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❑ Internship Research Period in SIA.

• Moon Communication and Navigation: Mission objectives.

• Orbit selection around the Moon: Elliptic Lunar Frozen Orbits 

(ELFO).

• Halo Orbits around 𝐿1 Lagrangian point as gateway for Lunar 

constellation deployment and Earth-Moon Communication 

link.

• Preliminary Mission design (CR3BP).

• Mission Analysis within the “Real World" environment (GMAT).

❑ Internship period at Telespazio (6 Months): HydRON Project.

❑ IAC2025 Participation/ IAF Paper publication.
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400 missions are scheduled to launch for the Moon in the next decade 
(According to ESA).

➢ To Design and optimise an E2E Lunar mission for deploying a Hybrid 
Satellite Constellation (HSC) that provides Lunar Positioning and 
Communication Services (LPCS). 

HSC consists of 5-7 satellite in total distributed in two sub-constellations: 

▪ 1-2 RF/ Laser Quantum Communication/ Referencing Relay satellite in a 
Halo Orbit around 𝐿1 point.

▪ A constellation of 4 Com/Nav satellites distributed in 2 optimised orbits to 
provide continuous coverage for Lunar southern hemisphere.

➢ A single launch is proposed (within the capabilities of many CLV).
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➢ ELFO is a highly stable, long-lasting elliptical orbit around the Moon that preserves 

almost constant orbital parameters with minimal station-keeping ∆𝑉 cost. (Average 

disturbing forces like Earth and Sun gravity, Moon gravitational harmonics, and solar 

radiation pressure are balanced).

➢ Used as constellation: Best for providing continuous coverage (Com/Nav services) 

for Lunar landing missions and bases in the targeted regions.

➢ For polar orbits: orbit plane is inertial fixed:

❖ Lunar Gravity (potential) is major perturbation below 500 km altitude.

❖ Earth and Sun gravity and solar radiation pressure are major perturbations above 500 

km altitude.

➢ The time rate of 𝑎, 𝑖, 𝑒, Ω, 𝑎𝑛𝑑 𝜔 are analytically considered to be = 0.

➢ Analytically, No ELFO can be achieved  for inclinations 𝑖 below 39°
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➢ A Halo Orbit (HO) is a periodic, three-dimensional orbit 
around one of the three colinear Lagrange points, where a 
spacecraft seems to form a halo around the Moon as seen 
from Earth.

➢HO is one solution (of many) to the 3-Body problem, results 
from the combined gravitational pull of two large celestial 
bodies (Earth and Moon) and the centripetal force on the 
spacecraft. 

➢HOs are naturally unstable, periodic adjustments for station-

keeping are required.

➢HO are suitable for missions that require a prior point for 
continuous observation or communication, such as space 
telescopes, communication relay, Space Command and Control 
Centre (SCCC), Cloud Data Centre, and an inhabited/ logistic 
Gateway station.
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• Circular Restricted 3-Body Problem assumes a perfect steady circular motion of 

the secondary massive body (𝑚2) and the primary massive body (𝑚1) about 

their mutual centre of mass (barycentre). (𝑚3) is the 3rd body mass (s/c) as 

(𝑚3 ≪ 𝑚2 < (𝑚1).

➢  In a reference frame rotating with Earth-Moon, the CR3BP becomes an 

autonomous dynamical system. It admits one constant integral of motion, named 

the Jacobi constant 𝐶, that is proportional to opposite of the energy (𝐶 = −2𝐻) 

of the system. 

➢ A total of 5 equilibrium points 𝑳𝒊. with 𝑖 = 1, 2, … , 5.

➢ Jacobi constants computed at 𝑳𝒊, can be proved to be 𝐶1 > 𝐶2 > 𝐶3 > 𝐶4 = 𝐶5. 

➢ The transfer trajectories between the two primaries (e.g. Earth and Moon), only 

exist if  𝐶 < 𝐶1. It follows that low-energy transfers can be studied for energy 

values slightly higher than 𝐻(𝑳𝟏).
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➢ Periodic Orbits: 

• For Jacobi constant values near that of 𝐿1, where it is sufficient to 

consider the linear  approximation terms of the EoM, there exist 

two main groups of periodic orbits; the horizontal Lyapunov orbits, 

which are in the synodic plane, and the horizontally symmetric 

eight-shaped vertical Lyapunov orbits.

• When energy is increased, nonlinear terms become important, and 

linear phase space is no longer sufficient a new periodic family, 

“Halo Orbits”, bifurcate from the horizontal Lyapunov orbit family. 

These orbits are three-dimensional and asymmetric about the 

synodic plane

➢ Quasiperiodic Orbits: 

• Lissajous family around the vertical Lyapunov orbits. 

• Quasi-Halos around the halo orbits. These quasiperiodic orbits are 

located on invariant tori about the corresponding periodic orbit.
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We expanded the Hamilton function H of the CRTBP dynamics in Taylor form around 𝑳𝟏up to order N=12

We used a pair of real variables 𝒛𝟏, 𝒘𝟏and two pairs of complex variables 𝒛𝟐, 𝒘𝟐 = −𝒊𝒄𝒐𝒏𝒋(𝒛𝟐), and 𝒛𝟑, 𝒘𝟑 = −𝒊𝒄𝒐𝒏𝒋(𝒛𝟑)

so that , after 11 Canonical transformations, the Hamilton function of the system (up to order 12) becomes in the new variables

𝒛, 𝒘 = 𝓣(𝒙, 𝒚, 𝒛, ሶ𝒙, ሶ𝒚, ሶ𝒛)

• 𝑯𝑵=𝟏𝟐 =  𝝆 𝝅𝟏 + 𝒊 𝝀𝟐𝝅𝟐 +  𝒊 𝝀𝟑𝝅𝟑 + 𝒉𝟐𝟎𝟎𝝅𝟏
𝟐 + 𝒉𝟏𝟏𝟎𝝅𝟏𝝅𝟐 + 𝒉𝟏𝟎𝟏𝝅𝟏𝝅𝟑 + 𝒉𝟎𝟐𝟎𝝅𝟐

𝟐 + 𝒉𝟎𝟏𝟏𝝅𝟐𝝅𝟑 + 𝒉𝟎𝟎𝟐𝝅𝟑
𝟐 + ⋯ + 𝒉𝟔𝟎𝟎𝝅𝟏

𝟔+. .

𝝅𝟏 = 𝒛𝟏𝒘𝟏, 𝝅𝟐 = 𝒛𝟐𝒘𝟐, 𝝅𝟑 = 𝒛𝟑𝒘𝟑 and the equations of motion are:

ሶ𝒛𝒊 =
𝝏𝑯𝑵

𝝏𝒘𝒊
=

𝝏𝑯𝑵

𝝏𝝅𝒊
𝒛𝒊  ,  ሶ𝒘𝒊 = −

𝝏𝑯𝑵

𝝏𝒛𝒊
= −

𝝏𝑯𝑵

𝝏𝝅𝒊
𝒘𝒊

The 𝝅𝒊
′𝒔 𝐚𝐫𝐞 𝐜𝐨𝐧𝐬𝐭𝐚𝐧𝐭 of motion, then they depend only on the initial conditions, and the equations of motion are Linear.

Then all the complexity of the dynamics is solved by the (canonical) coordinate transformations, and the solution are as much

simple as possible.
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THE FORMAL SOLUTION: We developed a (2400+) lines MATLAB®
code with other extra calculation complementary code (5 codes) to develop
and realise the following FORMAL SOLUTION:

𝒛𝟏 = 𝒛𝟏𝒐 𝒆𝜬𝒕

𝒘𝟏 = 𝒘𝟏𝒐 𝒆−𝜬𝒕

𝒛𝟐 = 𝒛𝟐𝒐 𝒆𝜳𝟐𝒕

𝒘𝟐 = 𝒘𝟐𝒐 𝒆−𝜳𝟐𝒕

𝒛𝟑 = 𝒛𝟑𝒐 𝒆𝜳𝟑𝒕

𝒘𝟑 = 𝒘𝟑𝒐 𝒆−𝜳𝟑𝒕

Where, 
𝒛𝟏𝒐, 𝒘𝟏𝒐, 𝒛𝟐𝒐 = 𝒙𝟐𝒐 + 𝒊𝒚𝟐𝒐, , 𝒛𝟑𝒐 = 𝒙𝟑𝒐 + 𝒊𝒚𝟑𝒐, 𝒘𝟐𝒐 = −𝒊 𝒛𝟐𝒐 & 𝒘𝟑𝒐 = −𝒊 𝒛𝟑𝒐

are the initial conditions,

and the frequencies ቐ
𝑷

𝚿𝟐

𝚿𝟑

are constant and depending only on the initial conditions 𝝅𝟏𝒐, 𝝅𝟐𝒐,𝝅𝟑𝒐.
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A) 3D Periodic orbits are characterized by:

Null drift term 𝒛𝟏𝒐 = 𝒘𝟏𝒐 = 𝟎, therefore 𝝅𝟏𝒐 = 𝟎,

Equal frequencies 𝚿𝟐 = 𝚿𝟑.

The locus of periodic solutions is defined by the solutions 𝝅𝟐𝒐, 𝝅𝟑𝒐 :

𝜳𝟐 =
𝝏𝑯𝑵

𝝏𝝅𝟐
𝟎, 𝝅𝟐𝒐, 𝝅𝟑𝒐 ≡ 𝜳𝟑 =

𝝏𝑯𝑵

𝝏𝝅𝟑
𝟎, 𝝅𝟐𝒐, 𝝅𝟑𝒐

Since 𝛑𝟐 = −𝐢 |𝐳𝟐𝐨|𝟐, 𝛑𝟑 = −𝐢 |𝐳𝟑𝐨|𝟐, the above equation can be divided by −𝐢, 

to define a real algebraic curve of order 
𝑵

𝟐
− 𝟏 in the variables

𝝃 = |𝐳𝟐𝒐|𝟐 𝜼 = |𝐳𝟑𝒐|𝟐

𝑵 = 𝟐. gives 

𝛙𝟐 − 𝛙𝟑 = 𝟎 → no solution

𝐍 = 𝟒 gives 

𝛙𝟐 − 𝛙𝟑 + (2𝐡𝟎𝟐𝟎𝟐𝟎 − 𝐡𝟎𝟏𝟏𝟎𝟏𝟏) 𝝃 + 𝐡𝟎𝟏𝟏𝟎𝟏𝟏 − 𝟐𝐡𝟎𝟎𝟐𝟎𝟎𝟐 𝜼 = 𝟎

so, the locus is  a straight line.

𝑵 = 𝟏𝟐 gives the algebraic curve of order 5 in the Figure to the right.
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Any point on the locus determines specific pairs 𝛏 = |𝒛𝟐𝒐|𝟐, 𝛈 = |𝒛𝟑𝒐|𝟐 .

ቐ
𝒙𝟐𝒐 = 𝝃 𝒄𝒐𝒔 𝝓𝟐

𝒚𝟐𝒐 = 𝝃 𝒔𝒊𝒏 𝝓𝟐

→ 𝒛𝟐𝒐 = 𝒙𝟐𝒐 + 𝐢𝒚𝟐𝒐

ቊ
𝒙𝟑𝒐 = 𝜼 𝒄𝒐𝒔 𝝓𝟑

𝒚𝟑𝒐 = 𝜼 𝒔𝒊𝒏 𝝓𝟑
→ 𝒛𝟑𝒐 = 𝒙𝟑𝒐 + 𝐢𝒚𝟑𝒐

Then the selected point in the locus and the selected phase generate a physical state

𝟎. 𝟎. 𝒛𝟐𝟎, −𝒊 𝒄𝒐𝒏𝒋 𝒛𝟐𝟎 , 𝒛𝟑𝟎, −𝒊 𝒄𝒐𝒏𝒋(𝒛𝟑𝟎)
𝓣−𝟏

𝒙𝟎, 𝒚𝟎, 𝒛𝟎, ሶ𝒙𝟎, ሶ𝒚𝟎 ሶ, 𝒛𝟎

Corresponding to a 3D periodic solution of the CRTBP
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B) Periodic Orbits in the (X-Y) plane are characterized by:

Null drift term 𝒛𝟏𝒐 = 𝒘𝟏𝒐 = 𝟎, therefore 𝝅𝟏𝒐 = 𝟎,

Null 𝒛𝟑𝒐 term, therefore 𝝅𝟑𝒐 = 𝟎.

The locus of periodic solutions is defined by the initial condition 𝝅𝟐𝒐 and have frequency depending on it

𝜳𝟐 =
𝝏𝑯𝑵

𝝏𝝅𝟐
𝟎, 𝝅𝟐𝒐, 𝟎

C) Vertical Periodic Orbit solutions are characterized by:

Null drift term 𝒛𝟏𝟎 = 𝒘𝟏𝟎 = 𝟎, therefore 𝝅𝟏𝒐 = 𝟎,

Null 𝒛𝟐𝒐 term, therefore 𝝅𝟐𝒐 = 𝟎.

Any point on the locus determines specific pairs  𝛏 = |𝐳𝟐𝒐|𝟐, 𝛈 = |𝐳𝟑𝒐|𝟐 . By introducing the two phases 𝛟𝟐 and 𝛟𝟑 we 
get the variables:

ቐ
𝐱𝟐𝒐 = 𝛏 𝐜𝐨𝐬 𝛟𝟐

𝐲𝟐𝒐 = 𝛏 𝐬𝐢𝐧 𝛟𝟐

→ 𝐳𝟐𝒐 = 𝐱𝟐𝒐 + 𝐢𝐲𝟐𝒐

ቊ
𝐱𝟑𝒐 = 𝛈 𝐜𝐨𝐬 𝛟𝟑

𝐲𝟑𝒐 = 𝛈 𝐬𝐢𝐧 𝛟𝟑
→ 𝐳𝟑𝒐 = 𝐱𝟑𝒐 + 𝐢𝐲𝟑𝒐
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Initial modal coordinates
corresponding to periodic solutions in
the range |𝒛𝟐𝒐|𝟐 ∈ 𝟒: 𝟔 ⋅ 𝟏𝟎−𝟑 are
reported, together with the (equal)
frequencies and value of 𝑯𝑵 for 𝒏 =
𝟏𝟐.

It is worth noting that, the values in
the upper Table, the phases 𝝋𝟐 and 𝝋𝟑

are both equal to
𝝅

𝟒
.

The corresponding physical state
variables obtained by the Inverse of
the Canonical Transformations have
initial coordinates in the form
(𝒙𝒐, 𝟎, 𝒛𝒐, 𝟎, 𝒗𝒐, 𝟎) , the forthcoming
numerical refinement will be on one
parameter only (𝒗𝒐).
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The analytic solutions (of order 12) approximate the numerical solution. In fact, the initial condition 𝒗𝐨 in the previous table must be corrected
to get a numerical periodic solution. The correction is higher with higher energy.
The initial state No.5 is considered, having initial position (0.812141922, 0.00, 0.0400672) with respect to Barycentre.
The velocity components of the analytic solution is (0.00, 0.14993403, 0.00) the numerical refinement gives: (0.00, 0.171625747, 0.00), with
a percentage difference of 14.5% higher. Analytical (Blue) and Numerical (Red) are shown together here:

Numerical 

Analytical 
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Stable (green) and Unstable (red) invariant manifolds of the Earth-
Moon system, for instance, are fabrics of gravitational 
trajectories through which the spacecraft is moving between 
orbits with minimal fuel, based on the dynamics near Lagrange 
points. 
The Unstable manifold shows how a spacecraft would naturally 
drift away from an orbit, while The Stable manifold represents 
the path a spacecraft can follow to asymptotically approach an 
orbit without fuel. 
Invariant Manifolds are essential for Lunar and interplanetary 
missions planning
They are Unique for each periodic/quasiperiodic orbit.
Once a periodic solution is found, then its corresponding 
invariant manifold can be determined by numerically 
integrating trajectories backward in time from a specific 
unstable periodic orbit (like a halo orbit) to find the stable 
manifold, and forward in time for the unstable manifold.

[Butcher, and Parker, 2014]
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Stable and Unstable invariant manifolds also applies, for any 

unique periodic orbit solution.

➢ If we add an infinitesimal amount of energy (or positively 

perturbing the position state of the orbit at any point in a certain 

direction), then the spacecraft shall naturally depart the periodic 

orbit to an unstable Moon capture trajectory.

➢ The other way around, is the same as Earth stable manifold (the 

green on the left side of the HO).

➢ Its usefulness depends on final Lunar mission objectives, 

otherwise it should be adjusted.

➢ In both cases, Earth-Halo-Moon, Moon-Halo-Earth, a spacecraft 

should be guided to initially intercept one of the Stable/Unstable 

manifolds trajectories to be ballistically captured into a periodic 

orbit, or Earth/Moon orbits.



GSSI Inno-Tech 2025-2026 Academic Year Passage Meeting 17

➢ A high-fidelity propagator, General Mission Analysis Tool (GMAT), is utilised. The 

previous Initial State (IS), No.5 is considered. 

➢ The model in GMAT considers the eccentricity of the Moon orbit around the Earth, the 

Sun, and Jupiter gravitational effects and their consequences on the dynamics.

➢ A customized reference frame, introduced in GMAT, is considered inertial with respect 

to a pulsating Earth – Moon distance.

➢ With this position the numerical refinement of the initial velocity 𝑣0 in the “Real 

World” environment (GMAT) is performed. 

➢ L1Explorer1, and L1Explorer2 are defined in GMAT.

➢ Impulsive Burns are considered.

➢ IS Backward Propagation for L1Explorer2 asymptotically departing back to Earth realm 

within a stable manifold, until the first Apogee. “Open-Point” concept is applied to 

target a HEO. 

➢ Forward Propagation for L1Explorer1 to achieve LPHO (multiple periods) and then 

departs toward Moon realm within a capture trajectory manifold.

➢ Analytical 𝑣𝑜  is corrected, in both Back/Forward propagations, utilising GMAT 

differential corrector as a BVP solver.

Moon

Moon
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Starting from LPHO IS assigned before, the resulted 𝐯𝐨𝐂𝐨𝐫𝐫 is 0.171

𝐃𝐔

𝐓𝐔
with an increase of 13.9% from IS 𝒗𝒐.

Going (backward) from ballistic capture in LPHO (Crimson

Segment, 𝑳𝟏Stable Manifold) to HEO (Violet Segment) with ∆𝑽 of

0.52 km/s in the Direction of 𝑽.

Desired inclination is naturally achieved, with HEO perigee of 6690

km. (no orbit plane correction is needed)

Finding: The more asymptotic LPHO capture trajectory achieved, the

less required ∆𝑽(Minimal Energy transfer).

Parameter Unit Value

SMA km 155793

ECC - 0.9

INC o 28

RAAN o 346

AOP o 237

TA o 0

MA o 0

EA o 0
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Again, Starting from LPHO IS.

LPHO station-keeping requires a correction of 𝜟𝑽 in the order of 0.72

m/s at each period (about 12 days). By these corrections L1Explorer2

will stay on the Halo orbit.

L1Explorer1 is Targeting required Moon capture trajectory (through a

capture manifold). The resulting ∆𝐕 from this targeting process is 0.168
km/s, 𝒊 ≈ 𝟖𝟓°.
A sequence of manoeuvres is then executed to adjust for the final
mission orbit.
Finding: Different inclinations can be achieved from the same starting

point on the LPHO with different ∆𝑽 only in 𝑽 direction, at the expense
of higher periselenium radius.
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Paramet

er

Unit Value

SMA Km 9748

ECC - 0.57

INC O 85

RAAN O 45

AOP o 80

TA o 180

MA o 180

EA o 180

Phase ∆𝑽
𝒎

𝒔
LPHO Ballistic 

Capture
258.6

LPHO Orbit 

Maintenance
0.7242

LPHO to Moon 

Capture
168.2

Adjusting Eccentricity 401.4

Adjusting SMA 264.1

Maintaining inclination 92.4

TOTAL 1185.4
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• Stands for “High ThRoughput Optical Network”.

• Aims to achieve a “Fiber in the Sky” network via a Tera bit per 
second (Tbps) all-optical transport Earth Orbit Satellite Networks 
(EOSN) in space and its integration into the terrestrial high capacity 
fiberbased network infrastructure.

• It is an Innovative Technology Demonstrator Project aims to master 
All-Optical Satellite Communication.

• All-Optical Satellite Nodes (GEO/NON-GEO) can produce 
extremely high data throughput.

• Space Laser Networks, featuring Terabit (>>100 Gbit/s) link 
capabilities and enabling optical rerouting/switching of data streams 
can perform likewise standard fibre concepts commonly applied in 
terrestrial systems.

• The impact of atmospheric conditions can be reduced by making 
use of the HydRON network capabilities to re-distribute data in-
orbit.

• A new Network Concepts with a dedicated focus on the space 
segment and its specific operational constraints. 
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Another paper was accepted in the 

incoming CEAS/AIDAA 2025 

Conference under the tilte:

"Low energy Lunar Missions based on 

the Locus of Lyapunov Orbits"
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➢  Low energy lunar transfer is chased passing through the unstable L1 region.

➢  An LPHO is considered here as a station orbit for a mission of multiple 
satellites to the cislunar space.

➢ An analytic method is used to generate periodic three-dimensional, planar 
and vertical Lyapunov, orbits.

➢ These analytic solutions provide good guesses for a high-fidelity propagator 
(GMAT).
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