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Tab.1 Vertical activity mechanisms and indicative scales of lunar dust for engineering concept analysis

[28-31)

X 1] 5 1/m FE T SR A Rl S AT e B AR Ak
TR 210 gfgi;{ﬁ?;;ﬂﬁlﬁﬁ oK iﬁgﬁ%ﬁﬁﬂ%%?1¢%ﬁ?ﬁ%‘],?H%ﬁ*ﬁﬂ?’yiﬁzl‘lﬂ%’x‘fﬁﬁﬂ\Eiziﬁ
PRI 10~30 ig?ﬂ%&ﬁ%ﬁi%% T oK Bk iﬁi?ﬁigﬁggﬁﬁﬁﬁmﬁ,ﬁ?ﬁiﬁﬁﬁﬁ*ﬁﬁéJk[ﬂﬂ/\%ﬂ‘%%#
HEBS)Z >30T s VU GOR R T2 A B0 LA, 23BN o 2 M i il s = 4w

1SN I Sz e 1A ) 2ok I % s AL T
F14 ML TG 2 RURE o A 4t o ) 2B 32 852 35 Bl A L L 4
AT B BN BT S AU SR R, T E D Sl I M i
T2 LRy e vk BE 242, He B = B4 8l i
P BCPRFT OB, L2 ) 3 A3 52 40 Bl ik B kA S B

P Sl i g A5 R SR A L e 28 T A U TR LA
Jei » 3 RO S OGB4 e 3 T P e, 2 ) T TR 3 8
FAF T BT S TR Rk

fIRJZ AL T2 22O I — 15 i SR T i
Y} S5 1 TR IR R , TIOR8 AR 0K AT i A ] B



4 TREREHHOR

%58 %

6 TF GRS PR, O AT RE I i w R HTREE T
IR PR, X2 AR B L RE ™ LR PSR R o B 5 T
WL RE T — 25 /N A fR e 2 R S A i v 2 A 1
L MEAIOK ZBROR G AR AT BEARAT K AT 7] 12 31
JE, JF 22 I ol CH T 5 T RUE AR, U S 32
RiAR R PHAS S L Jr ik B 7 B 2[R 2

Bt oK LB B s AR BRI 32 2 o 2 A o
A 2%, B PR RO BE LA, PR B 1 1) D B =S
R BT I R E R IR R
RIRRDCIRA B B AL ORI AR XS A R, (EAT G B
T 5 10 2 B R 19— 3 20 o BT &, A [ H
RRIAERLAL Al RUIR S Sz sh RE EAF7E D] R 22
5,2 1P BE X ) 22 F TR R & b, ™
A% L 2 X R AR BRSNS, 48 R L 3

1o A B T R L X 3 b LA 8l 2 R 40 i
A H AR 6 B AR AR RORA TR 455 S hik 3R
e RS Sl B e H A s iR — 2P
1.3 BAEIMESEMAmE

HBRA 52048 H Bk B ek 3R 10 & A= i R 5 20
H REWFFE BT 1969 4 2 1977 4= M Bl i 27 9 s 7=
FLH L0 4 K AR MR AT SR 24 12 500 4 7]
PUNFAF B T2 5ME— T M H R H b A A
BRI BRI AR E , AR O BUh SE e | S5
B SIS B 2P A DA R Z — B
FEFZ R AR A] SRR g XU A5 2 AR BT B H s M s
LAy, A RS TR H AR AT R R
R 52 428, FOWMRAAE 5 7 NS BT A
W2,

*2 ARSEREMES
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Fig.3 Pennant-type photovoltaic array configuration
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Fig. 4 Canopy-deployment photovoltaic array configuration
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Fig. 7 Variation of required anchorage lengths with mem-
ber heights for different safety factors
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Abstract:

Objective Elevated photovoltaic deployment at the lunar south pole can reduce direct exposure to mechanically disturbed near-surface dust and
improve solar visibility under persistently low solar elevation angles. However, it also imposes greater requirements on support stiffness, anchor-
age, and dynamic response. Existing concepts have generally treated array geometry, deployment mechanisms, foundation anchorage, and vibra-
tion control as separate design issues. Therefore, a vertical lunar photovoltaic power station system was proposed to integrate environmental con-
straints, three-dimensional array configuration, support sizing, regolith anchorage, and structural stability within a unified conceptual framework.
The objectives were to clarify the engineering basis for elevated deployment, develop candidate array configurations, identify the governing struc-
tural constraints over a representative range of heights, and establish the parameter range of a candidate tuned mass damper for the first lateral
mode.

Methods Three elevated photovoltaic array configurations were developed. In the pennant-type configuration, the support point was positioned
near the vertical geometric center of the photovoltaic assembly to reduce the effective cantilever length while maintaining the required clearance
between the lower edge of the array and the lunar surface. In the canopy-deployment configuration, modules were distributed at multiple eleva-
tions and azimuthal directions to improve three-dimensional spatial utilization. In the windmill-type configuration, modules were arranged radi-
ally around a central joint to provide a comparatively balanced load transfer path and multi-azimuthal orientation. Published observations of lunar
dust and simulations of south polar illumination were used to establish the environmental rationale for elevated deployment. A height of 10 m was
adopted as a conceptual reference rather than as a universal threshold for dust concentration. A 10 kW class photovoltaic system was adopted for

structural analysis. The design power density was 300 W/mz; an array area of 36 m’ and an array mass of 72 kg were used after accounting for
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module layout and long-term performance degradation. The support was idealized as a thin-walled circular graphite/epoxy cantilever. Exposed
support heights from 10 to 30 m were examined, with 30 m used only as the upper bound of the conceptual sensitivity analysis. Bending strength,
shear strength, Euler buckling stability, and serviceability-level deflection were evaluated, with the allowable top deflection set to 0.003 times the
exposed support height. A horizontal moonquake acceleration of 1.52 m/s” and lunar gravity of 1.62 m/s” were adopted as conceptual inputs. The
support—foundation connection was treated as ideally fixed for the upper structure calculations, and the resulting base actions were transferred to
a separate anchorage model. For the anchorage analysis, the regolith was represented by an equivalent homogeneous medium with a density of
1 660 kg/m3, cohesion of 1.6 kPa, and an internal friction angle of 49°. A quasi-static Rankine passive earth pressure formulation was used to esti-
mate the resisting moment and compare the required anchorage lengths for different support heights and safety factors. For the dynamic assess-
ment, the structure was reduced to a cantilever model incorporating the photovoltaic array mass and distributed support mass. The first lateral
natural frequency was calculated as a function of exposed support height. A tuned mass damper (TMD) was introduced as a candidate first-mode
vibration control device. It was positioned near the top of the support, where the first-mode displacement was largest, and its parameters were de-
termined using the classical Den Hartog relationships with a mass ratio of 0.05.

Results and Discussions The three configurations provided distinct geometric and structural options. The pennant-type configuration reduced the
effective support length and the support node elevation required to achieve a prescribed clearance between the module bottom and the lunar sur-
face. The canopy-deployment configuration increased the utilization of vertical and azimuthal deployment space, whereas the windmill-type con-
figuration provided radial symmetry and a comparatively direct load transfer path. These configurations were treated as candidate architectures be-
cause mutual shading, tracking requirements, deployment reliability, and maintenance requirements remain site dependent. Published terrain-
based simulations indicated that increasing equipment height from 2 to 10 m at favorable south polar sites increased the cumulative illumination
fraction from 92.27% to 95.65%. Regional photovoltaic assessments further indicated that increasing module elevation from 0 to 10 m increased
the area with annual generation potential above 3 000 kW-h/m? from approximately 2.7x1 0° to 4.2x10° m”. These data supported the use of 10 m
as an engineering reference scale for improving illumination but did not establish a universal optimum height. Elevated deployment was therefore
interpreted as a site-dependent environmental and structural trade-off. Within the adopted material properties, load model, safety factors, and
height range, the required support diameter was governed primarily by the deflection criterion, followed by global buckling stability; bending and
shear strength requirements were less restrictive. At an exposed support height of 30 m, the diameter required to satisfy the deflection criterion
was approximately 470 mm. A representative outer diameter of 500 mm and a wall thickness of 10 mm were therefore adopted for subsequent an-
chorage and dynamic analyses. The elevated slender support was governed primarily by stiffness rather than material strength. The anchorage
analysis showed that the required anchorage length increased with exposed support height and safety factor because the root bending moment in-
creased with elevation. The calculated lengths represented comparative parameter scales rather than final foundation dimensions. Actual perfor-
mance will depend on regolith layering, local strength, anchor-regolith interface behavior, installation disturbance, cyclic loading, and anchorage
geometry. The staged use of an ideal fixed boundary for the upper structure and a passive pressure model for the foundation clarified that the two
assumptions were applied at different analytical stages. The first lateral natural frequency decreased as the exposed support height increased, and
part of the investigated range could overlap with the frequency range adopted for the moonquake analysis. This overlap indicated the possibility
of response amplification rather than inevitable resonance. For the representative 15 m case, the calculated first lateral natural frequency was
2.957 Hz. With a TMD mass ratio of 0.05, the conceptual TMD mass was 7.723 kg, the tuning frequency was 2.816 Hz, the damping coefficient
was 34.72 N-s/m, and the stiffness was approximately 2.41 kN/m. These values defined a theoretical tuning scale and did not constitute a vali-
dated lunar seismic control design.

Conclusions Elevated photovoltaic deployment at the lunar south pole should be treated as a system-level trade-off linking dust exposure, terrain-
limited illumination, spatial utilization, support stiffness, anchorage demand, and dynamic response. The proposed pennant-type, canopy-
deployment, and windmill-type photovoltaic array configurations provided a common basis for comparing three-dimensional layouts and load
transfer characteristics. Under the adopted conceptual assumptions, deflection governed support sizing, the required anchorage scale increased
with support height and safety factor, and the first lateral natural frequency decreased with increasing height. A TMD could serve as a candidate
measure for controlling the first lateral mode, but its effectiveness requires verification using multi-degree-of-freedom models, site-specific seis-
mic inputs, and environmental testing. Fixed photovoltaic installations may serve as long-term backbone power nodes, whereas retractable photo-
voltaic systems mounted on mobile platforms may provide complementary distributed power. Both approaches require reliable stabilization and
anchorage during operation. The proposed framework provides a basis for site-specific optimization, layered regolith—anchor interaction analysis,
coupled dynamic modeling, and staged ground verification of elevated lunar photovoltaic systems.

Key words: lunar base; photovoltaic array; lunar dust mitigation; moonquake; structural stability
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Elevated deployment improves environmental adaptability, whereas structural feasibility depends on stifness, anchorage, and dynamic characteristics.
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