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 a b s t r a c t

This study presents the design and preliminary verification of a wireless power transmission (WPT) system based 
on high-power laser emission from lunar orbit. The system comprises a constellation of satellites in quasi-frozen 
lunar orbits, equipped with high-efficiency fiber lasers that convert solar energy into optical power. This energy 
is beamed to the Moon’s surface, where it is received and converted into electricity by photonic power converters 
(PPCs) located near strategic infrastructure zones. The paper focuses on key subsystems relevant to satellite design 
and testing, including laser payload integration, beam collimation optics, thermal management, and pointing 
accuracy control using Fine Steering Mirrors. A full satellite model is dimensioned, and its inertia matrix is 
derived to support attitude control design under realistic external disturbances such as solar radiation pressure 
and the lunar gravity gradient. Experimental validation of PPC performance under different laser power densities 
is conducted to assess efficiency and thermal behavior. Results confirm the feasibility of laser WPT for lunar 
environments and provide critical input for subsystem qualification and mission planning. The study advances 
the design and subsystem-level testing of satellite-based laser WPT architectures for lunar power stations, with 
a focus on orbital dynamics, laser integration, thermal management, beam steering, and power conversion.

1.  Introduction

The New Space Race is going to bring back a number of missions to 
the lunar surface: according to ESA, more than 100 lunar missions, by 
private companies and government entities, are expected to take place 
by 2030 [1]. From the years of the first Space Race, space exploration 
has shifted from a competition between a few superpowers to an un-
precedented level of global collaboration between a number of coun-
tries and private entities. India and Japan recently became the fourth 
and fifth nations to attempt soft landings on the Moon [2,3], joining 
the United States, Russia and China among lunar-capable spacefaring 
nations. While Japan’s SLIM mission experienced an anomalous landing 
configuration due to an engine failure during descent, it successfully 
demonstrated high-precision landing capabilities and returned valuable 
scientific and engineering data. Plans have been made for robotic ex-
ploration and in situ resource utilization (ISRU), as well as construc-
tion of infrastructure to allow long-term human space habitation. These 
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new mission concepts demand not only innovative solutions, but also a
reliable design, testing and verification process for each spacecraft sub-
system involved. India’s Chandrayaan-3 achieved the first soft landing in 
the vicinity of the lunar South Pole, while Intuitive Machines’ IM-1 mis-
sion marked the first commercial lunar landing attempt. Although IM-1 
landed in a non-nominal attitude following a landing gear anomaly, the 
lander remained partially operational and successfully transmitted data 
back to Earth, representing a significant milestone for commercial lu-
nar exploration. The Indian Space Research Organisation (ISRO) and 
the Japan Aerospace Exploration Agency (JAXA) have planned a joint 
lunar mission to send an uncrewed lunar lander to explore the south 
pole region no earlier than 2026 [4]. The China National Space Admin-
istration (CNSA) and Roscosmos plan to build an International Lunar 
Research Station (ILRS) on the lunar surface by 2030 [5].

In addition to the extreme conditions of the lunar environment, e.g. 
in terms of temperature and radiation, the lighting conditions at the 
south pole of the Moon are unique. The mean inclination of the lunar 

https://doi.org/10.1016/j.ast.2026.113219
Received 3 September 2025; Received in revised form 2 April 2026; Accepted 13 July 2026

Aerospace Science and Technology 179 (2026) 113219 

Available online 27 July 2026 
1270-9638/© 2026 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ ). 

https://www.elsevier.com/locate/aescte
https://www.elsevier.com/locate/aescte
https://orcid.org/0009-0006-9693-3105

$\lambda =1--1.1\mu m$


$^{\circ }$


$h \sim 600$


$a = 4337.4$


$e = 0$


$i = 89 [^\circ ]$


$\omega = 90[^\circ ]$


$M = 0[^\circ ]$


$\theta $


$A_{\mathrm {SA}} \approx 21~\mathrm {[m^2]}$


$30\%$


$40\%$


$\lambda \approx 1064~\mathrm {[nm]}$


$35\%$


$40\%$


$165~\mathrm {[W]}$


$165~\mathrm {[W/m^2]}$


$M^2$


$10~\mathrm {m}$


$M^2$


$1064~\mathrm {[nm]}$


$35\%$


$40\%$


$60 - 100$


$20 - 50$


$\sim 500$


$165$


$^2$


$165$


$^2$


$30$


\begin {equation}\label {eq: GaussianPropagation} w(z) = w_0 \sqrt {1+\frac {z^2}{z^2_R}},\end {equation}


$z$


$w(0)=w_0$


$z=z_R$


$w(z_R)=\sqrt {2}w_0$


$400$


$w_0$


$w(z)$


$w_0$


$w(z)$


$400$


$w_0$


$w_{\min } = w(400)$


$z$


$w_0$


$z$


$z > 1000$


$10$


$M^2$


$z$


$w_0$


$M^2$


$20$


$M^2$


$BPP=\lambda /\pi $


$\lambda $


$M^2$


$BPP = \psi w_0=M^2 \frac {\lambda }{\pi }$


$M^2=11.8$


$-25^{\circ }$


$+85^{\circ }$


$-40^{\circ }$


$+85^{\circ }$


$10^{\circ }$


$[$


$^2$


$\mu $


$100$


$200$


$\sim 1.3$


$0.257$


$0.22-0.27$


$50$


$600$


$^2$


\begin {equation}\mathbf {I}= \begin {bmatrix} 957.56 & 1.95 & -5.85 \\ 1.95 & 1834.18 & 2.16 \\ -5.85 & 2.16 & 980.92 \end {bmatrix} \label {Xeqn2-2}\end {equation}


$[0-100]$


$[9000-11000]$


$[1800-4000]$


$[200-600]$


$[1800-4000]$


\begin {equation}\begin {imageonly} v_{\theta } = \sqrt {\frac {\mu _{\leftmoon }}{R_{\leftmoon } + h}} \hspace {0.2 cm} \text {,} \end {imageonly} \label {Xeqn3-3}\end {equation}


$\mu _{\leftmoon }$


$4.9 \times 10^3$


$^3$


$^2$


$R_{\leftmoon }$


$h$


$\theta _{\text {max}}$


$\theta _{\max }$


$\beta _{\text {max}}$


\begin {equation}\begin {imageonly} \beta _{\text {max}} = \theta _{\text {max}} - \arcsin \left (\frac {R_{\leftmoon }}{R_{\leftmoon } + h} \sin (\theta _{\text {max}})\right ) \hspace {0.2 cm} \text {.} \end {imageonly} \label {Xeqn4-4}\end {equation}


\begin {equation}\begin {imageonly} t_c = \frac {2 \theta _{\text {max}} - 2 \arcsin \left (\frac {R_{\leftmoon }}{R_{\leftmoon }+h} \sin {(\theta _{\text {max}})}\right )}{\omega } \hspace {0.2 cm}, \end {imageonly} \label {Eq_Time}\end {equation}


$\omega $


$\sqrt {\mu _{\leftmoon }/(R_{\leftmoon } + h)^3}$


$\beta $


$\beta = -\beta _{\text {max}} + \omega t$


\begin {equation}\begin {imageonly} d = \sqrt {(R_{\leftmoon } + h)^2 + R_{\leftmoon }^2 - 2 (R_{\leftmoon } + h) R \cos (\beta )}. \end {imageonly} \label {Xeqn6-6}\end {equation}


$\theta $


\begin {equation}\begin {imageonly} \theta = \frac {\arcsin {(h + R_{\leftmoon })}}{d} \sin {(\beta )} \end {imageonly} \label {Xeqn7-7}\end {equation}


$\Delta x = 1$


$\Delta \beta = \arcsin \left ( \Delta x/R_{\leftmoon } \right )$


$d$


\begin {equation}\Delta \theta = \arctan \left ( \left ( \frac {d}{\Delta x \cos {(\theta )}} + \tan {(\theta )} \right )^{-1} \right ) \label {Xeqn8-8}\end {equation}


$\Delta \theta $


$1$


$600$


$[\mu $


$I_s$


$1361$


$^2$


$=1.49597870 \times 10^8$


$\mathbf {F}_{s,tot}$


\begin {equation}\label {eee} \mathbf {F}_{s,tot} = \sum _{i} \frac {I_s}{c} A_i \cos (\theta _i) (1 + \rho _i) \mathbf {n}_i\end {equation}


$c$


$3 \times 10^8$


$A_i$


$i$


$\theta _i$


$i$


$\rho _i$


$i$


$\mathbf {n}_i$


$i$


$xz$


$\theta $


$\mathbf {M}_s$


$1.32 \times 3.96$


$0.85 \times 0.85$


$\rho $


$\mathbf {M}_s$


\begin {equation}\mathbf {M}_s = \sum _{i} \mathbf {r}_i \times \mathbf {F}_{s,i} \label {Xeqn10-10}\end {equation}


$\mathbf {r}_i$


$i$


$\mathbf {F}_{s,i}$


$i$


$\theta $


$4337.4$


$1 \times 10^{-15}$


$89$


$^\circ $


$90$


$^\circ $


$0$


$^\circ $


$\theta _i$


$\hat {s}$


$\hat {n}$


$i$


$\hat {s}$


$\cos (\theta )$


$\hat {s}$


$\hat {n}$


$\theta $


$\theta $


$\Omega = 10.80$


$^\circ $


$\theta $


$\theta $


$^{\circ }$


$^{\circ }$


$\mathbf {M}_s$


$x$


$z$


$M_{s,x}$


$M_{s,z}$


$10^{-13}$


$M_{s,x}$


$-1.0997 \times 10^{-6}$


$M_{s,z}$


$3.2992 \times 10^{-7}$


$y$


$M_{s,y}$


$xz$


$z$


$y$


$\mathbf {M}_{gg}^b$


\begin {equation}\mathbf {M}_{gg}^b \approx \frac {3 \mu }{||\mathbf {r}||^3} \mathbf {c} \times \mathbf {I}\mathbf {c} \label {Xeqn11-11}\end {equation}


$\mu $


$\mathbf {r}$


$\mathbf {I}$


$\mathbf {c}$


$\mathbf {c}=\mathbf {A}\frac {\mathbf {r}}{||\mathbf {r}||}$


$\mathbf {A}$


$M_{gg}$


$10^{-13}$


\begin {align}& \textbf {K}_p= [\alpha \textbf {I} + \beta \textbf {1}]^{-1} \label {Xeqn12-12}\\ & \textbf {K}_d=diag(d_1,d_2,d_3) \label {Xeqn13-13}\end {align}


$d_i$


$3 \times 3$


$3 \times 3$


$\alpha $


$\beta $


\begin {equation}\textbf {M}_C=-\textbf {K}_p \textbf {q}_e - \textbf {K}_d \bm {\omega }_b. \label {Xeqn14-14}\end {equation}


\begin {equation}\dot {\bm {\omega }}_B=\bm {I}^{-1} (\bm {M}_{ext}-\bm {M}_{RW}-\bm {\omega }_{B} \times ( \bm {I} \bm {\omega }_B + \bm {h}_{RW})), \label {Xeqn15-15}\end {equation}


\begin {equation*}\begin {bmatrix} c(\beta ) c(\alpha ) & -c(\beta ) s(\alpha ) & c(\beta ) c(\alpha ) & c(\beta ) s(\alpha ) \\ c(\beta ) s(\alpha ) & s(\beta ) c(\alpha ) & -c(\beta ) s(\alpha ) & -c(\beta ) c(\alpha ) \\ s(\alpha ) & s(\beta ) & s(\beta ) & s(\beta ) \end {bmatrix}\end {equation*}


$\alpha $


$0$


$\beta $


$30 ^{\circ }$


\begin {equation}\bm {M}_{4RW}= \bm {Z}^{-1} \bm {M}_C \label {Xeqn16-16}\end {equation}


$\bm {Z}^{-1}$


$\bm {M}_{4RW} \in \bm {M}^{4x1}$


\begin {equation}\bm {M}_a= \bm {Z} \bm {M}_{4RW} \label {Xeqn17-17}\end {equation}


$600$


$^{\circ }$


$\theta _{\max }$


$^{\circ }$


$y_{LVLH}$


$^{\circ }$


$\gamma $


$^{\circ }$


$\theta _{\max }$


$Z_{body}$


$810-850$


$1064$


$850$


$3.8 \times 10^{2}$


$^2$


$0.038$


$^2$


$4.87$


$^2$


$49.86$


$^2$


$1064$


$2$


$11.2$


$^2$


$23.3\%$


$28$


$650$


$112$


$1/e^2$


$28$


$5^{\circ }$


$120^{\circ }$


$70$


$800$


$14.3$


$^2$


$60$


$[\Omega ]$


$10$


$[\Omega ]$


$60$


$[\Omega ]$


$55$


$[\Omega ]$


$20\%$


$23\%$


$16.3\%$


$55$


$[\Omega ]$


$14.3$


$^2$


$20^{\circ }$


$10^{\circ }$


$20^{\circ }$


$3.6$


$^2$


$9.97$


$^2$


$11.2$


$^2$


$11.4\%$


$50 [\Omega ]$


$4.87$


$^2$


$910$


$50 [\Omega ]$


$49.86$


$^2$


$14.62\%$


$26.47$


$^2$


$30 [\Omega ]$


$43.2$


$^2$


$16.3\%$

https://orcid.org/0009-0005-1600-8087
https://orcid.org/0009-0000-0570-9279
https://orcid.org/0009-0005-3603-5998
https://orcid.org/0000-0001-8395-8297
mailto:domenico.sfasciamuro@polito.it
mailto:catello.matonti@polito.it
mailto:francesco.lopez@polito.it
mailto:anna.mauro@polito.it
mailto:stefano.mauro@polito.it
mailto:a.villa@oris-space.com
https://doi.org/10.1016/j.ast.2026.113219
https://doi.org/10.1016/j.ast.2026.113219
http://creativecommons.org/licenses/by/4.0/


D.E. Sfasciamuro, C.L. Matonti, F. Lopez et al.

orbit with respect to the ecliptic plane is 1.5[◦]. Due to this, at the poles 
the Sun never rises more than a few degrees above the horizon. Com-
bined with the topography of the lunar surface, the high mountain peaks 
and deep craters create many Permanently Shadowed Regions (PSRs) 
where solar panels cannot be used to generate electricity [6]. Setting up 
new activities and planning to stay for much longer periods of time will 
require more powerful and reliable energy resources. On the Moon, the 
alternation between light and shadow is far more extreme than on Earth 
or even Mars. Due to the lack of atmosphere, obstacles cast extremely 
long and rapidly moving shadows. Solar-powered rovers have to pull 
out from these areas of extreme darkness while sampling the territory 
around themselves and maintaining communications with Earth. During 
long periods of darkness, the rovers must inevitably park in identified 
safe areas at higher elevations [7,8]. All these requirements extremely 
complicate a mission, increasing costs and risks.

One of the main solutions investigated for the Moon is Wireless 
Power Transmission (WPT) [9,10]. This theme has gained significant 
momentum in recent years, driven by advancements in technology and 
the growing need for efficient and flexible energy solutions. WPT is 
increasingly being applied in various sectors [11–13], including elec-
tric vehicle charging, consumer electronics, and industrial automation. 
In space, WPT is explored as a viable method for powering satellites, 
rovers, and lunar bases, where traditional energy sources are limited. 
The Italian start-up ORiS (Orbital Recharge in Space), a spin-off of 
the Politecnico di Torino, has been studying and developing Wireless 
Power Transmission in Space for years, particularly for lunar applica-
tions [14,15]. The company is conducting several experimental activi-
ties and collaborative efforts aimed at demonstrating the technological 
readiness of WPT subsystems in relevant operational conditions.

This paper presents the solution to the challenge of lunar power sup-
ply using WPT. An architecture has been developed based on a constel-
lation of satellites in advantageous lunar orbits, such as quasi-frozen 
orbits, which almost continuously store solar energy onboard and then 
transmit it to the lunar surface via a high-power laser beam. On the 
lunar surface, specially designed receivers are strategically placed near 
locations of scientific and economic interest. This system enables energy 
generation directly at the site of use, effectively addressing or mitigat-
ing the challenges posed by long lunar nights and the shadows cast by 
the Moon’s unique terrain. In addition, this technology can sustain high 
power peaks, complementing traditional solar energy systems. The key 
subsystems are the satellite-mounted laser, the targeting mechanism, 
the thermal management system, and the lunar receiver. This paper pro-
vides a detailed analysis of some of these subsystems, with emphasis on 
early-stage design activities, experimental testing, and their integration 
within the broader system. This study primarily focuses on the definition 
of the overall system architecture and the preliminary design of an inno-
vative satellite capable of transmitting kilowatts of optical power over 
hundreds of kilometers. The laser and receiver systems are discussed in 
detail, and the transmitting satellite is sized with particular attention 
to the management of low-frequency disturbances. The performance of 
the pointing system, featuring Fine Steering Mirror (FSM) technology, 
is also assessed to ensure sub-arcsecond accuracy from orbit to the lunar 
surface.

In Section 2 the architecture designed and developed for the WPT 
system is briefly described with a reference to the requirements and 
characteristics of different subsystem. In Section 3 the focus is on the 
high-power laser system to be mounted onboard the satellites. Starting 
from the system-level requirements, various characteristics of the pay-
load are analyzed. In Section 4, a preliminary satellite sizing is provided, 
along with a CAD model from which inertia characteristics are extrap-
olated. In Section 5 the orbital and pointing requirements are analyzed 
and a preliminary design of the satellite is presented and subsequently in 
Section 6 the gravity gradient and solar radiation pressure acting as ex-
ternal disturbances on the satellite are examined and calculated. Lastly, 
in Section 7, the rotational actuator system is sized to effectively mit-
igate the disturbances caused by solar radiation pressure and gravity 

gradient forces acting on the large-area spacecraft. Finally, in Section 8 
the receiver placed on the lunar surface is studied in terms of material 
choice, optical-to-electric efficiency, and thermal behavior, including 
laboratory tests on photovoltaic cells designed for monochromatic radi-
ation.

2.  Lunar WPT architecture

The solution explored in this work, consists of a constellation of satel-
lites in lunar orbit tasked with collecting solar energy using large arrays 
of solar panels. This energy is converted into optical power using a laser 
source and transmitted to the lunar surface via the laser beam. The opti-
cal power arriving on the lunar surface is then reconverted into electri-
cal power using photovoltaic panels called Photonic Power Converters 
(PPC) [16,17] and stored in dedicated batteries if necessary. The satel-
lite’s main subsystems cited before are the pointing system, thermal sys-
tem and integration of the laser system in space, as well as the receiver 
architecture. Specifically, the laser used is a collimated, high-efficiency 
fiber laser emitting at 1064 [nm] with efficiency approaching 40%. This 
choice of laser minimizes transmission losses. To achieve a manageable 
beam size on the lunar surface and ensure its effectiveness for power har-
vesting, proper beam expansion and collimation at the source are nec-
essary, using optical chains of lenses or mirrors. Of the two solutions, 
metallic mirrors are preferred mainly because they are easier to cool 
with a thermal management system. Parabolic metallic mirrors can cre-
ate an off-axis telescope with optical coatings optimized for visible and 
near-infrared wavelengths, avoiding chromatic and spherical aberration 
common in optical telescopes. Numerous methods exist for combining 
laser beams, each with varying suitability for specific applications. An-
other fundamental system for transmission is, of course, the pointing 
mechanism. Given lunar orbits at altitudes of hundreds of kilometers, 
precision close to a tenth of an arcsecond is required as explained in Sec-
tion 5.1. To achieve this and prevent vibrational disturbances from the 
satellite and orbital movements from hindering transmission, the point-
ing system is divided into three levels. Firstly, the satellite’s Guidance, 
Navigation, and Control system (GNC); secondly, a two-axis gimbal ro-
tation system; and finally, Fine Steering Mirrors (FSM) mounted on the 
gimbal and controlled by piezoelectric actuators, allowing the beam to 
be directed with absolute precision. Lastly, the thermal management 
of the satellite, especially of the high-power laser and the receiver on 
the lunar surface, is of critical importance. Several tests have been con-
ducted to study the response of the receiver cells to different laser power 
levels and to characterize them.

2.1.  Orbit and operational geometry

The proposed Wireless Power Transmission (WPT) architecture is 
based on a constellation of satellites operating in lunar orbit, with a 
specific interest in quasi-frozen orbital configurations. Such orbits ex-
ploit the lunar gravity field and third-body perturbations to maintain 
quasi-constant orbital elements, thereby improving mission efficiency 
and simplifying long-term operations.

For the preliminary pointing, illumination, and attitude analyses de-
veloped in this work, a representative circular lunar orbit at an alti-
tude of approximately ℎ ∼ 600 [km] is assumed. The satellite motion is 
modeled using a two-body approximation, starting from the following 
orbital parameters: semi-major axis 𝑎 = 4337.4 [km], eccentricity 𝑒 = 0, 
inclination 𝑖 = 89[◦], argument of perigee 𝜔 = 90[◦], and mean anomaly 
𝑀 = 0[◦] at the reference epoch of January 1, 2000, 12:00 TDB. The 
Right Ascension of the Ascending Node (RAAN) is treated as a free pa-
rameter and varied to investigate its impact on the Sun-spacecraft ge-
ometry.

At this orbital altitude, the satellite-to-surface link length is of 
the order of several hundred kilometers, requiring sub-arcsecond 
(microradian-class) pointing accuracy to constrain the linear displace-
ment of the laser spot at the receiver to the meter scale. The transmission 
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Table 1 
Summary of the reference mission-level specifications adopted for the lunar wireless power transmission architecture.
 Parameter  Value  Note
 Mission concept  Laser WPT from lunar orbit to surface  Reference architecture
 Reference orbit type  Quasi-frozen / circular preliminary case  Simplified two-body analysis
 Reference orbit altitude ∼600 [km]  Baseline for pointing and transmission analysis
 Receiver location  Lunar south pole, near Shackleton crater  Representative strategic site
 Laser wavelength  1064 [nm]  Fiber laser baseline
 Spacecraft solar array area ∼21 [m]2  Preliminary sizing value
 Spacecraft mass  600 [kg]  CAD-based preliminary design
 Target beam spot diameter on surface ≤10 [m]  Receiver-compatible footprint
 Required pointing accuracy  Microradian class  To limit surface error to meter scale
 Receiver technology  PPC for 1064 [nm]  Monochromatic optical-to-electrical conversion
 Measured PPC efficiency in this work  14.6–16.3%  Best laboratory results obtained in this study
 Transmission duration in cone ∼1123 [s]  Reference case with 𝜃max = 60 [◦]

Fig. 1. Orbital transmission architecture.

geometry is analyzed assuming a fixed ground receiver located at the lu-
nar South Pole, close to the Shackleton crater, a site of high interest for 
sustained surface operations.

Fig. 1 illustrates a preliminary configuration of the laser power trans-
mission from lunar orbit to the surface. A key parameter governing the 
transmission performance is the beam divergence angle 𝜃, whose role 
is discussed in detail in Section 5.1. The relative Sun-spacecraft geome-
try, which directly affects both thermal and power generation aspects, 
is evaluated as a function of time using lunar ephemerides from the JPL 
HORIZONS system, considering worst-case illumination conditions as-
sociated with specific RAAN values.

2.2.  Power generation and conversion chain

Each transmitting spacecraft collects solar energy via large-area so-
lar arrays. A representative sizing, as shown in [14], used in the present 
satellite model assumes a total solar array area on the order of 𝐴SA ≈
21 [m2]; this can be seen as the minimum size required to allow the 
battery pack to recharge during orbit and power the laser during the 
transmission cone. To avoid an excessively heavy battery pack, during 
transmissions with the satellite exposed to the Sun, the laser will be pow-
ered simultaneously by batteries and solar panels, significantly increas-
ing the size of the solar panels. As for transmissions in shadow, the EPS 
system will be sized to power the laser at a percentage of its total power. 
The electrical energy produced is stored on-board and then converted 
to optical power by the laser payload. High-level efficiency contribu-
tions can be summarized as follows: (i) solar-to-electrical conversion on 
the spacecraft, assumed to be approximately 30% for state-of-the-art so-
lar cells; (ii) electro-optical conversion in the laser payload, assumed 
to be approximately 40% for modern ytterbium-doped fiber laser archi-
tectures; and (iii) optical-to-electrical conversion on the lunar surface, 

which for receiver technologies compatible with 𝜆 ≈ 1064 [nm] can be 
in the range of 35%–40% under representative operating conditions.

This chain provides an effective figure of merit for the end-to-end 
architecture, corresponding to an overall available power on the order 
of 165 [W] per unit solar array area (i.e., 165 [W∕m2] of spacecraft solar 
arrays) when accounting for the above conversion stages. This value is 
used throughout the paper as a system-level reference to link spacecraft 
sizing to delivered optical/electrical power. To improve the readability 
of the proposed architecture and provide a concise overview of the ref-
erence mission scenario, the main mission-level specifications adopted 
throughout this work are summarized in Table 1. These parameters de-
fine the baseline case used for the preliminary orbital, power, pointing, 
and receiver analyses presented in the following sections.

The values reported in Table 1 define the reference configuration 
used in the remainder of the paper. In particular, the selected orbital 
altitude and receiver location establish the transmission geometry, while 
the laser wavelength, spacecraft size, and target beam footprint drive the 
sizing of the optical payload and the pointing requirements. The table 
also highlights the current experimental performance of the receiver 
technology, thereby linking the mission architecture to the laboratory 
validation activities discussed in Section 8.

2.3.  Laser payload, optical output, and emission aperture

Power transmission is performed using a continuous-wave (CW) 
near-infrared laser source, in particular the high-efficiency fiber laser 
due to its superior beam quality, compactness, and scalability to multi-
kilowatt output power. To deliver these levels of optical power from 
lunar orbit while limiting diffraction-driven spreading, beam expansion 
and collimation are required at the source through a dedicated optical 
chain.

Reflective optics (i.e., metallic mirror-based solutions) are favored 
for high-power handling and thermal management. The effective emis-
sion aperture is driven by the selected beam waist and the requirement 
to constrain the far-field spot size on the lunar surface to a receiver-
compatible footprint. In the baseline architecture discussed in this work, 
the beam waist is selected in the range of a few tens of centimeters (rep-
resentative optimum values are discussed later), corresponding to an 
emission aperture scale on the same order of magnitude.

2.4.  Ground beam footprint and receivers distribution

Even in vacuum propagation, diffraction determines the evolution 
of the beam radius with distance. Under a Gaussian-beam assumption, 
the beam footprint on the lunar surface can be controlled by selecting 
the beam waist and by preserving high beam quality (i.e., low 𝑀2). For 
transmission distances of several hundred kilometers and beam waist 
radii in the decimeter range, the resulting spot diameter can be kept 
within approximately 10 m, which is a practical upper bound for receiver 
deployment and for managing power density and thermal loads.
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Beam quality strongly affects the achievable footprint at a given dis-
tance: lower-quality beams (higher 𝑀2) require larger emission aper-
tures (larger beam waist) to maintain comparable spot sizes. Conse-
quently, the architecture prioritizes laser solutions with low inherent 
divergence and high spatial mode quality.

The distribution of receivers on the Moon is closely linked to the 
progress of lunar missions, ISRU missions, and human presence. In this 
work, we focus on a receiver located at the lunar south pole, as an ex-
ample. A strength of the architecture in question is its applicability to 
any location on the surface, with a limited number of orbits.

2.5.  Received power and power density at the lunar surface

The received optical power is determined by the transmitted optical 
power and by the fraction intercepted by the receiver within the ground 
footprint. The receiver converts the intercepted optical power into elec-
trical power via Photonic Power Converters (PPCs). For receiver mate-
rials and wavelengths relevant to this study (e.g., around 1064 [nm]), 
conversion efficiencies in the range of 35%–40% are considered repre-
sentative at system level, while dedicated laboratory tests are presented 
later to characterize performance as a function of power density, load, 
and temperature.

Power density on the receiver depends on both transmitted power 
and spot size. The system-level sizing approach adopted takes into ac-
count the spacecraft solar array area and efficiency, as well as electrical-
to-optical and optical-to-electrical conversion efficiencies. This provides 
the quantitative basis for the subsequent sections, which detail (i) the 
laser payload design and beam shaping constraints, (ii) PPC perfor-
mance and thermal behavior, and (iii) orbit/pointing requirements and 
spacecraft attitude dynamics needed to maintain the beam within the 
required footprint.

3.  Laser system

Traditional solar power solutions, while effective on Earth, en-
counter significant inefficiencies in the unique lunar environment we 
have described: the extreme diurnal cycle collapses efficiency when en-
ergy storage is included in the overall system efficiency; at the polar 
regions, the Sun remains perpetually low on the horizon, therefore the 
need for tall masts or tracking mechanisms which increase mass and re-
duce reliability; once deployed, these arrays cannot easily be relocated 
or reoriented where needed. To address these constraints, our study ex-
plores an innovative solution: WPT from lunar orbit using high-power 
fiber lasers. The use of high-power laser beams in the near-infrared al-
lows to reach very long distances while transmitting high power through 
a very narrow beam. The solar energy is collected by the satellites and 
re-converted into focused laser beams aimed at the receivers on the 
Moon’s surface. Fiber lasers and amplifiers have the advantages of su-
perior beam quality, high electrical efficiency, no maintenance, high 
reliability, compactness and ruggedness when compared to traditional 
diode-pumped solid-state laser systems [18,19]. Optical fibers have been 
widely utilized in space applications, serving as optical sensors and in 
optical communication terminals, particularly in the form of fiber laser 
amplifiers.[20,21]. Radiation-tolerant devices are available as well as 
space-qualified CW versions, although with low peak power. Neverthe-
less, these devices are scalable to very high powers with both single- 
and multi-device architectures. Advancements in fiber laser technology 
are making such a payload feasible, starting from the development of 
highly efficient laser diodes (leveraged from telecommunications) and 
special fiber optics capable of withstanding the rigors of space. Size, 
weight and power requirements are strong drivers in the design of a 
space-based instrument. Ytterbium-doped fiber lasers are currently the 
best-performing devices in terms of overall efficiency, including fiber 
and pump-diode technology. Higher electrical efficiency allows fewer 
pump diodes to be required, reducing the necessary weight. Despite the 
numerous advantages, there are still issues to be resolved when power 

scaling to high-power narrow-bandwidth transmission, namely nonlin-
ear effects and thermal effects [22].

3.1.  Power requirements

Early Lunar surface power users are expected to mainly be of three 
kinds: ISRU Lunar Habitats, and Science and Exploration users. ISRU is 
the largest power user requiring power levels in the order of 60 − 100
[kW], to be used over long distances of several kilometers to mine and 
transport the moon’s natural resources. Lunar habitats require power 
levels in the order of 20 − 50 [kW] (assuming a four-member crew in 
the early lunar outposts) while drones and rovers exploring the lunar 
surface only require up to ∼ 500 [W] of power [23]. It is more proba-
ble that a power beaming system complements other power generation 
and distribution systems, rather than working as a standalone system. 
The power it can transmit to the lunar surface depends on the efficiency 
of the various stages of conversion, from the solar power captured by 
the satellites to the receiver’s cells. High-level efficiency contributions 
for the system can be considered as follows: First, we assume that the 
energy has already been converted and stored from the satellite’s so-
lar panels into onboard batteries, with an efficiency of approximately 
30% for state-of-the-art solar cells. Next, the electro-optical efficiency 
of the laser system is about 40%, particularly for modern ytterbium-
doped fiber lasers, which operate with 50% efficiency from laser diodes 
and 80% optical-optical efficiency in the Yb-doped active fiber. Finally, 
the opto-electric conversion efficiency of the cells in the lunar surface 
receiver can range between 35% and 40%, assuming the receiver cap-
tures all the incoming radiation, as described in Section 8. Overall, these 
components amount to about 165 [W/m2], or 165 [W] per unit area of 
the spacecraft’s solar arrays.

For the reference mission scenario, the electrical power system is 
based on the combined use of solar arrays and onboard battery stor-
age. In particular, the solar arrays provide the primary energy gener-
ation capability, while the batteries are used to store energy outside 
the transmission phase and support high-power laser operation during 
power-beaming intervals. Therefore, the adopted power architecture is 
not based on direct instantaneous solar powering alone, but on a hy-
brid generation-and-storage approach consistent with the operational 
concept discussed in this work.

The full end-to-end efficiency chain adopted for the reference mis-
sion scenario is summarized in Table 2. This table clarifies the main 
energy conversion stages from solar collection on the spacecraft to elec-
trical power conversion at the lunar receiver. In addition, a spacecraft-
level power availability metric is reported to relate the onboard electri-
cal power budget to the reference solar-array sizing. In this context, the 
quantity of 165 W/m2 does not represent the electrical power delivered 
on the lunar surface, but rather the electrical power available on the 
spacecraft per unit solar-array area, used as a first-order sizing metric 
for the onboard power architecture.

As a representative reference case, the minimum energy delivered to 
a lunar user was determined to be 5 [kWh] for the first un-crewed sur-
face habitat, rovers and lunar science [24]. Considering the reference 
efficiency chain and an approximately 20-minute power transmission 
window, a continuous laser power of at least 30 [kW] is needed. This 
value is consistent with the order of magnitude obtained in earlier ar-
chitecture studies for a single transmitting satellite in a 600 [km] lunar 
orbit [14].

3.2.  Spot diameter on the lunar surface

Although transmission happens in the vacuum of space, where the 
laser beams do not experience deflection or degradation due to refrac-
tion or reflection phenomena, one has to still account for diffraction. 
Diffraction is the result of the wave properties of light, causing the 
change of the beam’s intensity distribution with distance. From the 
paraxial approximation, we also derive the expression for Fraunhofer 
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Table 2 
Reference efficiency chain and spacecraft-level power availability for the lunar wireless power transmission architecture.
 Stage  Symbol  Assumed efficiency  Note
 Solar-to-electrical on spacecraft 𝜂𝑆𝐸  30%  State-of-the-art solar cells
 Electrical-to-optical laser conversion 𝜂𝐸𝑂  36%  Yb-doped fiber laser
 Optical-to-electrical at lunar receiver 𝜂𝑂𝐸  40 ± 5%  PPC at 1064nm
 End-to-end efficiency 𝜂𝑡𝑜𝑡  3.8–4.3%  Product of above stages
 Available electrical power on spacecraft per unit solar-array area 𝑃el,sc∕𝐴𝑆𝐴 ∼165 [W/m2]  Reference spacecraft-level power availability

Fig. 2. Beam size 𝑤(𝑧) at 400 [km], as a function of beam waist 𝑤0.

diffraction, which is only accurate for long distances [25]. The solution 
to the paraxial wave equation can be written as a Gaussian function 
times a quadratic phase factor, where

𝑤(𝑧) = 𝑤0

√

1 + 𝑧2

𝑧2𝑅
, (1)

is the radius of the beam as a function of 𝑧. By interpreting this expres-
sion, we can make a first observation: the smallest beam radius is at z 
= 0, where 𝑤(0) = 𝑤0 and it is called the waist of the beam. At 𝑧 = 𝑧𝑅, 
the beam radius becomes 𝑤(𝑧𝑅) =

√

2𝑤0. To study the behaviour of the 
waist, and especially its behaviour as a function of distance, we can use 
Eq. (1). We calculate at first the final radius of the beam at a distance 
of 400 [km], as a function of beam waist 𝑤0. Being an ideal Gaussian 
beam, the values of 𝑤(𝑧) are the minimum possible considering natural 
divergence. The behaviour of the beam size as a function of its beam 
waist 𝑤0 is shown in Fig. 2, with a zoom-in plot to show the presence 
of a minimum of the function at a certain combination of beam waist 
and minimum beam radius 𝑤min = 𝑤(400). In any configuration at the 
same wavelength, beam quality and distance, there is one size of beam 
waist that results in the minimum beam radius at that distance. This 
information gives useful information for sizing the beam expanding and 
collimating optics. In Fig. 3, this behavior is plotted while varying the 
distance 𝑧. From this plot, we understand that with a beam waist of a few 
tens of centimeters, the size of the receiver on the lunar surface can be 
kept well within the 10-meter diameter limit. In fact, this limit is reached 
at 𝑧 > 1000 [km], for an initial diameter of less than 10 [cm], which is 
a relatively small mirror to install on the satellite. As this calculation 
was performed considering an ideal Gaussian beam, it is then further 
generalized by plotting this 10-meter limit for beam qualities, in terms 

of the 𝑀2 parameter. This result is shown in Fig. 4, which shows how 
much the quality of the beam has an influence on the distance that can 
be reached while maintaining the beam spot within a reasonable diame-
ter. State-of-the-art high-power fiber lasers with output powers up to 20
[kW] (from IPG Photonics [26]) have a BPP (Beam Parameter Product) 
of 4. BPP is the product of the laser beam’s divergence half-angle and 
the radius of the beam waist. The BPP and 𝑀2 parameters are two ways 
of quantifying the quality of the laser beam, and how well they can be 
focused to a small spot or collimated for very large distances. A Gaus-
sian beam has the lowest BPP physically possible, equal to 𝐵𝑃𝑃 = 𝜆∕𝜋
[mm mrad], where 𝜆 is the laser’s wavelength. The ratio of the BPP of 
the real beam to that of the ideal Gaussian beam is the 𝑀2 parame-
ter, which becomes independent from the laser’s wavelength. Assuming 
paraxial approximation: 𝐵𝑃𝑃 = 𝜓𝑤0 =𝑀2 𝜆

𝜋 . Therefore, the laser men-
tioned above has a 𝑀2 = 11.8. This already limits the distances that are 
reachable within the limit of a 10-meter receiver and requires larger 
mirrors to accommodate the larger beam waist necessary. A design re-
quirement is to use laser systems with low inherent beam divergence to 
maintain a narrow beam over long distances, by using single-mode fiber 
lasers that produce a high-quality beam with minimal divergence.

3.3.  Materials and design considerations

Requesting small quantities of specialized components increases 
costs compared to using products typically sold in bulk. However, it 
could be possible that a few small changes to these products can already 
greatly affect the space flight readiness of the component. Identification 
of materials is the first step in this process, for which all materials mak-
ing up the component must be known and qualified for flight. If all 
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Fig. 3. Contour plot of the beam’s diameter [m] as a function of distance 𝑧 [km] and of beam waist 𝑤0 [m]. Assumption of an ideal Gaussian beam is made.

Fig. 4. 10-meter beam diameter as a function of distance 𝑧, beam waist 𝑤0, and 𝑀2 parameter.

component materials are not known, a destructive physical analysis can 
provide their identification. All non-metallic materials should be char-
acterized for outgassing properties in vacuum. This is especially critical 
for a high power laser system including optical components such as mir-
rors and other bulk optics, in which contamination from stray material 
can have catastrophic effects [27]. Regarding thermal considerations, it 
is crucial first of all to understand the limitations of each component 
and its performance specification. Many commercial parts are limited 
to the basic standard of −25◦C to +85◦C, while others can be quali-
fied for −40◦C to +85◦C operational temperatures. Based on the selected 
orbit, spacecraft attitude with respect to the Sun, operational concept, 

and internal subsystem accommodation, a dedicated Thermal Control 
System (TCS) will be designed to ensure that all components operate 
within their qualified temperature limits, including an additional design 
margin of 10◦C with respect to the expected worst-case environmental 
conditions. Outside the Earth’s magnetosphere, the space radiation pri-
mary sources are galactic cosmic rays (GCRs), solar protons and solar 
particle events (SPEs), [28,29], while contributions from the trapped 
proton and electron belts are zero. Two missions have measured the 
dose values at various altitudes in Lunar orbit. The Radiation Monitor 
(RADOM) payload onboard the Chandrayaan-1 mission performed mea-
surements throughout its one-year mission to characterize this environ-
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Fig. 5. External view of the satellite.

ment. The instrument revealed very small values for both particle flux 
[particles/cm2/s] and radiation dose [𝜇Gy] during Earth-Moon transfer 
and in lunar orbits of 100 [km] and 200 [km]. The total accumulated dose 
during the transfer from Earth to the Moon was found to be ∼ 1.3 [Gy]. 
Average flux and dose in lunar orbit further decreased slightly, with the 
lowest values found at the lowest altitudes, due to the shielding effects 
of the Moon. Since the solar activity minimum occured shortly after the 
mission ended in 2009, it is unlikely that radiation exposure will ex-
ceed the 0.257 [mGy/d] in these orbits [30]. The Lunar Reconnaissance 
Orbiter (LRO) mission’s Cosmic Ray Telescope for the Effects of Radia-
tion (CRaTER) instrument was also designed to characterize the global 
lunar radiation environment, and also measured doses values between 
0.22 − 0.27 [mGy/d] from its orbit at 50 [km] from the lunar surface. For 
higher-altitude orbits as the ones described in this project, the values of 
flux and dose would be the same as open space at Moon-distance from 
the Earth, minus a smaller effect of body occlusion from the Moon.

4.  Inertia analysis of the satellite

Based on the requirements described above and subsequent orbital 
and pointing analyses, the preliminary design of the satellite was car-
ried out. In Table 3 is presented the analyzed satellite’s components 
and their respective masses. This analysis is essential to determine both 
the inertia matrix and the center of mass of the satellite, which will be 
used in subsequent sections to calculate the torques generated by solar 
radiation pressure and the lunar gravity gradient disturbances. While 
the Electrical Power System (EPS) has been dimensioned based on spe-
cific requirements [14], the remaining subsystems are based on initial 
assumptions made during the preliminary design phase. Following the 
selection of the components, the total weight of the system is 600 [kg]. 
The inertia matrix [kg m2] relative to the system’s center of mass is as 
follows:

𝐈 =
⎡

⎢

⎢

⎣

957.56 1.95 −5.85
1.95 1834.18 2.16
−5.85 2.16 980.92

⎤

⎥

⎥

⎦

(2)

Table 3 
Mass breakdown of satellite components.
 Component  #  Weight [kg]
 Honeywell HC9 RWs  4  22
 Gyroscope Sensor  2  1.5
 Star Trackers  2  0.5
 On-Board Computer  1  1.5
 Comm Antennas  7  6.5
 Electric Power System  1  139
 Solar Panels (21m2)  4  160
 Laser Box  1  45
 Thruster  7  12
 Tanks  6  6
 Structures  1  80
 Inflatable Structure (Sunshield)  1  6
 Thermal System Pump  1  30
 Accumulator  1  20
 Cold Plate  1  20
 Radiator Panels  4  45
 Sunshield  1  5
 Total Weight  600

Fig. 5 presents the 3D model of the satellite, illustrating its body axes 
and center of mass.

5.  Orbital requirements

Several studies have been conducted analyzing lunar communica-
tion and transmission mission scenarios and associated requirements 
[31–35]. Most studies are focused to obtain orbital architectures such 
that global coverage of the Moon can be achieved, in anticipation of a 
future where missions will be conducted over the entire lunar surface. 
In particular, in [36] it is analyzed, through an analytical hierarchy 
process, which is the best mission scenario trade-off for energetically 
supplying the vicinity of Shackleton crater since it is the first construc-
tion site for lunar bases chosen. The optimal option is chosen through a 
systematic series of objective pairwise comparisons between some fig-
ure of merits, allowing for the determination of attribute weightings 
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Fig. 6. Schematic diagram of the architecture consisting of satellite, Moon, receiver and transmission cone.

as well as scoring alternatives. These figure of merits include the num-
ber of satellites, mission simplicity, spacecraft mass, stability of the or-
bit, mission cost and mission feasibility. Moreover, the orbital architec-
tures considered included 2BP LLO (Low Lunar Orbits) and CR3BP High 
Near Circular Lunar Orbits with respectively altitude between [0 − 100]
and [9000 − 11000] [km], and CR3BP L2 Southern Near Rectilinear Halo 
Orbit (NRHO), CR3BP Quasi-Frozen Orbits and finally CR3BP Butter-
fly Orbits with radius at periapsis respectively between [1800 − 4000], 
[200 − 600] and [1800 − 4000] [km]. In particular, CR3BP Quasi-Frozen 
Orbits have the highest score [36] and reflects best the characteristics 
of a lunar transmission mission scenario. These orbits exploits the non-
uniform gravitational potential of the Moon and the Earth’s third body 
influence to maintain quasi constant the required orbital parameters for 
a more efficient transmission, i.e. semimajor axis, eccentricity and in-
clination. In this sense, for a matter of simplification for deriving the 
accuracy and angular velocity requirements of pointing systems, as a 
first approximation, we consider orbits with fixed orbital parameters, 
i.e. considering the 2BP orbital model.

5.1.  Pointing accuracy

For circular orbits, the tangential velocity of an orbiting object is

𝑣𝜃 =

√

𝜇☾
𝑅☾ + ℎ

, (3)

where 𝜇☾ is the gravitational constant of the Moon (4.9 × 103 [km3/s2]), 
while 𝑅☾ is the radius of the Moon and ℎ is the height of the circular 
orbit. The architecture of the WPT system is shown in Fig. 6 where 𝜃max
is the maximum angle relative to what is called the transmission cone. 
Transmission cone means the geometric cone, in this case for simplicity 
in the 2D plane, composed of the vector drawn when power transmis-
sion by the laser beam begins, between the satellite and the receiver, 
and the same vector drawn when transmission stops. 𝜃max is a parameter 
on which pointing requirements depend, as large thetas imply greater 
energy transmission and thus greater energy stored by the cells, but at 
the same time the required precision of pointing. From simple geomet-
ric considerations, the angle 𝛽max, formed by the vector connecting the 

satellite at the beginning of the trasmission and the center of the Moon, 
and the vector connecting the center of the Moon to the center of the 
transmission cone can be calculated as

𝛽max = 𝜃max − arcsin
( 𝑅☾

𝑅☾ + ℎ
sin(𝜃max)

)

. (4)

The total time the satellite in circular orbit spends in the transmission 
cone is

𝑡𝑐 =
2𝜃max − 2 arcsin

(

𝑅☾
𝑅☾+ℎ

sin (𝜃max)
)

𝜔
, (5)

where 𝜔 is the angular velocity of the satellite in circular orbit, com-
puted as 

√

𝜇☾∕(𝑅☾ + ℎ)3. The 𝛽 angle, positive in the clockwise direction 
is calculated as 𝛽 = −𝛽max + 𝜔𝑡. The vector simulating the laser beam is 
geometrically represented as

𝑑 =
√

(𝑅☾ + ℎ)2 + 𝑅2
☾
− 2(𝑅☾ + ℎ)𝑅 cos(𝛽). (6)

The angle 𝜃 formed with the perpendicular vector is:

𝜃 =
arcsin (ℎ + 𝑅☾)

𝑑
sin (𝛽) (7)

Assuming that the maximum linear error we want to make on the re-
ceiver is Δ𝑥 = 1 [m] and that the lunar surface relative to the receiver 
dimension can be considered linear, we have Δ𝛽 = arcsin

(

Δ𝑥∕𝑅☾
)

. From 
here, the new beta can be calculated by adding the old beta to the delta, 
and consequently, the new distance 𝑑. This geometry is visible in Fig. 6. 
Therefore:

Δ𝜃 = arctan

(

(

𝑑
Δ𝑥 cos (𝜃)

+ tan (𝜃)
)−1

)

(8)

The Δ𝜃 thus represents the error angle, known as the pointing error, al-
lowed so that linearly, on the target placed on the lunar surface, an error 
of 1 [m] is made. Considering, for example, a circular orbit at 600 [km], 
the allowed angular errors are in the order of [𝜇 rad]. FSMs (Fast Steer-
ing Mirrors) are available in various types, each designed for specific 
purposes: Mechanical, Piezoelectric (PZT) and Micro-Electromechanical 
(MEMS). PZT FSMs are known for their outstanding precision and quick 
response times, but they are limited by a small angular motion range. 
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Fig. 7. a Schematic representation of the satellite’s surfaces. b Variation of the angle 𝜃 as a function of the RAAN.

Moreover, their operation often demands sophisticated closed-loop con-
trol mechanisms. In this particular application, the extremely high pre-
cision required necessitates piezoelectric actuators, bringing in the chal-
lenge of limited tilt range. Efficient heat dissipation from these mirrors 
is achieved using specialized heat management systems. A second me-
chanical stage is introduced to extend the tilting range, employing sys-
tems like gimbals or more advanced hexapods. This is essential since 
current FSM technology typically only achieves tilt ranges in the micro-
radian range. Achieving accurate mirror positioning depends on initial 
calibration, and technologies like gimbal and hexapod systems are being 
considered. Hexapods, with their six degrees of freedom, offer superior 
accuracy and are already used in satellites for precise pointing applica-
tions, such as sensors and cameras. Another very important issue, not 
directly addressed in this paper but currently being worked on for the 
final architecture of the wireless power transmission system, is how to 
recognize the target and track it during transmission while the satel-
lite follows its orbital movement. In the proposed system, the receiver 
location on the lunar surface is known a priori by mission design, as 
it is pre-deployed and accurately georeferenced. Target tracking during 
the orbital pass is therefore driven by onboard navigation rather than 
target acquisition. The spacecraft estimates in real time its orbital state 
using optical navigation techniques, such as horizon-based Optical Nav-
igation, providing position accuracy on the order of tens to hundreds of 
meters in low lunar orbit. If required, this performance can be further 
improved through sensor fusion with a radio link between the space-
craft and the surface receiver, enabling one-way or two-way ranging to 
reduce the navigation uncertainty.

6.  Estimation of external disturbance torques

In this section, we will examine the two main external factors that 
influence the satellite’s attitude: the lunar gravity gradient and the solar 
radiation pressure. For this initial analysis, we also disregard the effects 
of albedo pressure, thermal radiation, and Moon’s non-uniform gravita-
tional potential, given the Moon’s low albedo, average temperature and 
the short simulation time (almost 19 minutes). Solar radiation pressure 
is caused by the interaction of solar photons with the satellite’s surfaces. 
The pressure is proportional to the solar radiation intensity, 𝐼𝑠 approx-

imately 1361 [W/m2] at Earth’s average distance from the Sun, i.e 1 
AU= 1.49597870 × 108 [km]. The total force exerted by solar radiation, 
𝐅𝑠,𝑡𝑜𝑡, on a satellite is thus the vector sum of the forces exerted on each 
surface:

𝐅𝑠,𝑡𝑜𝑡 =
∑

𝑖

𝐼𝑠
𝑐
𝐴𝑖 cos(𝜃𝑖)(1 + 𝜌𝑖)𝐧𝑖 (9)

where 𝑐 is the speed of light in a vacuum, approximately 3 × 108 [m/s], 
𝐴𝑖 is the area of the 𝑖th surface, 𝜃𝑖 is the angle of incidence of the radi-
ation with respect to the normal to the 𝑖th surface, 𝜌𝑖 is the reflectivity 
coefficient of the 𝑖th surface and 𝐧𝑖 is the unit vector normal to the 𝑖th 
surface. For this analysis, we consider the worst-case scenario: the 𝑥𝑧-
plane is assumed to be the most exposed to the Sun; Figs. 7a, b and 8 
illustrate the case study graphically.

The solar panels are located in this plane, and since they represent 
the largest surface area, the resulting force from solar radiation pres-
sure will be the highest. As shown in Fig. 7a, the satellite is modeled as 
having five primary surfaces: four solar panels of equal size, each with 
an area of 1.32 × 3.96 [m], and one face with an area of 0.85 × 0.85 [m], 
covered with Kapton coated with aluminum to enhance shielding from 
solar radiation. The reflectivity coefficient 𝜌 is assumed to be 0.1 for 
the solar panels, while for the Kapton/aluminum surface, it is 0.7. Solar 
radiation exerts a moment, 𝐌𝑠, relative to the satellite’s center of mass, 
which is calculated as:
𝐌𝑠 =

∑

𝑖
𝐫𝑖 × 𝐅𝑠,𝑖 (10)

where 𝐫𝑖 is the position vector of the center of pressure of the 𝑖th surface 
relative to the satellite’s center of mass, and 𝐅𝑠,𝑖 is the force acting on the 
𝑖th surface. To compute the angle 𝜃 in Eq. (9), it is necessary to define 
the satellite’s orbital parameters. Given the short simulation period (18 
minutes and 43 seconds), corresponding to the satellite’s transmitting 
time, its position is calculated using the two-body problem, starting from 
the orbital values: the semi-major axis is 4337.4 [km], the eccentricity 
is 1 × 10−15, the inclination is 89 [◦], and the argument of perigee is 90
[◦]. The Right Ascension of the Ascending Node (RAAN) is yet to be 
defined. The mean anomaly is 0 [◦], and it is computed at the reference 
time of January 1, 2000, 12:00 TDB. The angle 𝜃𝑖 is computed as the 
angle between the satellite-Sun unit vector, 𝑠̂, and the unit vector, 𝑛̂, 
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Fig. 8. Configuration of the coordinate axes for computing the solar disturbance moment 𝐌𝑠.

normal to the 𝑖th surface. The unit vector 𝑠̂, as a function of time, was 
determined using lunar ephemerides obtained from the Horizon System 
of the Jet Propulsion Laboratory, combined with the satellite’s position. 
The computation parameters were set as follows: Start date = 2030-
01-01 12:00 TDB, End date = 2030-01-01 14:49, with a time step of 
1 minute and a reference frame centered on the Sun. To simulate the 
worst-case scenario, cos(𝜃) must be maximized, implying small angles 
between ̂𝑠 and 𝑛̂. As illustrated in Fig. 7b, depending on the orbital plane, 
the values of 𝜃 can vary significantly with changes in the RAAN. The 
minimum 𝜃 occurring at Ω = 10.80 [◦], corresponding to January 1, at 
12:00 TDB.

The time evolution of 𝜃 for the selected RAAN was analyzed, show-
ing a minimal variation throughout the entire orbit. Specifically, the 
minimum value of 𝜃 measured is 0.9936[◦], while the maximum value 
is 0.9962[◦]. This small variation implies that the torque 𝐌𝑠 gener-
ated by the solar disturbance can be considered essentially constant. 
The torques around the 𝑥 and 𝑧 axes, 𝑀𝑠,𝑥 and 𝑀𝑠,𝑧, exhibit negligible 
variation, with values on the order of 10−13 [Nm]. In particular, 𝑀𝑠,𝑥 is 
approximately −1.0997 × 10−6 [Nm], while 𝑀𝑠,𝑧 is around 3.2992 × 10−7

[Nm]. The torque around the 𝑦 axis, 𝑀𝑠,𝑦, remains zero due to symme-
try considerations. In this study, it is assumed that the 𝑥𝑧-plane remains 
consistently aligned with the orbital plane, and that the 𝑧-axis always 
points towards the receiver. As a result, the torque around the 𝑦-axis 
is effectively null.The satellite’s center of mass is nearly aligned with 
the geometric center of the pressure centers of the five main surfaces, 
which significantly minimizes torques from solar pressure disturbances. 
However, any substantial misalignment could increase the torque, com-
plicating the design of the attitude control system. Then, the gravity 
gradient torque, the other key disturbance denoted as 𝐌𝑏

𝑔𝑔 , measured in 
the spacecraft body frame, can be expressed as [37]

𝐌𝑏
𝑔𝑔 ≈

3𝜇
||𝐫||3

𝐜 × 𝐈𝐜 (11)

where 𝜇 is the gravitational parameter of the central body, 𝐫 is the posi-
tion vector relative to the central body measured in the spacecraft body 
frame, 𝐈 is the body inertia tensor about the satellite’s center of mass 

while the vector 𝐜, that contains the direction cosines of the local ver-
tical direction as observed in the body reference frame, is computed as 
𝐜 = 𝐀 𝐫

||𝐫|| , where 𝐀 is the Direction Cosine Matrix. In Fig. 9, the torques 
induced by the lunar gravity gradient on the satellite’s body axes over 
time are illustrated. The torques are shown only during the period when 
the satellite is transmitting power to the receiver, specifically 75 minutes 
after 12:00 TBD on January 1, 2030, and for a duration of 18 minutes 
and 43 seconds.
Additionally, the disturbances induced by the Earth’s gravity gradient 
were also calculated; however, since these are on the order of 10−13
[Nm], they have been neglected. The simplifications in this study serve 
as preliminary inputs to estimate key parameters and assess the con-
trol system’s performance under simplified conditions. As the satellite’s 
mass distribution and geometry are further refined, the model will be 
adjusted to account for additional complexities, enabling more accurate 
predictions and the development of a more robust attitude control sys-
tem for a wider range of scenarios.

7.  Attitude control system design

Starting with the inertia matrix and weight, estimated using the CAD 
presented earlier, an analysis was made of the attitude control system 
of this satellite, focusing on the use of Reaction Wheels. The purpose of 
attitude control, during the firing phase, i.e. within the cone of visibility, 
is to rotate around an axis, in this case the y-axis, by the angle relative 
to the cone of visibility, as can be seen in Fig. 8, in the calculated orbital 
time. This allows the aiming system to start its control from a system 
already oriented towards the target, with precision depending on the 
attitude control itself. The attitude control system of the satellite was 
simulated using Matlab&Simulink. The control to calculate the control 
moments to be supplied to the reaction wheels is a quaternion feedback 
control [38]

K𝑝 = [𝛼I + 𝛽1]−1 (12)

K𝑑 = 𝑑𝑖𝑎𝑔(𝑑1, 𝑑2, 𝑑3) (13)
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Fig. 9. 𝑀𝑔𝑔 induced by the lunar gravity vs time.

where 𝑑𝑖 are positive scala costants, 1 is the 3 × 3 identity matrix, I is the 
3 × 3 inertia matrix and 𝛼 and 𝛽 are non-negative scalars. The moment 
vector is thus calculated as
M𝐶 = −K𝑝q𝑒 − K𝑑𝝎𝑏. (14)

The Euler equations is
𝝎̇𝐵 = 𝑰−1(𝑴𝑒𝑥𝑡 −𝑴𝑅𝑊 − 𝝎𝐵 × (𝑰𝝎𝐵 + 𝒉𝑅𝑊 )), (15)

in our case the external moment is characterised by disturbances. The 
Reaction Wheels are schematised with a low pass filter and a saturation 
function and they are arranged in a pyramid configuration. Mathemat-
ically, to transform the control moment, calculated in body axes, in the 
4 directions in which the RWs are arranged, a Z matrix is used
⎡

⎢

⎢

⎣

𝑐(𝛽)𝑐(𝛼) −𝑐(𝛽)𝑠(𝛼) 𝑐(𝛽)𝑐(𝛼) 𝑐(𝛽)𝑠(𝛼)
𝑐(𝛽)𝑠(𝛼) 𝑠(𝛽)𝑐(𝛼) −𝑐(𝛽)𝑠(𝛼) −𝑐(𝛽)𝑐(𝛼)
𝑠(𝛼) 𝑠(𝛽) 𝑠(𝛽) 𝑠(𝛽)

⎤

⎥

⎥

⎦

In this matrix, 𝛼 in our case is equal to 0 while 𝛽, as can be seen in [39], 
is 30◦.
𝑴4𝑅𝑊 = 𝒁−1𝑴𝐶 (16)

where 𝒁−1 means the pseudo-inverse matrix of Z and 𝑴4𝑅𝑊 ∈ 𝑴4𝑥1. At 
this point, it is possible to calculate the moment along the axy bodies
𝑴𝑎 = 𝒁𝑴4𝑅𝑊 (17)

In this study, a circular lunar orbit at 600 [km] was chosen for simplic-
ity. Assuming a transmission cone angle of 60[◦] (𝜃max shown in Fig. 6), 
the laser transmission total angle will be 120[◦], in a time of approxi-
mately 1123 seconds, as explained in Eq. (5) . Since translational and 
attitude motion are de-coupled, we take as initial and final quaternions 
those shown in Table 4. The initial quaternion represents a body ref-
erence system, rotated around 𝑦𝐿𝑉 𝐿𝐻  by 40.07[◦] with respect to the 
LVLH reference system, at the moment the satellite enters the transmis-
sion cone. This angle is represented in Fig. 8 as 𝛾. This body reference 
system during the simulation is rotated by exactly 120[◦] (2 times 𝜃max) 
around the y body axis. The satellite’s rotation system must also be able 
to counteract the disturbances, including those due to solar pressure and 
gravity gradient. Figs. 10–12 and are shown the results for the quater-
nions mentioned above, the moments to be applied for each RWs and the 
final rotation of the z-axis body with respect to itself at the beginning of 

Table 4 
Control parameters and initial conditions.
 Variable  Symbol  Value
 Satellite Mass 𝑚𝑐 600 [kg]
 Max Torque RWs 𝑇max 0.2 [Nm]
 Initial Quaternion 𝑞0 [0.939, 0, 0.342, 0]
 Final Quaternion 𝑞𝑑 [0.174, 0, 0.984, 0]
 Filter Time Constant 𝜏𝑅𝑊 0.01 [s]
 Control Gain 𝛼 𝛼 0.0001
 Control Gain 𝛽 𝛽 0.01
 Boundary Layer Width 𝑑 10

the transmission. It can be seen that the satellite’s rotation system works 
correctly and therefore the satellite will follow, within the transmission 
cone, the receiver placed on the surface, with the pointing system being 
able to isolate from micro-vibrations and complete the pointing of the 
laser starting from a satellite already correctly rotated. The presented 
attitude control ensures that the residual pointing error falls within the 
capture range of the Fine Steering Mirror subsystem, which is responsi-
ble for sub-arcsecond beam stabilization.

8.  Photonic power converter tests and validation

A Photonic Power Converter (PPC) is a phototransducer that converts 
narrow-band photonic energy into electricity. It is essential in optical 
power transmission systems, which deliver power as light through free 
space or optical fiber. At the receiving end, the PPC converts photonic 
energy to electricity to power electronic components. The most efficient 
PPC to date is a five-segment PPC with a vertical stack structure, achiev-
ing a power conversion efficiency of 70% [40]. This efficiency is due to 
the use of Gallium Arsenide (GaAs), known for its excellent performance 
at wavelengths of 810 − 850 [nm] [41,42]. Although GaAs is effective for 
certain wavelengths, optimizing system efficiency involves other mate-
rials. The efficiency of an optical power transmission system depends on 
the PPC’s efficiency, as well as source and transmission efficiencies. Op-
tical fibers show higher transmission efficiency at longer wavelengths, 
which GaAs does not optimally convert. Materials such as GaAs, In-
dium Gallium Arsenide (InGaAs), and Indium Aluminum Gallium Ar-
senide (InAlGaAs) are used in PPCs based on their bandgaps matching 
the radiant energy of the specified wavelength. For a wavelength of 
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Fig. 10. 𝑍𝑏𝑜𝑑𝑦 rotation during the transmission.

Fig. 11. Quaternions vs time in the transmission cone.

1064 [nm], suitable materials include Gallium Indium Arsenide Phos-
phide (GaInAsP), InGaAs, and InAlGaAs, with conversion efficiencies 
from 35% to 40%. In 2001, Green demonstrated that monochromatic PV 
conversion could theoretically reach 100% efficiency at infinite input 
intensity [43]. However, real-world limitations reduce this efficiency. 
Improving material quality, operating closer to the GaAs bandgap, and 
increasing light intensity can enhance PPC efficiency [44]. Each order 
of magnitude increase in light intensity boosts efficiency by about 4%, 
and redesigning for 850 [nm] can reduce thermalization losses by 2%. 
Combining these improvements, overall device efficiency could exceed 
80%, advancing PPC technology and optical power transmission.

8.1.  Tests and relevance of the experimental campaign to the system design

This section presents some tests conducted aiming to demonstrate 
the feasibility and efficiency of illuminating solar cells using high-power 
laser sources. Although the present work is primarily focused on the pre-
liminary design of a lunar-orbital laser WPT architecture, the receiver-
side Photonic Power Converter (PPC) performance is a first-order driver 
for system sizing and feasibility. In particular, realistic PPC efficiency 
and thermal behavior under high optical power density directly impact 
(i) the required transmitted optical power to meet a given delivered elec-
trical power at the surface, (ii) the allowable power-density envelope at 

the receiver, and (iii) the thermal control provisions needed to prevent 
performance degradation and/or irreversible damage. For this, the ex-
perimental campaign reported in this section is used to (a) quantify the 
deviation from ideal/datasheet conversion performance under represen-
tative illumination conditions, (b) assess the sensitivity of conversion 
efficiency to electrical load and temperature rise, and (c) identify prac-
tical operating limits in terms of power density and thermal margins. 
These results provide technology-grounded inputs for receiver sizing 
and calibration, end-to-end efficiency budgeting, and subsequent sub-
system qualification steps. New studies and tests on the effective cooling 
of these cells and on the management of payloads and storage systems 
on the lunar surface are already planned.

To relate the laboratory campaign to the reference mission design, it 
is useful to compare the optical power density tested on the PPCs with 
the average irradiance associated with the orbital transmission scenario 
adopted in this work. For the representative case of a 30[kW] optical 
transmission and a ground footprint constrained within a diameter of 
about 10[m], the average optical power density on the lunar surface is 
on the order of 3.8 × 102 [W/m2], i.e., about 0.038 [W/cm2]. This value 
is significantly lower than both the power densities tested in the ex-
perimental campaign, which ranged from about 4.87 [W/cm2] up to 
49.86 [W/cm2], and other experimental results reported in literature 
with other cell materials for laser power conversion [45].
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Fig. 12. RWs Torque.

This difference is expected, since the present experiments were not 
intended to reproduce the full mission-scale beam footprint directly. In-
stead, they were designed to characterize the intrinsic PPC behavior 
under controlled local illumination, with particular emphasis on con-
version efficiency, load dependence, thermal rise, and damage thresh-
olds. In this sense, the tests provide upper-bound and local-operating-
condition data that are highly relevant for the design of receiver sub-
modules, for the assessment of thermal margins, and for future receiver 
architectures based on modular interception, optical concentration, or 
non-uniform flux management. Therefore, the experimental campaign 
should be interpreted as complementary to the mission design: the or-
bital analysis defines the large-scale beam delivery conditions, while the 
laboratory tests identify the practical PPC operating envelope and the 
thermal constraints that must be respected when translating the received 
optical flux into electrical power at receiver level.

8.1.1.  Test #1: Cell illumination for WPT test
The cell employed for the tests is a MIH® VMJ PV Cell Array for 

1064 [nm] laser, square of 2 [cm] side that according to datasheet has 
been tested up to the maximum power density value of 11.2 [W/cm2] 
with a declared efficiency of 23.3%. For the illumination of the cell only 
one laser source was sufficient and a manipulation of the collimated 
beam was needed since the real gaussian beam profile of the field in-
tensity was not perfectly suitable for the cell. To guarantee a uniform 
distribution of the power upon the cell’s surface and to optimize the 
efficiency of the conversion only one of the two beams was truncated. 
This option certainly results in a large power loss and consequently in-
efficient conversion, but the goal of these initial tests is to verify the 
conversion efficiency of the cell alone. Referring to the gaussian beam’s 
theory [46], in order to obtain a uniform illumination, a truncation ratio 
lower than 0.5 is needed. A beam expander with a subsequent aperture 
has been simulated: using a plano-convex lens, the collimated beam has 
been expanded to reach a uniform intensity distribution over the entire 
usable area of the cell intended as a circle of 28 [mm] diameter and 
then cropped through a circular aperture of the same diameter. The op-
timal configuration was computed to be with the aperture placed at 650
[mm] from the defocusing lens where the beam is expected to have a 
diameter of 112 [mm] (1∕𝑒2). In this configuration, the truncation ratio 
results to be 0.25 with 88.25% truncated (lost) power, and a beam with 
constant uniform distribution over the cell area. A benchtop setup was 
realized for the experimental cell characterization as shown in Fig. 14. 
A water-cooled anodized steel plate with a 28 [mm] aperture that was 
designed to truncate the beam to the desired size and serve as hous-
ing for the cell. The cell’s temperature was monitored using a thermal 
camera positioned in front of it. The thermo-chiller’s water temperature 
was maintained at 5◦C, and a threshold temperature of 120◦C was set 

to prevent cell damage, as indicated by the datasheet. During this test 
session, solar cells was characterized using a rheostat as a high-power 
resistive load. The cell was exposed to increasing optical power levels, 
ranging from 70 to 800 [W], achieving a maximum power density of 
14.3 [W/cm2]. The power transmitted through the aperture was mea-
sured before placing the cell in its housing with an optical power me-
ter. The relationship between emitted power and power density on the 
cell is shown in Fig. 13a. The generated current and converted power 
were calculated by measuring the voltage drop across a 60 [Ω] rheostat. 
The results of the characterization process are presented in Fig. 13b and 
c. The data from the experimental characterization indicates that the 
cell can effectively convert laser optical power into electrical power, al-
though there are significant differences compared to the manufacturer’s 
datasheet. The experimental results showed that conversion efficiency 
is highly dependent on the load value. Unlike the datasheet, which sug-
gests the optimal load decreases with increasing power density (in the 
range of 10 [Ω] to 60 [Ω]), the experiments found that efficiency increases 
with the load, except at the highest tested power density where an opti-
mal load of 55 [Ω] was identified. The measured efficiency values were 
lower than those reported in the datasheet, which ranged from 20% to 
23%. The maximum efficiency achieved in the experiments was 16.3% at 
a load of 55 [Ω] and a power density of 14.3 [W/cm2]. All efficiencies 
are based on operating only at the 1064nm single laser wavelength for 
which the cells have been designed. The datasheet values are based on 
ideal conditions with a constant temperature of 20◦C. The manufacturer 
notes a 3% efficiency drop for every 10◦C increase in temperature. De-
spite the coolant being kept at a low temperature, the cell’s temperature 
exceeded 20◦C at power densities of 3.6 [W/cm2] or higher, which may 
explain the lower measured efficiency at higher power densities. Maxi-
mum efficiency value and temperature measurements relative to power 
density are shown in Fig. 15a, b.

8.1.2.  Test #2: Slightly different characterization and stress test
The last tests conducted aimed to assess the resistance of various pho-

tovoltaic cells when exposed to high power laser beams with a power 
density significantly exceeding the declared limit. The objective was to 
investigate how their conversion efficiency evolves under stress condi-
tions. The employed setup is similar to the one used for the previous 
test. A new characterization of the cell was conducted using an up-
dated setup, varying the rheostat resistance and maintaining an average 
power density of 9.97 [W/cm2], close to the producer’s maximum of 11.2
[W/cm2]. The cell exhibited slightly lower efficiency compared to pre-
vious tests, achieving a maximum efficiency of 11.4% with a 50[Ω] load. 
This reduction in performance may be attributed to the different beam 
characteristics resulting from the new focal length, which altered the 
cell’s operating conditions. Following these findings, a second charac-

Aerospace Science and Technology 179 (2026) 113219 

13 



D.E. Sfasciamuro, C.L. Matonti, F. Lopez et al.

Fig. 13. a Power density on the cell as a function of emitted laser power. b Cell efficiency versus voltage measured on the load. c Cell efficiency versus load resistance.

terization at an average power density of 4.87 [W/cm2] was performed 
before proceeding with damage tests. Detailed efficiency results are pre-
sented in Fig. 15c. Additionally, in Fig. 15d is evident that in this case, 
the cell reached significantly higher temperatures, likely due to poorer 
heat dissipation. It is also plausible that the reduced efficiency and in-

creased temperature are attributable to potential damage sustained by 
the cell during previous tests. Subsequently, damaging test started. This 
test involved gradually increasing the power density incident on the 
cell at 910 [mm] from the focal lens, using the load that had previously 
yielded maximum efficiency values (50[Ω]). The test was carried out in 
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Fig. 14. Experimental setup for characterizing solar cells.

Fig. 15. a Maximum efficiency value obtained versus power density. b Temperature measurements relative to power density. c Conversion efficiency of the cell 
versus rheostat resistance. d Temperature trend during characterization.

a protected environment, with the entire optical path and the cell en-
closed in a metal casing. In Fig. 16 is shown that inside the enclosure, a 
thermal camera and an auxiliary camera were used to monitor the cell 
during laser beam exposure. The cell sustained damage at an average 
power density of 49.86 [W/cm2]. Throughout the procedure, the cell’s 
temperature and efficiency were monitored. At the point of damage, 
the power output dropped to zero, and the auxiliary camera detected 
smoke emanating from the cell housing. Immediately after the damage, 
a further characterization was performed to compare results and assess 

the impact on the cell’s performance. All collected data are presented 
in Fig. 17a and b, with the point of damage marked by a red vertical 
line. A noticeable decrease in efficiency was observed, and temperature 
trends differed slightly at mid power density levels. Upon unmounting 
the cell from its housing, it was immediately apparent that one of its 
four sections had detached from the rest of the device. Additionally, the 
mounting surface appeared significantly burned, as shown in Fig. 18. A 
second brand-new cell, identical to the previous one and referred to as 
Part 2, was characterized as a counter-evidence to validate the results 
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Fig. 16. Thermal camera (sx) and auxiliary camera (dx).

Fig. 17. a Efficiency of the cell during and after the damage test. b Temperature of the cell during and after the damage test.

Fig. 18. Detail of the damaged part.

obtained from Part 1. On the basis of the damaging test results, the ap-
proach for this characterization was to increase the power density on the 
cell until there was an increase in efficiency while avoiding any damage 
or unnecessary stress to the sample. The first noticeable observation of 
this characterization was the significantly better thermal performance 
of Part 2 compared to Part 1, as shown in Fig. 19a. Regarding the ef-
ficiency trend of Part 2 (Fig. 19b), the maximum efficiency achieved 

was higher than that of Part 1, although still lower than the value de-
clared in the data sheet. The best measured condition showed an ef-
ficiency of 14.62% with a power density of 26.47 [W/cm2] and a load 
of 30[Ω]. Increasing the power density further resulted in a decrease in 
the cell’s conversion efficiency, as clearly illustrated in Fig. 19c. Dur-
ing the characterization of part 2, the power density was increased up 
to a maximum of 43.2 [W/cm2] without damaging the cell, likely due 
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Fig. 19. a Thermal behavior of Part 2. b Efficiency of Part 2 versus load in different power density conditions. c Maximum efficiency with optimal load of Part 2 for 
each power density level.

to its better thermal performance. The superior performance of part 2 
could be attributed to the fact that it was a new device, never previ-
ously used or subjected to stress conditions. Alternatively, it may inher-
ently possess a higher level of reliability and functionality compared to
part 1.

9.  Conclusions

Focusing on the satellite architecture, key subsystems, and experi-
mental results related to the receiver, this paper contains an analysis of a 
laser-based wireless power transmission system designed for lunar appli-
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cations. The design aims to address the challenges of the energy supply 
on the Moon, where traditional solar panel solutions are inefficient due 
to long lunar nights and permanently shadowed regions. Experimental 
tests were conducted on the photonic power converter and high-power 
laser system. These tests demonstrated the feasibility of converting laser 
energy into electrical power with notable efficiency. The best perform-
ing photonic power converters achieved conversion efficiencies of up 
to 16.3% in high-power density scenarios. Although these results fall 
slightly below theoretical expectations, they offer valuable insights into 
the practical performance of the system under operational conditions, 
and provide a solid foundation for future improvements in materials 
and design. Furthermore, the preliminary analysis conducted in this pa-
per provides a first design of the satellite’s geometries and attitude con-
trol system, which will play a critical role in maintaining precise laser 
pointing accuracy. This accuracy is essential to ensure efficient energy 
transmission from lunar orbit to the surface. Future work will include a 
more in-depth analysis of the satellite in all its components, focusing on 
the fiber laser design and the entire GNC system, including sensors and 
navigation algorithms. In addition, a power transmission test using a 1 
[kW] fiber laser with a receiver 100 [m] away is planned.
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