θX (″) 0.66 2.33 2.48 4.6

θY (″) −0.035 −0.02 −0.04 −0.04

θZ (″) −0.47 −2 −0.5 −0.7

Table 8 Eccentricity and inclination compared to primary mirror.

Primary
mirror

Third
mirror

Second
mirror

Plane
mirror

ΔX (μm) Datum 0.0613 0.0111 0.131

ΔY (μm) Datum 0.023 0.017 0.0043

ΔZ (μm) Datum 0.007 0.011 0.011

θX (″) Datum 1.67 1.83 4

θY (″) Datum 0.015 0.05 0.05

θZ (″) Datum 1.53 0.03 0.23

Fig. 11 Deformation cloud chart of the space telescope at 25°C.
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frequency of the whole instrument is up to 95 Hz, which
shows that the truss structure designed in this paper has
a high stiffness (Table 9).

4.2 Vibration Experiment

To verify the reasonableness and the correctness of the struc-
tural design of the space telescope and the finite element
analysis results, the vibration experiment of the whole instru-
ment is carried out as shown in Fig. 12, and Table 10 shows
the comparison between the test results and the analysis data.

The percentage of error of finite element analysis data
and vibration test data is <4%, which meets the engineering
requirements. In conclusion, the FEM described in this paper
is qualified and the eccentricity and tilt results of the finite
element analysis are credible.

4.3 Imaging Experiment under Thermal Conditions

To validate the reasonableness and correctness of the thermal
compensation design of the space telescope, the imaging
experiment under 20°C� 5°C thermal conditions were car-
ried out. The test site is shown in Figs. 12 and 13. Table 11

shows the test results. In order to get a precise MTF at
Nyquist frequency, the large field of view is divided into
five zones laterally and equally. For every zone, at least
five random points shall be measured; the average MTF of
every five points of each zone shall be considered to be able
to represent the MTF at Nyquist frequency (Fig. 14).

It is clearly seen from Table 11 that the MTF at Nyquist
frequency of this space telescope is better than 0.175 under
the temperature range of 20°C� 5°C, which fully satisfied
the MTF required by the optical system.

5 Conclusion
To satisfy the requirements of optical tolerance for the large-
scale, long-focus, large field of view, TMA space telescope
under thermal conditions ranging 25°C� 5°C, a mechanical
passive thermal compensation design for the supporting
structure of the space telescope was carried out. Utilizing
the design of composite materials, the CTE of truss rods
is designed, respectively, which makes the whole instrument

Table 9 Modal information of the whole instrument.

Direction Frequency (Hz)

Fundamental frequency of X direction 107

Fundamental frequency of Y direction 95.03

Fundamental frequency of Z direction 120

Fig. 12 Vibration experimental site.

Table 10 Comparison of vibration experiment result and analysis
result.

Analysis
(Hz)

Experiment
(Hz)

Error
(%)

Fundament frequency of X 107 102.9 4

Fundament frequency of Y 95.03 97.2 2.2

Fundament frequency of Z 120 117.2 2.4

Fig. 13 Imaging experiment preparation site.

Table 11 MTF at Nyquist frequency measurement results.

Left Center-left Center Center-right Right

MTF at 15°C 0.179 0.179 0.183 0.185 0.184

MTF at 20°C 0.193 0.195 0.220 0.196 0.192

MTF at 25°C 0.178 0.178 0.181 0.181 0.180

Fig. 14 MTF measurement of the space telescope site.
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structure satisfy the optical tolerance requirement after ther-
mal deformation. At the same time, the rotation angle of the
front frame around the X axis is kept at an acceptable level,
which solves the problem of excessive rotation of the front
panel around the X axis caused by the asymmetry of the off-
axis telescope structure. Finally, the correctness and reason-
ableness of the design is validated by finite element analysis,
vibration experiment, and imaging test. The MTF at Nyquist
frequency is better than 0.178 generally.
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