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Abstract: Thermoelastic stability is a critical requirement for inertial sensors in the space-based
gravitational wave detection, with the relative distance stability between the inertial sensor and the optical
bench being a key performance driver. In existing studies, systematic optimization strategy for the
thermoelastic compensation support of the inertial sensor has yet to be developed. In this study, a unified
design framework integrating parametric geometric modeling, thermoelastic simulation, and the
optimization algorithms is established and applied to:the optimization of a typical inertial sensor support
structure. A set of practical design strategy is proposed: (i) steady temperature and heat sources have
negligible coupling effects into the frequency-domain thermoelastic analysis; (ii) the level of the thermal
noise should be treated as a constraint in the, optimization design; (iii) the lowest frequency within the
target frequency band may be selected as the representative for the full band. Following these strategy,
the gain for the thermoelastic displacement reduces from 3.28 x 10®* m/W@ 0.1 mHz to 5.81 x 107
m/W@ 0.1 mHz for an improved configuration. The gain for the temperature fluctuation reaches 0.94
x10* K/'W@ 0.1 mHz, which remains within the acceptable limits. This work provides systematic

optimization methodology and design criteria for the future space inertial sensors.

Keywords: Gravititionalswave detection; Space inertial sensor; Thermoelastic analysis; Thermal

optimization
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Specific heat Complex self-

¢ _ kJ/(kg'K) 104 _ W/m3
capacity generating heat
Thermal Complex strain
k o W/(m-K) & /
conductivity tensor
4 . Spatial gradient
® Angular frequency rad-s N m'

operator

. Complex thermal
0 Self-generating heat W/m? %, . /
strain tensor

Steady self- Second-order
Qo i W/m? 1 _ ' /
generating heat identity tensor

Complex .

t Time s U displacement m
amplitude
Complex stress

T Temperature K & Pa

tensor
. Complex body-force

Ty Steady temperature K F _ N-m3

density
Coefficient of
u thermal K! 51/12 Amplitude spectral A/Hz!2
. density for A
expansion

1. Introduction

Space-based gravitational wave. detection represents a new frontier in the development of the
future space science, enabling the acquisition of abundant mid to low-frequency gravitational
wave signals to deeply exploreithe evolution of the universe ['*l. For example, the TianQin
mission, one of the Chinese pioneering space-based gravitational wave detection projects, is
designed to observe gravitational waves (GWs) in the frequency range of 0.1 mHz to 1 Hz 1.
To achieve high-precision detection, the TianQin mission requires that the residual acceleration
noise does not' exceed, I fm/s’/Hz"? and that the test-mass-to-test-mass (TM-to-TM)

V2 Bl Among the various noise

displacement ‘measurement noise remains below 1 pm/Hz
sources in/TianQin, temperature fluctuations (TFs) are a significant contributor !, potentially
affecting the/measurements through direct forces such as the radiation pressure, radiometer,
and the outgagsing effects [/,

In addition'to directly exerting forces on the TM, temperature can also indirectly interfere
within the laser interferometry system. According to the studies from the European space-based
GW detector LISA, these effects are mainly manifested as thermally induced strains in the opto-

mechanical system and variations in the refractive index [¥). Unlike the effect of the temperature
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on the refractive index, which occurs only on the optical components, thermoelastic effects are
widely present within the structural framework of the core payloads inside the GW detectors ).
The prevailing view suggests that the thermal effects can induce extra strains, thereby
compromising the structural stability of the payloads and introducing potential noise soutces
(19 The TianQin mission alternates between non-science and science modes, the latter being
the core phase for gravitational wave detection. Thermo-elastic effects during these phases
include a transient offset and frequency-dependent thermoelastic deformation (FED). During
the non-science mode, variations in spacecraft temperature may induce transient TED. Before
science mode, the spacecraft's temperature and resulting transient TED are monitored by the
thermal diagnostic system®!), while the interferometer is adjusted to compensate for transient
effects. However, the frequency domain (FD) TED fluctuation is associatéd with the periodic
temperature variations during the scientific mode. Therefore the FD,TED fluctuation becomes

the primary concern for the in-orbit observations compared with the transient offset. This study

focuses on the FD characteristics of the TED fluctuation.

Onboard
equipment

Inertial
Optical sehsor
bench
Support
structure

Laser /
beam Core
direction payvload(MOSA)

Figure 1. lustration of the structure of the TianQin SC.

Fig. 1 presents‘a schematic'diagram of the TianQin spacecraft (SC) structure. In the SC, the
core payload module, referred to as the Moving Optical Sub-Assembly (MOSA), is the most
critical sciéntific measturement instrument ', The three primary optical components—the
telescope, the‘optical bench (OB), and the inertial sensor (IS)—are installed on the inertial
sensor support structure (ISS) inside MOSA ['2!. The ISS serves as the mechanical interface
connecting these optical instruments and linking them to the spacecraft through a pivot point.
Consequently, the ISS plays a critical role in preserving the relative alignment of these
components throughout integration, testing, and in-orbit operation. Improving the thermoelastic
stability of the ISS is therefore essential, with particular emphasis on improving the relative

distance stability between the OB and the IS along the laser beam direction.
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Several approaches can be adopted to improve the thermal stability, one of which is to utilize
ultra-low thermal deformation materials to reduce TED. This approach enables the achievement
of the thermal stability while allowing for simpler structural configurations by directly lowering
the effective coefficient of the thermal expansion (CTE). Materials such as single-crystal silicon
and microcrystalline glass exhibit extremely low CTEs 3. However, their zero-expansion
temperature points are typically located at ultral low temperature environmernts and therefore
failing to meet the operational temperature requirements of the GW detectors/ Carbon, Fiber
Reinforced Polymer (CFRP) exhibits an extremely low CTE U*15] as lowhas 10 K.
Nevertheless, its outgassing characteristics may introduce potential adverse effects in the highly
sensitive vacuum environment of MOSA and therefore require carefulsevaluation "%, Glass-
ceramic materials such as Zerodur offer excellent thermoelastic stability, with CTE as low as
108 K. However, their inherent brittleness, fabrication complexityyand limitéd stability under
launch environments substantially restrict their practical deployment for the ISS 7). Invar
alloys represent another type of low CTE materials. Their CTE.can be réduced to below 10 K-
!, The mass of SC components is increased due to. their highndensity, and undesirable
interference with ISs and other sensitive electronic devices may be introduced by their magnetic
properties 8], y

Another major approach to mitigate thermoelastic effects(is through the innovative structural
design. A truss-type structural design is adopted, imwhich TED are redirected into degrees of
freedom that have minimal impact on'the,system performance through an appropriate geometric
layout and constraint configuration ["°!.“In, addition, the flexible structural designs are often
employed for the optical components that undergo significant thermal expansion to
accommodate the thermal strain“and stress. This method is better suited for the compensation
of the large static offset induced by the temperature variations °!. Finally, a widely used
solution is the thermoelastic Con})ensation structure (TECS) 21, The core strategy is to exploit
the difference in CTEs among two or more materials. By coupling these materials through
welding, bonding, ‘1 other joining techniques, the individual components expand in the
different directions when heated, such that their TEDs compensate for each other. As a result,
the net TED can be significantly reduced, and in some cases brought close to zero.

LISA has investigated the application of TECSs in the GW detection. In the ground-based
simulation experiments of the opto-mechanical system performance, Invar alloy is employed
as the structural support, while aluminum alloy is used as the TECS [?2l. The experimental
results demonstrate that the structural deformation noise can be effectively suppressed from 60
pm/Hz"2.to 1.5 pm/Hz"? within the specified operational bandwidth. In addition, LISA
mvestigated the thermoelastic behavior of the ISS and derived a corresponding design

methodology based on a one-dimensional model for the on-orbit operational conditions 23!,
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Similarly, other researchers employ simplified models instead of the actual structures and
designed a structure for the space telescope 1>*. Taiji team investigated a TECS consisting of a
hollow titanium alloy tube as the primary support and an aluminum alloy tube as"the
compensation stage. Using an isothermal thermal expansion model in the time domainj the
effective CTE of the compensation structure is both predicted and experimentally measured 1.
The main issues of current studies can be summarized as follows. Most existing studies remain
at the conceptual design stage, and the use of one-dimensional models provides insufficient
accuracy for the analysis of more complex TECSs for ISS. Moreover, thereis a lack of
comprehensive understanding of the FD thermodynamic behavior in the GW detection,as well
as a lack of corresponding optimization-oriented design considerations:

This paper presents a method to improve the TED stability of the TECS\through thermal
optimization techniques. A typical ISS was optimized using ‘the, co-simulation approach
integrating parametric geometric modeling, thermoelastic, simulationy and optimization
algorithms. The thermoelastic optimization strategy of«the, [SShwere proposed. Multiple
optimization algorithms were employed, and the thermal ‘and thermoelastic performance of the
system were assessed and compared before and after’optimization. Finally, a preliminary ISS
designed specifically for the TianQin project was developed. 'ﬂle methodology proposed can
be broadly applied to the design of mechanical systems,in‘other gravitational wave detection

missions.

2. Model

2.1 Thermoelastic coupled analysis

In a GW detector, the IS and the OB are mounted in a face-to-face configuration. Fig. 2 (a)
presents a schematic diagram the mounting relationship between the IS and the OB without
compensation. The optical windowof the IS is directly parallel to the OB in the x-axis direction.
The ISS acts as anfintermediate medium in the heat transfer path, receiving the potential heat
from the OB while simultaneously exerting a direct thermal influence on the IS through the
supporting interface. Fig. 2 (b) shows a compensated IS mounting structure. Titanium alloy and
aluminum alley are,considered for the supporting and compensation stages, respectively. As
commonly used materials, both materials offer advantages in terms of the structural support
strengthmand non-magnetic behavior. The end of the supporting stage is connected to the
compensation stage through the friction welding. The compensation stage and the IS are
connectedwvia a screw-fastened mechanical interface. Table 1 lists the thermal and mechanical
properties of the components [/, Particularly, the thermal diffusivity of the Al alloy is 6.58 X
10 'm?/s, while that of the Ti alloy is 2.70x10° m*s. The CTE of the Al alloy is roughly three
times higher than the Ti alloy.
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(a)

Inertial
sensor

Supporting
stage

Compensation
stage

Figure 2. Structure diagram of the support structure for the IS and OB: (a) before
compensation; (b) after compensation. ~

Table 1. Thermal and mechanical properties of the.components.

Specific Coefficient

Name Material cozgizrgiit Density heat "G izléﬁ%uz Poisson’s
VY (kgm?)  capacity expansion
(Wm ‘K ) (J'kg_l'K_l) (K-l) (GPa)
Supslz:;tgng Ti alloy 7.5 4940 710 8.6x10° 70
. L
Comftzf;a“"n Al alloy 238 2700 900 2.4x10° 105

As stated above, the thermal performance analysis of the ISS focuses on the FD
characteristics of the temperature and the TED fluctuations. The FD finite element (FE) method
is employed for simulation to determine the,thermal characteristics under the current design.

The following assumptions are made based on the thermal environment surrounding the ISS,

respectively:

(a) With the IS maintained unck:r an ultra-stable thermal environment, temperature variations

are small, and the temperature dependence of the material’s thermal properties can be neglected

[27]

b

(b) Thermal loads are directly included in the elasticity equations, ignoring any influence of

the thermal stress on the, temperature field. Thus, the temperature distribution is governed

mainly by the.external heat sources, without considering stress-induced feedback heating;

Under the periodic sinusoidal heat load at a given frequency, the temperature response can
be assumed sinusoidal and periodic around the equilibrium temperature. The time-dependent

problem can{be replaced by an equivalent linear steady-state problem in the FD. The

temperature.decomposition described can be expressed as:

T()=T,+ ¥ (1)

The aforementioned temperature consists of both the steady-state temperature and the

harmonic fluctuation. The frequency spectrum of the TFs can be represented as:
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Vo= ™ ()

Similarly, the volume heat source can be expressed as:

0= Q,+ & (3)
The oscillatory component of the heat source can be represented as:
&= 0, @)
By substituting Egs. (1,3) into the heat conduction equation, Egs. (5—6) are obtainéd:
No(- kNT () + 0(1)= 0 (5)
jwrC,T, ™ + Nx- kNT))+ Nx- kNT, )™ + Q)+ O,e"" =0 (6)

The static offset of the volume heat source directly affects the magnitude and.spatial distribution
of the steady-state temperature, satisfying the following steady-state /heat conduction equation:
No(- iNT)+ 0, = 0 (7)
Since Eq. (6) is a linear differential equation, substituting Eq. »(7) into it yields:
JjwrC Por Nx(- kN 79+ (=10 (8)
Eq. (8) no longer contains the steady-state temperatdre, or steady-state heat source terms,
demonstrating that the steady volume heat source or steady terzlperature boundary conditions
have no coupling effect on the temperature harmonic response in the FD. The thermal strain
tensor also exhibits a harmonic form, and can be expressed as:
%, =a 1P 9)
Eq. (9) indicates that the frequency of the thermal strain is strictly identical to that of the TF,
indicating that no frequency coupling, harmonic generation, or mixing effects arise in the
thermal strain response. The constitutive relationship between strain and stress can be expressed
as:
~ b= C: (2%, (10)

The geometric relationship between the displacement tensor and the strain tensor can be

expressed as:
1ooo/r o
g — §NUY" + Nt 11
zg J + Ny (I

The strain of'the elasticamnaterial under external loads is described by the momentum balance
equation:
- Wil N g B (12)
By solving the constitutive, geometric, and momentum equations in the FD, the harmonic
response. of the thermal strain can be obtained [*°!.
It is worth noting that some uncertainties remain in the model setup, particularly those
associated with radiative effects in the multilayer insulation (MLI) and contact heat transfer. The

surface of the support is covered with MLI, providing effective radiation shielding 28],
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Therefore, the influence of radiation on the optimization results is expected to be tiny. In
addition, the effects of friction welding and bolted interfaces remain to be evaluated in the
optimization, and they are discussed in the following section.

Thermal noise surrounding the ISS is largely attributed to the variations in the solar heatflux.
Moreover, the temperature asymmetry along the x-axis may arise from the telescope.and the
OB P71 If the asymmetry originates from the noise associated with the telescope, a thermal
diagnostics system !l is typically required to monitor the temperature signals at'the mounting
interfaces in orbit, thereby prescribing TF boundary condition #. Correspondingly, if the
asymmetry arises from the thermal source of the components on the OB, the heat'source

fluctuation boundary condition ¢ should be imposed. Hence, a thermal noise source #at a
~
single frequency of 0.1 mHz and a fixed boundary condition is applied at the mounting interface

in the simulation.

(a) 5 T (b)

; , A0+ — v 1 8.26x10°° 3
\ ! o 3.35+00 E
1 “ } | z
= a0 100 {8.24x10° T
v 3 I . g
v » - v—v | -
o o Yy <
H & 328009 \__ 822010° §
b 2 S | E
< e {8.2010° =

> j
= |/ . e
S 10" . 1 8.18x10°% ;
3

210" ax10® 6x10" 8x10°
Number of grid

Figure 3. Grid independentvalidation: (a) mesh diagram; (b) gain for the transfer function
varies,with the grid number.

An unstructured mesh is employed for discretization, and the grid independence validation
is performed as shown inFig. 3\ The temperature measurement points TS| and TS; are at the
ends of the support stage ‘and the compensation stage, respectively. The thermal and structural
analyses are conducted. independently for the conventional spacecraft thermal analysis
approaches. It i§ necessary to examine whether refinements of the thermal model mesh,
adjustments to the mapping procedure, or refinements of the structural FE model lead to any
changes it the computed performance for the entire thermoelastic analysis chain 2.
Fortunately; the FE simulation software COMSOL employed in this study integrates both
analyses within a fully coupled framework using a single FE mesh. Nonetheless, the mesh
dependency checks for both the thermal and thermoelastic analyses are still required.

The gain for the temperature and the gain for TED are defined in Eq. (13-15) and validated.
Fig: 3 _(b) presents the results of the grid independence verification at the point TS,. As the

number of the mesh elements increases to approximately 7.37 x 10°, variations in the gains
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become negligible. Hence, a total of 737,357 mesh elements is chosen for the original model.
During the optimization process, the mesh element number varies with the evolving geometry.
To reduce the impact of such mesh variations on the results of the optimization, all the mesh

parameters specified in Table 2 are maintained unchanged throughout the optimization process.

sy 2= |3, (f)/s”i(f)‘ (13)
sy =[Sy, (f)/S}é;,(f)‘ (14)
Yo . n‘= SV ( )/Sl/2(f)‘ 15
%, o g/?h S o ( )

Table 2. Mesh parameters during the optimization/process.

. .. Maximum .
Maximum Minimum Resolution
Number of element Curvature
Mesh type  element element of narrow
elements . . growth factor .
size (mm) size (mm) region
rate
. Free
Highl
gy tetrahedral 21.1 0.903 1.35 0.30 0.85
refined
mesh
4

2.2. Thermoelastic optimization framework

The essence of the thermoelastic optimization is to replace manual selection with the
optimization algorithms.The designs that better meetithe objectives are iteratively identified,
while the underlying physical principlestare,.revealed. Thermoelastic optimization mainly
consists of three blocks: parametric geometric modeling, thermoelastic simulation, and
optimization algorithms. Fig. 4 shows the optimization framework, and the specific steps are
as follow:

Step 1: The lengths of the sup,gorting stage L and the compensation stage L, are selected as
the optimization variables as{shown in Fig. 5 (a). Determine the number of optimization
iteration m and thefinitial design parameters Lioand Loo.

Step 2: Construct the parametric geometric model of the object and then apply the design
parameters.

Step 3: Impeoit the geometric model into the CFD solver to perform the numerical simulations
and obtain the fesult ¥. Real-time transfer of the geometric model to the CFD solver can be

achievedwising, Livelink for SolidWorks.
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Figure 4. Schematic of the thermoelastic optimization framework.

Step 4: Feed the thermal simulation results into the optimization algorithm for further
evaluations. The algorithm first checks whether the current design meets the design objectives
or whether the maximum number of the iterations has been reached. If so, proceed to the next
step; otherwise, the next optimization.direction is determined based on the current results and
the historical simulationdata. The design parameters are updated, passed to the parametric
geometry model, and the process returns to Step 3. Details of the optimization algorithm
employed in this wotk.are provided in the Appendix.

Step 5: Output the optimized design and terminate the iterative loop.

For the optimization-problem, it is necessary to define appropriate boundary conditions. As
described'above, temperature noise is transmitted to the vacuum chamber through the ISS and
subsequently affects the TM via internal heat transfer within the IS. Therefore, the constraints
of the.thermoelastic optimization problem should first be defined by the thermal attenuation
problem. Fig. 5 (b) shows the TF corresponding to the different combinations of the random L,
and L,. Considering the spatial constraints within the payload compartment, the feasible domain

D is defined D= {L1 ; [0£ L< 500mm}. The TFs at TS, and TS, display random variability

across different random combinations, remaining within an approximate range of 7 x 10~ 2

10
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x 10* K/W for the selected range. Compared with TS;, an additional temperature attenuation
path is included to TS, and therefore |y, 4 < I, x . Nevertheless, this difference remains below
10 % across all 20 combinations. Due to the high thermal diffusivity of the aluminum alloy, the

temperature attenuation at TS; and TS, is close, and the magnitude of the tempgrature

attenuation is primarily determined by the length L;.

(a) (b)
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Figure 5. Determination of the optimization boundary conditions: (a) variables of
optimization; (b) TF valuesunder different random variable combination; (c) temperature-
oriented thermal optimization results.

Previous studies'have shown that the internal heat path of the IS provides a temperature
attenuation capability of approximately 10~ K/K 7). Accordingly, the thermal requirement of
L can be solved using-a‘thermal optimization approach to obtain the minimum value. To meet

the temperature requirement of 5 pK/Hz'?, |y ,,)|is required to be below 10 K/W.

YTSZ-
Fig. 5 (c) shows the results of the temperature-oriented thermal optimization. As the
iterations proceed, the length of L; eventually stabilizes at approximately 300 mm.

Accordingly, the constraints of the thermoelastic optimization problem to be solved in this

study can be defined as 300mm £ L £ 500mm and 30mm£ L, £ 250mm -

11
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3. Results and discussion

3.1 Sensitivity analysis

Optimization results are obtained using three different optimization algorithms, namely_the
Efficient Global Optimization (EGO) algorithm [**), the Nelder-Mead (NM) algorithm B*, and
the Bound Optimization BY Quadratic Approximation (BOBYQA) algorithm B3/ Fig. 6
illustrates the iterative optimization processes of the different optimization .algorithms at

0.1mHz. The initial identical design parameters Lio and Lo are specified as 300.mm and 180

mm according to the preliminary design of the support structure for both NM and the BOBYQA.

Fig. 6 (a) compares the optimized lengths from different algorithms. BOBYQA and NM rapidly
converge after the initial search, whereas EGO continues the global exploration. Fig. 6 (b)
shows the gain for TED from different optimization algorithms. As the iterative process

proceeds, the gain for TED decreases continuously for all three algorithms.

.
(a) i (1) PN ___
0.6 L (EGO) = L NGO) 450" - RGO
LBOBYQA) = L (BOBYQA) soxto?} BOBYQA
0.5} L (Nelder-Mend) = = L (Nelder-Memt) . - = Nelder-Muad
| Z 360
F04) ﬁ RE PN T L
.l = 2508
203 "
= | 'E 2,010
031 O - e s 2 1.5
| l, "‘_" . ,‘.\'\II S : ‘ | Q
O3F Wi LY N Lae) ) 1 Box107" >
[ Y S0x 107}
0.0 . . : . ) . .
0 10 20 30 40 50 ol ] 10 20 k1] 40 50 )
Heration lteration

Figure 6. Comparison of the/optimization processes using different algorithms at 0.1mHz:
(a) optimized length obtaineg using different optimization algorithms; (b) TED gain of
different optimization algorithms.

Table 3 provides a further comparison of the optimization results from the different
algorithms. The obtained.L; and L, and the TED gain are nearly identical, with the differences
of less than 1% for all three methods. Specifically, Liavis 0.4206 m and Lzay 15 0.1999 m. These
results indicate that the thermoelastic optimization problem is mathematically convex over the
feasible domain; with ne. non-global local optima under the current thermal assumptions. By
contrast, EGO requires the most simulations, about twice those of NM and five times those of
BOBYQA. Given a runtime of ~15 min per thermoelastic simulation (CPU: 2 x EPYC 7742,
memory: 128/GB, storage: 8 TB), BOBYQA substantially reduces the computational cost and
is therefore adopted for the subsequent analyses. Notably, for EGO the iteration number does
not'equal the number of simulations and is typically larger, as the additional evaluations are

required to construct the surrogate model before optimization.

12
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Table 3. The impact of different optimization algorithms on the optimization results.

Optimization method L; (m) L;(m) Gal?ntl“%v";"ED g}iﬁzfirogz
EGO 0.4203  0.2000 5.81x107° 96
Nelder-Mead 0.4207  0.1998 5.80x107° 53
BOBYQA 0.4208  0.2000 5.81x107° 19
0.60 l , ; u - l — T
I ~4— L,(Temperature boundary)
0.54 [ L,(Temperature houndary)|
~0.48 =p— L,(Heat flux boundary) -
E ~m- L,(Heat flux’boundary)
=042+ , x :
=1 i B -
£036F :
T30 -
E i i
g 0.24
| n
C0.18+ i
0.12 F y -
1 =]
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Figure 7. Comparison of the optimization results under different boundary conditions and

frequencies.

Fig. 7 presents the optimization-results under different boundary conditions and frequencies.
At the same frequency, the optimization results exhibit deviations not exceeding 1 %, indicating
that the optimized resultsare insensitive to the type of the boundary conditions. Accordingly,
subsequent discussions focus solely under the heat flux boundary conditions. In contrast, the
optimization results differ significantly across different frequencies. This will be discussed in
detail in the subsequent,sections.

In the process of model setup, several sources of uncertainty remain, such as the radiative
effects of MLI and the influence of the contact heat transfer. Based on the equilibrium
temperature To of 283.15~'303.15 K, and the equivalent surface emissivity of MLI of 0.02 ~
0.064the calculated effective radiative thermal resistance R, ranges from 853 ~ 2573 K/W. By
incorporating the estimated parameter ranges into the simulation, together with ray-tracing for
thermal radiation and heat conduction modeling, updated optimization results are obtained, as

summarized in Table 4. The obtained results show L; ranging from 0.4206'(ts: m, while L; is

between 0.1999" o0, m.
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As for the influence of the thermal contact, due to the atomic-level metallurgical bonding,
the friction-welded interface exhibits a superior thermal contact coefficient and negligible. For
the bolted Al-Ti interface, two extreme cases are considered: an uninsulated case with direct

1361 and an insulated case with a thermal insulation pad between the two layers.

screw connection
Consequently, the comprehensive range for the thermal contact coefficient h. is 158,~ 23100
W/(m?>K). Taking the thermal contact coefficient into account, the optimized results for Linis

0.4206" %" m and L, are obtained as 0.1999"°". m. It is worth noting that, within the current

00026 00019
thermal environment design of MOSA, the impacts of radiative and contact heat transfer on the
ISS optimization results are each below 1%. The findings indicate that the optimization results
are relatively insensitive to model uncertainties.

Furthermore, by incorporating the ranges of the thermal contact coefﬁcient\hC and radiative
thermal resistance R; identified above into the 3D simulations of the:optimized configuration,
the TED performance is evaluated across the full frequency4range. The result shows that the
TED variation remains below 0.1%, indicating that the proposed geometry exhibits a certain

degree of robustness to long-term drift without compromising thermoelastic performance.

Table 4. Impact of uncertainties in the heat transfer process.on the optimization results
>

. : Gain for TED
Source of uncertainty Magnitude /Li(m) Lo (m) (m/W)

, L . 853 0.4178 0.1985  5.82x107°
Effective thermal radiation resistance

(estimated values, not directly 1500 0.4195 0.1999  5.81x107°

incorporated into simulation) R, (K/W) _

2573 0.4208 0.2000  5.80x107°

158 0.4180 0.1980  5.80x107°

Equivalent interface thermal/€ontact
coefficient A (W/(m*K))

~ 21300 0.4215 0.2000  5.81x107°

5000 0.4192 0.1998  5.81x107°

3.2 Frequency dependence of the optimization process

Owing to the linear welationship between the thermoelastic response and temperature as
stated in Eq. 9 {the gain for TED also exhibits low-pass filter behavior consistent with the
temperature transfer function. Fig. 8 illustrates the thermoelastic optimization process at
different frequencies. As shown in Fig. 8 (a) and Fig. 8 (b), the overall trends of the search
processes arehighly similar, especially in the evolution of L; and TED for 0.1mHz and 0.3mHz.
Nevertheless,the TED varies more at 0.1 mHz compared with 0.3 mHz, indicating a broader
exploring space under identical boundary conditions. At 0.6 and 1 mHz, optimization
variability is markedly reduced, with the TED search range shrinking to ~ 20 % and the

optimization improvement is less significant than that at low frequencies.
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As the frequency increases, TFs attenuate more rapidly along the structure per unit length,
resulting in a very low level of TF at the compensation stage and ability to conpensate. Detailed
numerical comparisons are provided in Fig. 9. At higher frequencies, the effect of the
thermoelastic optimization becomes less evident. Restricting the constraint to 100 mm <<
300 mm, and the searching range for high frequency becomes broader. These solutions are not

further discussed as they violate practical GW detection temperature noise constraints.

(a) (b)

10"
4 6 8 10121416 18
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Figure 8. Comparison of thetmoelastic optimization processes at different frequencies:

(a) 0.lmHz; (b) 0.3mHz; (c) 0.6mHz; (d) ImHz

3.3 Comparation beforexand after optimization

Fig. 9. illustrates the evaluation of the temperature noise before and after optimization.
Temperature.contour maps at 0. lmHz and 1mHz are shown in Fig. 9 (a-d). Temperature noise
attenuates sequentially along the heat transfer path, propagating from the OB through the
supporting stage and the compensation stage, and subsequently transmitting from the central
region of theIS toward both sides and the interior. The optimization results in an extension of

the lengths.of both L; and L,

15
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Figure 9. Comparison of the temperature noise before and after optimization:
(a-b) temperature gain contours at 0.1lmHz and 1mHz before optimization; (c-d) temperature
gain contours at 0.1mHz and 1mHz after optimization; (e) temperature glin at TS,

Fig. 9 (e) illustrates the evaluation of the temperature noiserat TS, before and after
optimization. Temperature gain at this point decreases from#6.44 x10¥K/W @ 0.1 mHz. to
0.94 x 10*K/W @ 0.1 mHz after optimization with extended,L, and-L,. Due to the low-pass
filtering characteristic of the temperature noise, the temperatures atiall points above 0.1 mHz
also decrease after optimization, resulting in an overall.downward shift of the curve. The
optimized results fully satisfy the constraint requirement that thg gain be less than 10~ K/W @
f >0.1 mHz.

Following the analysis in Section 3.2, the optimization improvement is more significant at
low frequencies, and the improve résultyat.0.1 mHz can be taken as the full-band optimum
structure (FBOS). To further justify this point, optimization is performed within the bandwidth
(0.1 mHz ~ 1 mHz). Fig. 10 (a) illustrates the comparison between other representative
frequency and FBOS. When optimized structures are obtained at other frequencies (0.3, 0.6 and
1 mHz), the resulting curve still exhibits a low-pass filtering characteristic. However, since
these structures are not optimized for 0.1 mHz (nor across other frequencies), the overall curve
shows an upward shift, with'a more pronounced increase at the lowest frequencies, where the
values exceed thosé at 0.1 mHz. This observation holds when we compute and compare the
optimized values$ at 0.5, 0.8 mHz and other frequency points. Therefore when the TED within
the bandwidth is adopted as the objective function, , 0.1 mHz is the worst-case and the resulting
optimized/structure remains consistent with that obtained at the lowest frequency. Fig. 10 (b)
further _illustrates the comparison between the FBOS and the optimized solutions at each
individual frequency. The optimized TED at other frequency points is reduced compared with
EBOS. Nevertheless, this difference becomes less significant as the frequency increases and the
difference is only 5.1 % at 1 mHz. Therefore, the loss in optimization effectiveness is acceptable

when,the lowest frequency optimized solution is used to represent the FBOS.
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Fig. 10 (¢) illustrates the frequency dependent gain for the TED at TS, for the FBOS. Within
the considering frequency range, an overall downward shift of the curve is also observed, and
the effect becoming especially evident at low frequencies. Specifically, the gain for the TED
decreases from 3.28 x 10 m/W to 5.81 x 10° m/W@ 0.1 mHz. To isolate the contribution
arising specifically from TED, it is assumed that no additional TED occurs elsewhere along the
optical path. Under this assumption, the direct thermal dissipation on the OB i§taken to be 3,x
0.85 mW/Hz!?28], Thermoelastic simulations indicate that the transfer functionyfrom the OB
heat load to the relative displacement between OB and IS is approximately 2.45x 1071 m/W
according to extension simulation results. Therefore, the equivalent displacement noise directly
coupled into the interferometer readout is estimated to be approximately 0.06 pm/Hz'>.
According to the interferometer noise budget of the TianQin mission, this_contribution is
required to be below 0.5 pm/Hz'2¥. Therefore, the thermallyyinduced/OB-IS relative
displacement predicted for the optimized structure is found tosremain wellibelow the allocated
noise budget, indicating that the preliminary thermal stability:requirements are satisfied by the

current optimized structural design.

(a) (b) 5
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Figure 10. Frequency dependence of the TED before and after optimization: (a) comparison
between representative frequency optimized and the full-band optimized structure at (0.1 mHz

~ 1'mHz); (b) comparison between frequency optimized and the full-band optimized structure
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at representative frequency; (c) gain for TED at the end of the compensation stage; (d)
frequency dependence of Li/L,.

In the case of an ideal one-dimensional TECS subjected to uniform temperature increase, the
length is required to scale inversely with the CTE ratio o/, in the time domain as showniin
Eq. 16. When extended to the FD and realistic structures, it can be expected that the ratio is
still related to o/au. Fig. 10 (c) presents the Li/L, analysis at different frequencies. This ratio
increases with frequency but shows a non-monotonic behavior. This is because that unlike one-
dimensional thermoelastic structures, the present design includes an intermediate z-direction
heat transfer stage that conducts heat but contributes negligibly to x-direction TED. The ratio

of the length of non 1D heat transfer stage to that of the 1D heat transferstage is defined as 6.

By introducing 8, Eq. (17) is modified accordingly. -
L(DT)/L,OT)n a,/a, (16)
L(DT, )/ L,(DT,, f)~a,/adcot(f) (17

3.4 Optimization design under more stringent constraints

In the practical designs, the absolute distance betweenthe OB and IS is usually fixed, as it is
constrained by the limited tuning range of the laser power. This"distance varies in the different

GW detectors. The distance can be expressed as an additional constraint Z - L, = DL, and

incorporated into the optimization.
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Figure 11. Optimization results under a prescribed temperature difference constraint at
0.1mHz (ALo = constant).
Fig. 11 presents the optimization results obtained under different AL, at 0.1 mHz. As ALo
increases, the required length of L, increases accordingly. The length of L; also increases,
leading to a reduction in the overall gain for TED. The resulting performance differs markedly

from that obtained without additional constraints. The best achievable result is only 6.34 x 10
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°m/W @ 0.1 mHz and fails to reach the unconstrained optimum value of 5.81 x 10°m/W @
0.1 mHz. This result indicates a certain loss in the optimization performance induced by the
extra constraints.

Table 5 further compares the optimized ratios under varying ALo. It can be observed thatthe
obtained results deviate from the optimized ratio identified in the previous analysis. This
deviation mainly arises from &§. As the overall length increases, the proportion of the
intermediate structural segment that does not satisfy the one-dimensional/thermoelastic
assumption becomes smaller, and its influence becomes less pronounced. This is reflected in
Table 5 as the smallest bias from the optimized ratio obtained without the/extra constraint.

Table 5. Comparative analysis of optimized ratios under varyingdength differences

L-Lo(m) Li(m) Li/L, Bias %
0.15 0.318 1.893 10.0
0.20 0.413 1.941 7.7
0.25 0.460 2.192 42

The above discussion focuses on the single-direction,optimization of the support and
compensation stages. Based on the actual operating conditions of the TianQin project, a
structural scheme more consistent with practical TianQin requirements is proposed, as shown

in Fig. 12.

(a)

Supporting stage

Compensation
stage

>

Figure 12. Structure diagram of the premilinary support structure design for the TianQin

inertial sensor: (a) front view; (b) side view.

While maintaining the overall length consistent with the previous optimization conclusions,
the preliminary design-first improved the original orthogonal support into a diagonal bracing
configuration/o address its' limitations. Furthermore, two stiffening ribs are introduced on the
lateral sides. This composite design strategy specifically reinforces the lateral mechanical
performance, 'significantly enhancing the lateral stiffness and the disturbance resistance,
thereby .yielding an optimized structure that is more practical for the engineering
implementation. Building upon this preliminary structure, the TianQin team is conducting
iterative design on the support systems of the TianQin inertial sensor. It is important to note

that practical engineering applications involve real-world variables and have influence on the
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practical optimal optimization results and the long term TED of the structure. Consequently,
the theoretical optimized values must be further refined and validated through ground-based
experiment. The TianQin team is expected to conduct subsequent experimental studies.

4. Conclusion

Optimization design strategy for TED compensation structures in the GW detection is
proposed, with coupling effects derived from the FD thermoelastic simulations in this work. A
coupled TED optimization framework is established, integrating parametric geometry,
thermoelastic simulation, and optimization algorithms, and three algorithms—EGO,
BOBYQA, and NM—are employed and compared. The sensitivity of the optimization process,
its FD dependence, the comparison of results before and after optimization* and the results
under more stringent constraints are analyzed in this work. The main conelusions are as follows:

The steady heat source Qo or the steady temperature boundary To are almost not coupled to
the harmonic component of the TED response. Moreover, the optimization problem under the
current thermal assumptions can be classified as a convex, optimization problem. The
optimization results exhibit no significant dependencen the type of the boundary conditions
and the uncertainties of the TE model. In addition, the optimized~ solution obtained at the lowest
frequency within the bandwidth can be used as that/over|the entire frequency band. After
optimization, the temperature noise is reduced to.0.94 x 10 K/W @ 0.1 mHz, which is below
the prescribed requirement. Meanwhile, the gain for TED decreases from 3.28 x 10 m/W @
0.1 mHz to 5.81 x 10° m/W @ 0.¥mHzIn contrast to the relationship with the CTE in the
time domain, Li/L, exhibits a pronounced frequency dependence in the FD. Furthermore, the
introduction of more stringent constraints leads to a certain degradation in the optimized
performance.

The optimization strategy: prosed in this work can be applied to a broader range of
structural designs for the GW' detectors. For problems in which the parametric modeling is
allowed and the ED. simulation résults can be formulated as the optimization variables, the
workflow proposed. in this work enables automated optimization and significantly improves

design efficiency.
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Appendix

In this study, three optimization algorithms are employed, in sequence the EGO algorithm,

the NM algorithm, and the BOBYQA algorithm.
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1
2
4 EGO is a powerful global optimization algorithm specifically developed for expensive black-
5 box functions. The number of the function evaluations is severely constrained by the
6
7 computational time or cost. The method is grounded in Response Surface Methodology and
2 employs a stochastic process surrogate model, commonly referred to as the DACE (Designand
10 Analysis of Computer Experiments) or Kriging model. Figure A13 shows a sechematic
1 .
12 flowchart of the EGO algorithm.
13
14
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17 Dimension n, maximum iterations m
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49
50
51 Figure A13. Schematic flowchart of the EGO algorithm
52
53 The NM algorithm, also known as the downhill simplex method, is a robust derivative-free
54
55 optimization‘technique for identifying local minima in the multidimensional parameter spaces.
g ? Unlike gradient-based methods, it operates without explicit derivative information and instead
58 employs a geometric simplex composed of n+1 vertices in an n-dimensional space. The simplex
59 . . . . . .
60 evolves through reflection, expansion, and contraction operations in response to the underlying
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function landscape. In physics applications, this method is particularly valuable for optimizing
black-box functions or handling noisy experimental data, where reliable gradient evaluation is
computationally infeasible or physically impractical. Figure A13 shows a schematic flowchart

of the NM algorithm.
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Figure A14. Schematic flowchart of the NM algorithm

The BOBYQA algorithm is a highly efficient, derivative-free numerical optimization method
developed by M.J.D. Powell for solving non-linear problems with bound constraints. As
illustrated in Figure A14, the algorithm operates by iteratively constructing a quadratic model
Q(x) that interpolates a set of points Y within a predefined trust region. The algorithm solves a
subproblem to find a trial point Xia Within this trust region defined by the radius Ay that

promises the greatest reduction in the objective function. It then evaluates the ratio r between
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1
2
3 . . . .
4 the actual reduction in the function value pacwar and the predicted reduction from the model prext
5 to decide whether to expand or contract the trust region radius. This approach makes it
6
7 exceptionally suitable for complex engineering simulations where the objective function is
2 expensive to calculate, lacks an analytical gradient, or is subject to strict parameter limits:
10
1
12 Initial point X, errvore,
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14 maximum iterations m
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