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Abstract

Mesh reflectors, critical spacecraft subsystems requiring on-orbit shape adjustment, demand optimized
actuator placement to balance performance and cost. Existing methods fail to provide universal actuator
layout with comprehensive optimal performance under varying loads. To address above issues, this
study proposes a statistical analysis-based optimization method. Potential actuator positions are defined,;
3,000 stochastic load scenarios (assembly errors, thermal/stiffness loads) are simulated to derive optimal
layouts per case, with statistical analysis finally determining the comprehensive optimal layout.
Validated through simulations and experiments, this approach achieves high adjustment efficiency while
providing universal actuator layout with comprehensive optimal performance under varying
environmental disturbances.

1. Introduction

As a critical subsystem of spacecraft, mesh reflectors have become a focal point of research due to their ability to
achieve large apertures, high stowage ratios, and low mass. To ensure optimal electromagnetic performance throughout
their service life, on-orbit shape adjustment technology based on smart actuators is essential. A key aspect of this
technology is the optimization of actuator layout, which is crucial for maintaining reflector performance while
minimizing system complexity and cost.

Some researchers have studied the actuator layout optimization. Yuan et al. proposed the shape adjustment method to
reduce shape distortion by automatically placing a small number of actuators at optimal locations.

However, these methods often fail to provide a unified actuator arrangement that is effective under varying load
conditions. This limitation poses challenges for their application during on-orbit service, as the actuators in mesh
reflectors cannot easily change positions once deployed.

To address the issue, a novel actuator placement optimization method for mesh reflector shape adjustment based on
statistical analysis is proposed. Initially, we define potential actuator installation locations and set a limit on the total
number of actuators. Considering the randomness and uncertainty of loads, 3,000 different random load scenarios,
including cable assembly errors, thermal loads, and cable stiffness degradation loads, were simulated. For each scenario,
the optimal distribution of actuator positions was analysed. Subsequently, the probability of each potential actuator
installation location being selected as an optimal position across all scenarios was calculated. Based on the predefined
number of actuators, the best installation locations were then determined.

The overall structure of the article is described as follows. In the section 2, the actuator placement optimization method
is presented. In the section 3, the simulation study is conducted. The feasibility and effectiveness of the actuator
placement optimization method are numerically demonstrated through a comparative study between the DMIA method
and the finite element method. In the section 4, the DMIA method is experimentally validated based on a mesh reflector
test model. In the section 5, the discussions and conclusions are presented.

Copyright © 2025 by First Author. Posted online by the EUCASS association with permission.
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2. Actuator layout optimization method
2.1 Mesh reflector configuration and actuating cable

As the shape adjustment object, the mesh reflector is first introduced. As illustrated in Figure 1(a), this structure
comprises two fundamental elements: a flexible cable net and a peripheral truss framework. The flexible cable net
incorporates four essential constituents: the metal mesh, the front cable net, the tension tie cable net, and the back cable
net. Structural nodes exhibit two distinct classifications - fixed nodes, which connected the truss and the cable nets,
and free nodes, which connected the cables. A specialized actuation mechanism is implemented through an actuating
cable where the actuator is embedded, as visually detailed in Figure 1(b).

Fixed node

Metal mesh Front cable net

“ ; TN A PS5 Front cable net Cable

Actuator

M%EVR Eﬁg ensiontiecablenet e

Surrounding truss S bk il xet Back cable net
(a) Mesh reflector. (b) Actuating cable.
Figure 1: Mesh reflector and actuating cable.

2.2 Increment Expression of cable length and node coordinate

The length adjustment of cables via actuators enables the alteration of nodal coordinates in mesh reflectors, thereby
modifying the reflector accuracy, which is defined as the root-mean-square (RMS) error of the node coordinates
between the actual reflector and the ideal reflector. Consequently, establishing the mathematical relationship between
cable length variations and corresponding nodal coordinate changes constitutes a fundamental requirement for effective
shape adjustment.
There exists an equilibrium equation at each free node of the mesh reflector. By using a topology matrix that describes
the connection relationships between nodes and cables, it can be simplified as follows,
C'uL't=0 Q)

Where CT is transposition of topological matrix, which could describe the relationship between nodes and cables. U is
the diagonal matrix of node coordinate difference vectors, L is the diagonal matrix of reciprocal vector of cable length,
t is the cable tension vector.
In the shape adjustment, the equilibrium equation is a function of the cable length without pre-tension and the free
node coordinates,

f (X ly) =CTUL™ 2

Where X is the free node coordinate vector, lo is the cable length vector without pre-tension.
After the actuator is locked, the equation will reach a new equilibrium,

f(xfree+AXfree’|0+A|0):0 (3)
Expand the above equation at (Xsree, lo), and retain the first-order term of Taylor series,
f(xfree+AXfree’| +AI )_ f(xfree' ) (x"ee,IO) dxfree+af(xme, )dIO (4)
ax free aIO
The coefficient matrix before the increment of free node coordinates can be expressed as,
Of (X e |
T bo) oo op g2 2 (5)
OX free ou ou
The coefficient matrix before the cable length matrix without pre-tension can be expressed as,
T _ o2 2 (6)
al, al,
Therefore,
AX free — KAIO (7)
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According to whether the cable is embedded in the actuator, it can be divided into actuating cables and ordinary
cables. Eq.(7) is divided into blocks based on the type of cable as follows,

AX K K. || Al?
AX free = ! = " h 2 (8)
AXb Kba Kbs AIO
Where AX; is the coordinate vector of free nodes in the front cable net, AX; is the coordinate vector of free nodes in

the back cable net, AI;‘ , AI(')S are the length change vectors of the actuating cables and ordinary cables, respectively.

The ordinary cable length without pretension will not change. The node coordinate vector in the front cable net can
be represented as,

AX, =K Al ©)

2.3 Actuator layout optimization model for shape adjustment

Once the relationship between node coordinates and actuating cable lengths is established, the shape adjustment model
could be established. At this point, we can transform the shape adjustment model into the actuator layout optimization
model by adding a filtering coefficient,

AX, =K, -T"-Al (10)
Where F:diag([Fl,Fz,L ,Fm]T), I,=0o0rl.

The actuator layout optimization model for shape adjustment can be formulated based on the reflector accuracy
deviation of the reflector. Within this framework, the first step involves quantifying the surface accuracy in terms of
cable length variations through Eq.(10). The reflector accuracy is defined as the root mean square error of the node
coordinates between the actual reflector and the ideal reflector,

§rms = _Zé‘lz (11)

Where drms is the reflector accuracy, di is the displacement deviation of the i-th node in the antenna focal axis
direction between the actual reflector and the ideal reflector in the front cable net, N is the number of free nodes in
the front cable net.

The ideal reflector a parabolic surface, which could be expressed as,

2—4::c (x +y) (12)

Therefore, di could be expressed as follows,

6 =1 X§i +yn)+h (13)

1
I
lideal Tactual 4f (
When performing shape adjustment, the cable lengths change, result in the change in node coordinates,
2
8 =77 ((xf,+Axﬂ) +(Y5 +AYy) )+h—(zﬁ+Azﬁ) (14)

Where, Axsi, Aysi, Azsi is the increment of node coordinates in x, y, z directions, respectively.
The high-order small quantities in Eq.(14) could be ignored,

1 1
o = of (XnAXn+yﬂAYn) Azfi+ﬂ(xfi+y$i)+h_zfi (15)

Write it in matrix form,
5 = pAX; +0 (16)

Where, [ {X%f ,yﬁzf ,—1]Axfi =[Axq.Ay4.02, ] g =%f(x$i+y§)+h—zﬁ.

According to Eq.(11), the reflector accuracy could be expressed as,

252 "PIP AX, +Q'Q 17)

1 c-a

Where, P, = PK_K__, K —dlag([ T k2L k™ ] ) Nna is the number of actuators.
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Based on Eq.(17), the shape adjustment optimization model can be established. The optimization variables are the
actuation displacements of each actuator. The objective function is to minimize the reflector accuracy. The constraints
include that the actuator displacements must not exceed their maximum stroke, and the actuators must not exceed their
maximum force range.

find Ax, =[ A, A¢ L, AX} | & Idiag([1, 150, T, I')

Ny
min f =82 =(Ax,)" P{PAX, +QTQ (18)
i=1
AX. < AX t.+At, >0 Ny
st T g g e & DT =Ny
AXL > AX,, t, +At, <t o !

max
a

Where Axy is the maximum stroke of the actuators, Axjy, is the minimum stroke of the actuators,t’ is the maximum

static friction of the actuator locking mechanism.

The current actuator optimization method can effectively optimize actuator layouts under different environmental
disturbances. However, the optimized results are environment-dependent—that is, different environmental loads
correspond to different optimal layouts. In practice, once actuators are embedded into the mesh reflector, their positions
can hardly be adjusted, making such environment-specific optimization schemes infeasible. To address the problem,
the actuator layout optimization method based on the statistical analysis is proposed.

Randomly simulate Nscene different scenarios, with the number of actuators limited to Nag. For the k=1 scenario, there

. M .
will be an optimal actuator layout p(" , where p{’ € {0,1! indicates whether the i-th potential actuator
K fea Pk

installation position on the mesh reflector is selected for actuator installation in the k-th scenario. If selected, p{” =1;

otherwise, pS) = 0. M represents the total number of potential actuator installation positions.

After computing the Nscene different scenarios, the probability of the i-th position being selected as an actuator
embedded position can be calculated.

1 Nicene i .
p=— 2 P (=120 M) (19)
scene k=1

Where, pi represents the probability that the i-th position is selected as the actuator embedding position in all scenarios.
The actuator layout optimization model could be described as follows,

find A =[4, 4L 4,1

max i o (20)

M
S.t. z//{fl = Nact

i=1
Where A is the re-filtering vector.

3. Simulation Studies

The complex loads that mesh reflectors are mainly subjected to include cable assembly errors, thermal loads, and cable
degradation loads. Therefore, a total of 3000 scenarios were randomly simulated, including 1000 scenarios considering
only assembly error loads, 1000 scenarios considering only thermal load effects, and 1000 scenarios considering only
cable stiffness degradation loads. The probabilities of different positions being selected for embedding actuators were
obtained, as shown in Figure 2. Finally, the optimized actuator layout for different numbers of actuators were derived
as follows,
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(d) Optimized actuator layout when N, = 13

Figure 2. Optimized actuator layout for different numbers of actuators.

The optimized actuator layouts were adopted to adjust the mesh reflector under the assemble error, thermal load and
cable stiffness degradation, and the reflector accuracy and shape adjustment effect are shown in Table 1,

Table 1. Reflector accuracy and shape adjustment effect for different numbers of actuators.

N Reflector 17 with No = Reflector 17 with Nop =
Condition accuracy (mm) accuracy (mm)
with N = 7 7 with Ngge = 13 13
Initial reflector
deteriorated by assemble 0.792
error
After 1st adjustment 0.657 17.06% 0.608 23.26
Reflector deteriorated by 0.494 0495
thermal load
After 2nd adjustment 0.275 44.33% 0.221 55.35%
Reflector deteriorated by
cable stiffness 0.614 0.575
degradation
After 3th adjustment 0.512 16.61% 0.442 23.13%

It is worth mentioning that the reflector accuracy only reflects the overall displacement difference of mesh reflector,
but cannot show local difference. To better represent the displacement changes of each node in the reflector before and
after adjustment, displacement deviation cloud charts were introduced. Note that the displacement deviation cloud
chart can display the displacement deviation between each node in the real reflector and the corresponding node in the
ideal reflector. Although the reflector is a three-dimensional surface, it can be projected onto the x-y plane and uniquely
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represented by the x and y coordinates of the nodes in the front cable net. Therefore, in the displacement deviation
cloud chart, the x-y plane can be used to observe the displacement deviation of each node in the reflector. The local
variation of the reflector can be more intuitively observed from the displacement deviation cloud chart. Therefore, to
present the results in Section 4.4 more sufficient, the displacement deviation cloud charts of the reflectors using 7

actuators and 13 actuators are shown in Figure 3 and 4.
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Figure 3. Displacement deviation cloud charts of the reflectors using 7 actuators.

o Displacement deviation(mm)
15- i~ i 1275

1116

90 0.6375
0.4781
0.3187
0.1594

1.5- -____. 0.000

(a) Displacement deviation cloud chart using 13
actuators before 1-st adjustment

o Displacement deviation(mm)
1:5= e

1.040

0.9100

0.7800

0.6500

0.5200

0.3900

0.2600

0.1300

0.000

(b) Displacement deviation cloud chart using 13
actuators after 1-st adjustment



DOI: 10.13009/EUCASS2025-044

SHORT PAPER TITLE

0 Dlsplacement deviation(mm) 0 Dlsplacement deviation(mm)
1.5- e 5 -

1260 15- 0.5320

1.0- y R S 1.0- - . "N v

A\ 0.9450 4 A\ 0.3990
0.5- \ 05- Y
; \ 0.7875 / y 03325
i 1 ¢ ]
0.0-270] : 90 0.6300 0.0-270| %0 0.2660
T X 0.4725 X 0.1995
05- \ 7 05- \ )
\ / 0.3150 3 \ A
N\ 7
N N

. 0.1575 L0=

0.1330

0.06650

1.5- oy 0.000 i5= ~L 0.000
180

(c) Displacement deviation cloud chart using 13 (d) Displacement deviation cloud chart using 13
actuators before 2-nd adjustment

actuators after 2-nd adjustment
0 Dlsplacement dev latlon(mm) 0 Dlsplacement deviation(mm)
- 3 . = i - 1.140

1.0- R 0.9975
0.9412 0.8550
0.5 % 0.5-
L 0.7844 y 0.7125
i 4 [ i
|
0.0 270 | : 9 [ 0.6275 0.0-270| %0 0.5700
i | 0.4706 TN i 0.4275
05 05- ‘
0.3137 \ 0.2850
; F
0= Yy 0.1569 L0~ . & 0.1425
1.5 iy o 0.000 1.5 B 0.000
180

(e) Displacement deviation cloud chart using 13 (f) Displacement deviation cloud chart using 13
actuators before 3-th adjustment actuators after 3-th adjustment

Figure 4. Displacement deviation cloud charts of the reflectors using 13 actuators.

From Table 1, Figure 3 and 4, it can be observed that as the number of actuators decreases, the control effectiveness
of the actuators declines significantly. To explain this phenomenon, the sensitivity coefficient is introduced. The

physical meaning of the sensitivity coefficient is the magnitude of the displacement change at the i-th node
corresponding to a unit change in the length of the j-th actuating cable.

od.
S;=— 21
] al] ( )
Where, Sij is the sensitivity coefficient, d. is the displacement of the i-th node.
The sensitivity coefficient of the tension tie cable is shown in Figure 5,
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(b) i=1 corresponds to the location of the
reflector with i=1 actuator in the top view of the mesh reflector

Figure 5. Sensitivity coefficient with i=1.
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(a) Sensitivity coefficient Sij bar chart of mesh

From Figure 5, when the tension changes of actuating cables cause node displacement variations in the front net, the
primary impact is on the nodes connected to the actuating cables and their nearby nodes. As the distance increases,
the influence of the actuating cables decreases exponentially. Therefore, the optimized actuator layout may not be
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able to precisely correct local reflector accuracy deterioration, but it can provide a certain degree of control over

global reflector accuracy deterioration.

To compare the effectiveness of the actuator layout optimization method based on statistical analysis and the
actuator layout optimization method proposed by Yuan, we used Yuan's method to calculate the same simulation
case. The comparison results are shown in Table 2, Figure 4. Since the potential embedded positions of actuators
correspond to tension tie cables that maintain a one-to-one relationship with the nodes in the front cable net, the
optimized actuator layout is visualized through a two-dimensional top view of the mesh reflector. And the

comparison of actuator layout optimization results is shown in Figure 5.

Table 2. Comparison of the reflector accuracy between the actuator layout optimization method based on statistical
analysis and the actuator layout optimization method proposed by Yuan

Initial
reflector Reflector theiliec;tczr d
Actuator deteriorated  After 1st  deteriorated  After 2nd cteriorate After 3th
Method . . by cable .
number by adjustment by thermal adjustment . adjustment
stiffness
assemble load .
degradation
error
statistical ) Jo) o 0.657mm  0494mm  0275mm  0.614mm  0.512mm
Nyt =7  analysis
Yuan 0.792 mm 0.655 mm 0.494 mm 0.275 mm 0.614 mm 0.490mm
Nyt S;i‘lt;f;‘:lzl 0.792mm  0.608mm  0495mm 0221 mm  0575mm  0.442 mm
=13 Yuan 0.792 mm 0.601 mm 0.495 mm 0.221 mm 0.575 mm 0.406mm
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(k) Displacement deviation cloud chart using 13
actuators after 3-th adjustment by the actuator
layout optimization method based on statistical
analysis
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(f) Displacement deviation cloud chart using 7
actuators after 3-th adjustment by the actuator
layout optimization method proposed by Yuan
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actuators after 1-st adjustment by the actuator
layout optimization method proposed by Yuan
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(j) Displacement deviation cloud chart using 13
actuators after 2-nd adjustment by the actuator
layout optimization method proposed by Yuan
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Figure 4. Comparison of displacement deviation of cloud charts of the reflectors between the actuator layout
optimization method based on statistical analysis and the actuator layout optimization method proposed by Yuan.
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(i) Actuator layout obtained by the actuator
layout optimization method based on statistical
analysis in the 2-nd adjustment using 13
actuators

(j) Actuator layout obtained by the actuator
layout optimization method proposed by Yuan in
the 2-nd adjustment using 13 actuators

(k) Actuator layout obtained by the actuator
layout optimization method based on statistical
analysis in the 3-th adjustment using 13
actuators
Figure 5. Comparison of the sensor layout results obtained between the actuator layout optimization method based on
statistical analysis and the actuator layout optimization method proposed by Yuan.

(1) Actuator layout obtained by the actuator
layout optimization method proposed by Yuan in
the 3-th adjustment using 13 actuators

Firstly, regarding the optimization outcomes of reflector accuracy in Table 6, under identical actuator quantities, the
Yuan-optimized actuator layout demonstrates marginally superior reflector accuracy compared to the statistical
analysis method, with a maximum discrepancy of 0.036 mm. As evidenced by Figure 5, however, enhanced reflector
accuracy is achieved through modifications to the actuator layout—a parameter adjustment that proves impractical
during the operational phase of mesh reflectors. In contrast, the statistical analysis method enables effective accuracy
regulation without requiring layout alterations, thereby establishing itself as a more practical and robust optimization
methodology for actuator layout.

4. Experimental Studies

4.1 Experiment setup

To verify the actuator layout optimization method of mesh reflectors, a mesh reflector test model with a height of 0.5m
and a diameter of 1.5m was fabricated. The mesh reflector test model has the same configuration as the simulation
model, consisting of a surrounding truss, front cable net, tension tie cable net, and back cable net. The 0.4mm nylon
cables were used to form the mesh reflector cable net structure. Nylon cables are more homogeneous compared to
woven cables. By measuring the stiffness of multiple nylon cables of the same length, it was found that the stiffhess
change did not exceed 3% of the calibration value.

The surrounding truss is composed of circular steel pipes with the outer diameter of 30mm and the thickness of 3mm.
Since the deployment process is not considered in this experiment, the steel pipes are welded together. Meanwhile,
finite element simulation was conducted to verify that the deformation of the truss under cable tensions does not affect
the reflector. In finite element simulation, the maximum deformation of the truss shall not exceed 2 X 10mm.
Therefore, the truss could be treated as a rigid structure.

The experimental validation of actuator layout optimization method for mesh reflector is shown in Figure 5. In the
experiment, the influence of gravity cannot be ignored. Therefore, the method was modified by incorporating the form
of external loads other than gravity from cables, sensors, and actuators into the balance equation.
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Figure 5. Experimental validation of actuator layout optimization method for mesh reflector.

The experiment mainly consists of three parts. The first part is the photogrammetric part, which is mainly used to
measure the node coordinates of the reflector. Binocular photogrammetry method was used to reconstruct the three-
dimensional coordinates of the target point in the experiment. Two high-resolution cameras, Revealer 5F04, JINBEI
EF11-300W (LED) fill light, and post-processing equipment, were used in the experiment, as shown in the Figure 6.
Simultaneously using a synchronous triggering device to ensure that the camera captures images of the mesh reflector
simultaneously. The calibration process adopted the Zhang’s calibration method.

(a) Cameras | (b) Fill lights (c) Post-processing equipment
Figure 6. Experimental devices used in the photogrammetric part.

The second part is the tension sensing part, mainly used for tension verification of the initial model, so that the
experimental model can be as consistent as possible with the theoretical mesh reflector model. This section mainly
uses SKTC-302 bridge strain sensors, DH5922D signal analyzer, and post processing equipment, which are shown in
Figure 7. The sensor has a range of 30N and can cover the full range of cable tension changes; The resolution is 0.01N,
which can effectively distinguish tension changes; The weight is 0.02kg, which can minimize the impact of sensor
gravity on the structure to the greatest extent possible. Take measures to ensure that the measured values of the installed
strain sensors are consistent with the cable tension. During the installation process, first connect the force sensor to the
front cable net and perform a zeroing operation before the data collection instrument, which could avoid the effects of
zero drift and sensor weight. Due to the presence of noise in the force sensor, to minimize the impact of noise, the data
acquisition instrument simultaneously collects data with a 1-second time span, filters the data in each force sensor to
eliminate the influence of random noise on the results, and takes the average of the filtered signal. The average value
is used as the monitoring value of the force sensor and is substituted into the shape adjustment method for calculation.
Thirteen sensors were installed in the mesh reflector test model, located as shown in the Figure 8. The blue lines
represent the surrounding truss, the black lines represent the cables in the cable net, and the green, red, and blue
rectangular boxes represent the sensors embedded in the cables.
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(a) Bridge strain type

force sensor (SKTC- (b) Signal analyzer (c) Post-processing equipment
302) (DH5922D)

Figure 7. Experimental devices used in the tension sensing part.

3.1 \X

s Sensor in front cable

I 2.7 mmmm Scnsor in tie cable
1.3 s Sensor in back cable
33

Figure 8. Locations of the sensors in the mesh reflector test model.

The third part is the actuating part, which mainly uses actuators to adjust the reflector to achieve higher reflector
accuracy. This section mainly includes actuators, signal generators, and power amplifiers, as shown in the Figure 9.
The signal generator outputs a given sawtooth wave, which is amplified by a power amplifier and input into the actuator

to achieve the actuation process. Ultimately, force sensors are used to monitor whether the actuator has achieved the
specified stroke.

| (a) Actuator (b) Signal generator (c) Power amplifier
Figure 9. Experimental devices used in the actuating part.

To further validate the effectiveness of the proposed method, two actuator layouts were designed, which are shown
in Figure 10. The optimized actuator layout is ALE1, while the Unoptimized actuator layout is ALE2.

= Actuator in tie cable s Actuator in tie cable

K_5A X

(a) Optimized actuator layout (ALE1) (b) Unoptimized actuator layout (ALE2)
Figure 10. The actuator layouts in the experiment.
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4.2 Experiment results

Due to differences in actuator installation positions, the actuator gravity will be applied to different reflector nodes,
which result in the inherent structural variations of the initial cable-net configurations of ALE1 and ALE2. However,
through photogrammetry and manual adjustments implemented on the reflector, the experimental models under these
two actuator layouts were rendered geometrically comparable. This study employs nodal displacement deviation
contour maps to quantify positional discrepancies between nodes in actual/predicted reflectors and their counterparts
in the ideal configuration. Each reflector node is uniquely identified by its x-y coordinates, with a two-dimensional
polar coordinate system adopted for spatial representation. A chromatic gradient from red (indicating larger deviations)
to blue (representing smaller deviations) visually encodes the magnitude of displacement errors. Figure 11 illustrate
the pre-adjustment and post-adjustment nodal deviation patterns for both actuator layouts, while Table 3 quantitatively
summarize reflector accuracy metrics and actuator adjustment efficacy before and after shape adjustments.

. o Displacement deviation(mm) o Displacement deviation(mm)
0.759 0.75 4
: 1.480 > 0.5520
0.504 0.50 4
1184 04416
0.25 0.25 1
0.8880 0.3312
0.00 0.00270 90
0.5920 0.2208
0.25 0.25
0.2960 0.1104
0.50 0.50
0.000 0.000
0.75 0.75
180 180
(a) the reflector before adjustment in ALE1 (b) the reflector after adjustment in ALE1
o Displacement deviation(mm) o Displacement deviation(mm)
0.75 4 075 -
1455 - 1.175
0.50 4 0.504
L164 0.9400
0.254 0.251
08730 0.7050
0.00{270 90 0.00 {27
0.5820 0.4700
0.25 0.251
- 0.2910 0.2350
0.50 0.50
- 0.000 0.000
0.75 o 015 180
(c) the reflector before adjustment in ALE2 (d) the reflector after adjustment in ALE2
Figure 11. Comparison of displacement deviation of cloud charts of the reflectors before and after adjustment under
ALE1 and ALE2.

Table 3. Comparison of Reflector accuracy before and after adjustment under ALE1 and ALE2.

Condition Reflector accuracy(mm) n
Before adjustment in Condition 0752 0%
one
Condition one 0.254 66.3%
Before adjustment in Condition 0.708 0%
two
Condition two 0.515 27.3%

As illustrated in Figure 12(a) and (c), both actuator configurations demonstrate relatively minor displacement
deviations in their respective reflectors. This comparability enables direct performance evaluation between the two
configurations, with tabulated data revealing a marginal surface accuracy difference of 0.044 mm. Figure 12(b) and
(d) reveal persistent localized displacement anomalies following open-loop active adjustment via inertial piezoelectric
actuators, a phenomenon attributed to the single-actuator configuration's limited spatial influence - primarily governing
adjacent nodes while exhibiting diminished global control capability. Comparative analysis of Figure 12(b) and (d)
demonstrates that the optimized actuator arrangement (ALE1) achieves superior precision in surface regulation,
whereas configuration ALE2 exhibits limited effectiveness. The quantitative comparison reveals a substantial
performance disparity: the ALE1 configuration attains 66.3% displacement error mitigation efficiency, contrasting
sharply with ALE2's 27.3% efficacy. These empirical results systematically validate both technical feasibility and
operational effectiveness of the proposed actuator layout optimization method.
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5. Conclusions

This study presents a systematic approach for optimizing mesh reflector actuator layouts to achieve comprehensive
performance under variable environmental disturbances. By employing a statistical analysis-based optimization
framework involving 3,000 stochastic load scenarios (accounting for cable assembly errors, thermal loads, and cable
stiffness degradations), the proposed method generates a universal actuator layout that balances adjustment efficiency,
reflector accuracy, and operational practicality.

Simulation results demonstrate that while traditional optimization methods (e.g., the Yuan-optimized layout) achieve
marginally superior surface accuracy (maximum discrepancy: 0.036 mm), their reliance on post-deployment actuator
repositioning renders them impractical for operational reflectors. In contrast, the statistical analysis method attains
comparable accuracy (discrepancy: 0.044 mm in experiments) without requiring layout modifications, ensuring
robustness across diverse load conditions. Experimental validations further confirm the technical superiority of the
optimized layout (ALEL), which achieves 66.3% displacement error mitigation efficiency—a 2.4-fold improvement
over the suboptimal configuration (ALE2: 27.3%). The persistent localized displacement anomalies observed in ALE?2
highlight the limitations of actuator arrangements with restricted spatial influence, underscoring the necessity of
systematic optimization for global control capability.

These findings collectively validate that the proposed method not only resolves the critical challenge of balancing
precision and practicality in actuator placement but also establishes a generalizable framework for designing adaptive
reflector systems resilient to on-orbit uncertainties.
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