POLITECNICO DI TORINO
Repository ISTITUZIONALE

Feasibility Study on LGVF for Spacecraft Formation Flight Mission

Original
Feasibility Study on LGVF for Spacecraft Formation Flight Mission / Ruggiero, Dario; Ito, Takahiro; Capello, Elisa; Tsuda,
Yuichi. - (2024), pp. 595-600. ( 2024 SICE Festival with Annual Conference Kochi City (JPN) 27-30 August 2024).

Availability:
This version is available at: 11583/2998195 since: 2025-03-10T09:02:19Z

Publisher:
IEEE

Published
DOI:

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright
IEEE postprint/Author's Accepted Manuscript

©2024 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any
current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating
new collecting works, for resale or lists, or reuse of any copyrighted component of this work in other works.

(Article begins on next page)

24 April 2026



Feasibility Study on LG VF for Spacecraft Formation Flight Mission

Dario Ruggiero'’ and Takahiro Ito? and Elisa Capello™® and Yuichi Tsuda?

! Department of Mechanical and Aerospace Engineering, Politecnico di Torino, Turin, 10129, Italy
(E-mail: dario.ruggiero@polito.it)
2Japan Aerospace Exploration Agency, Kanagawa 229-8510, Japan
(E-mail: ito.takahiro@jaxa.jp, tsuda.yuichi@jaxa.jp)
3CNR-IEIIT, Politecnico di Torino, Turin, 10129, Italy
(E-mail: elisa.capello@polito.it)

Abstract: Formation flight is a key feature for several new space missions concepts, and it consists of multiple spacecraft
working as single rigid structure, improving flexibility and redundancy of the mission. Recent studies have shown the
possibility to take advantage of Low Earth Orbit for experimental validation of new formation flight technologies. In
this context, low-thrust proximity formations are investigated. The main challenge of the onboard system is to guarantee
high level of autonomy, mission success and safety. Low-thrust imposes tight requirements for spacecraft relative motion.
A novel approach is investigated, where each spacecraft move on a circular trajectory, defined Circular Relative Orbit,
with respect to a reference orbit. Failure analysis is carried out to evaluate safety implication of tracking the proposed
trajectory. A prediction model based on the presence of external disturbances is designed to improve safety distance
in case of complete failure. Lyapunov Guidance Vector Field method is combined with the Artificial Potential Field,
and investigated as guidance algorithm for formation flight in Circular Relative Orbit. Simulation campaign is carried
out to evaluate the feasibility of the proposed approach for: formation gathering, collision avoidance, and formation

reconfiguration.

Keywords: Guidance and Flight Control, Intelligent Systems, Autonomous Decentralized Systems

1. INTRODUCTION

Recently, several new space missions design have been
based on formation flight technology. Having multiple
spacecraft working as a single large rigid structure al-
lows improved flexibility and redundancy of the mis-
sion. Space formation flight missions are generally cate-
gorized as space interferometers or telescopes with long
focal length. Main missions are summarized in [1] and
the references therein. The real challenge of formation
flight mission is to guarantee high level of autonomy to
deal with all the mission phases: formation gathering,
keeping, reconfiguration and safety. Past researches on
space formation flight are mainly focused on attitude sta-
bilization and control, as in [2,3]. Attitude is generally
really sensitive and high accuracy needs to be guaran-
teed, as seen in [4, 5], where different strategies for au-
tonomous attitude recovery from a critical perturbation
is investigated. For what may concern position guid-
ance and control, main contribution focuses on classi-
cal approaches, relying on leader-following and trajec-
tory tracking, as seen in [6,7]. In recent studies, [8-10],
Low Earth Orbit (LEO) has been evaluated as suitable en-
vironment for testing new formation flight technologies,
for practical and economic reasons. As pointed out in [8],
having LEO formation flight, while dealing with distur-
bances and low-thrust, imposes tight requirements in how
the formation can be achieved. In this context, proxim-
ity formations are evaluated. This leads to definition of
the Circular Relative Orbit (CRO) trajectory. It consists
of a circular trajectory along which the spacecraft moves

1 Elisa Capello is the presenter of this paper.

cost-free around a reference point (in an ideal scenario).
In order to guarantee the motion on the CRO trajectory
and high formation accuracy, an effective guidance algo-
rithm needs to be designed. Moreover, failure analysis in
proximity of the CRO trajectory is carried out to evalu-
ate safety implications. LEO environment’s external dis-
turbances improves safety, making the failed spacecraft
able to leave the proximity of the formation in shorter
time than the ideal case. Moreover, a prediction model of
the failed spacecraft based on disturbances is included to
identify a strategy to increase safety distance.

Main studies dealing with guidance and control meth-
ods addressing proximity and variable formations refer
to optimal control and Artificial Potential Field (APF), as
seen in [11, 12]. These algorithms are generally applied
to leader-follower formations or using assignment algo-
rithms. In [13, 14], the application of these algorithms
is extended to a generalized formation approach, where
a group of spacecraft gets into a regular polygon shaped
formation around a reference point, and at a given dis-
tance from it. Having a generalized framework allows to
describe each spacecraft motion with respect to a refer-
ence orbit, and without a fixed dependency with others.
This framework simplifies formation adaptability to the
number of elements since it is part of guidance algorithm
computation. However, problem statement does not com-
ply with actuators limitations or fuel consumption. For
this reason, in this paper, the design of a guidance algo-
rithm for a generalized formation approach is combined
with fuel consumption and continuous low-thrust prob-
lem statement.

The proposed guidance algorithm is designed to make



the spacecraft attracted to the CRO trajectory while deal-
ing with formation flight. APF-based algorithm is con-
sidered because this method is computationally efficient,
and it is possible to combine different APF function to
comply with a complex problem statement. In this case,
Lyapunov Guidance Vector Field (LGVF) method is in-
vestigated as possible solution. The LGVF-based guid-
ance algorithm is based on the work done in [15], where
the problem of keeping an Unmanned Aerial Vehicle hov-
ering over a target on a circular trajectory is addressed,
and in [16, 17], where it is used in combination with In-
terfered Fluid Dynamical System method for trajectory
planning and collision avoidance maneuvers. Moreover,
it is combined with the work done in [14], where an
attractive-repulsive APF function is defined to get two
systems at the desired relative distance, and reaching for-
mation. The performance of the proposed guidance strat-
egy are evaluated performing a Monte Carlo Simulation
Campaign, with random initial conditions (in proximity
of the CRO trajectory) and external disturbances. Simu-
lation of formation gathering, collision avoidance and re-
configuration are carried out to prove the feasibility and
the limits of the proposed approach.

The major contribution carried out in this study is: (i)
Definition of a framework to study and design high au-
tonomous guidance and control algorithms for formation
flight. (ii) Evaluation of LGVF method in combination
with APF-based formation function to address formation
flight problem in CRO. (iii) Safety and feasibility analy-
sis.

The paper is organized as follow. In Section 2, space-
craft model dynamics is described and related to the CRO
trajectory. In Section 3, failure analysis is carried out.
The proposed guidance algorithm is introduced in Sec-
tion 4, while simulations results are discussed in Section
5. Finally, concluding remarks are given in Section 6.

2. SPACECRAFT MODEL

In this section, spacecraft model is discussed. The
spacecraft formation is modelled as generalized motion
with respect to a circular reference orbit. Equation of
motion are derived from the propagation of the rela-
tive dynamics, usually known as Hill’s or Clohessy-
Wiltshire (CW) Equation, [18, 19] in the Local-Vertical-
Local-Horizontal (LVLH) reference frame. The LVLH
reference frame is centered in a virtual object orbiting
the Earth on a circular reference orbit of radius r,, with
x-axis oriented as the orbital velocity direction, z-axis
pointing to the center of the Earth, and y-axis complet-
ing the terns. The position dynamics of each spacecraft is
modelled with respect to the LVLH reference frame, and
independently from the others spacecraft, as

Tiwlh = 2wy + Uy + Wy g

. 2

Yiwlh = —WYin + Uy + W,y (D
.. 2 .

Ziwlh = BW 2l — 2WTyih + Uy + Wa, .

where w = +/p/r3 is the orbital angular rate, p =
[Tivths Yiwihs 2iin)” and v = [Zn, Yioth, Zoin]’ are
spacecraft position and velocity, © = [u;, u,, u;]T is the
control input, and w = (w4, W4y, Wa .|’ is the vec-
tor of external disturbances. All the terms are expressed
in the LVLH reference frame. Each spacecraft state is
assumed to be well known at each instant. LEO environ-
ment and its influence on formation are discussed in [8].
External disturbances are mainly related to atmospheric
drag and J2 effect. For a triangular formation in LEO
(ro ~ 2000 km) with separation distance around 100 m,
disturbances can be included using a simplified model,
given as constant acceleration of the order of magnitude
w ~ —10765 m/s2, and acting on the x-axis.

In this paper, we are mainly focusing on free motion
(u = w = 0), as particular solution of Equation (1). The
CRO trajectory is given as

Tipinh = —Rcos(wt+ @)
Yotk = V3Rsin(wt+ ¢)/2 )
Zlvlh = R sin (wt + ¢)/2

where ¢ > 0 is a phase angle, and R > 0 is the CRO tra-
jectory radius. The combination of Equations (1) and (2),
with u = w = 0, leads to & = 0. The radius R depends
on the type of formation and the desired separation dis-
tance d > 0: for a linear 2-spacecraft formation R = d/2,
for a triangular 3-spacecraft formation R = d/+/3.

3. FAILURE ANALYSIS

In this section, spacecraft trajectory propagation is
considered to evaluate safety and collision risk. Worst
case scenario is expressed by a complete failure: the
failed spacecraft is in free motion, and other spacecraft
have no knowledge about its state. Spacecraft dynamics,
Equation (1), has an analytical solution for free motion,
and it is expressed by

z(t) = H(t)xo. 3)
where 2o = [Ziih, Yivth, Zivih, Tioth, Yivths Floin)” 18
the initial condition, and H (¢) is defined in [18]. Con-
sidering the ideal case (with no external disturbances),
the trajectory propagation of the failed spacecraft corre-
sponds with the actual state. Moreover, if the spacecraft
is on the CRO trajectory, according to its definition, it will
keep is motion on the CRO trajectory safely.

If the initial condition g is not part of the CRO trajec-
tory, the uncertainty on the spacecraft state is propagated
according to

P(t) = HT(t)PH(t). @)

where P, is the covariance error on the initial state. In
Figure 1, the uncertainty on the failed spacecraft posi-
tion is reported as function of time, assuming an error
with respect to the CRO trajectory of the order of magni-
tude of m for position and mm/s for velocity. The error
for x;,;p increase rapidly, and this implies that without
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Fig. 1 Uncertainty on failed spacecraft position.

a good knowledge of the initial state ( is impossible to
predict accurately the failed spacecraft trajectory.

The trajectory propagation model is defined as virtual
spacecraft. It is built starting from Equation (1), with
u = wq = 0, and the initial condition is taken as a point
on the CRO trajectory. The other two spacecraft moves
in formation with the virtual spacecraft. A simulation
campaign is carried out to evaluate the minimum distance
between the failed spacecraft and the other spacecraft in
formation considering random initial condition in prox-
imity of the CRO trajectory. Results prove that this ap-
proach leads to high collision risk trajectory. However, in
the real case, the failed spacecraft is subjected to exter-
nal disturbances, and it leaves faster the proximity of the
formation. Considering a trajectory propagation model
including the presence of the disturbances (only u = 0),
and where the initial condition is taken as a point on the
CRO trajectory, makes the prediction of motion more ac-
curate. In particular, in Figure 2 an example of failure
propagation is reported: blue continuous line represents
the real motion of the failed spacecraft, while dotted lines
the prediction models evolution. For LEO environment
the presence of external disturbances is more effective
than the orbital perturbation. For this reason, the model
including the disturbances (in yellow) is more effective
than ideal model propagation (in red). This allows to de-
sign a collision avoidance maneuver exploiting the for-
mation keeping with the virtual spacecraft. In the general
case, this would attract the other two spacecraft out of
the CRO trajectory. For this reason, the formation with
the virtual spacecraft is evaluated using its projection on
the CRO trajectory.

4. GUIDANCE ALGORITHM

In this section, the guidance algorithm is discussed.
The APF method is based on the definition of a potential
field as function of the system state U = U(x). The
guidance algorithm is designed to drive the system to the
minimum of the function U. Typical approach consists
of tracking a reference velocity, which is oriented as the
gradient of the potential function U, and given as
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Fig. 2 Prediction model.

Vrey = —VU. (5)

The main advantage of this approach is that function U
may be defined combining more terms with different pur-
pose. In order to deal with the proposed formation flight
problem, the potential function U is required to attract
each spacecraft to the desired CRO trajectory, and to han-
dle the formation. For this reason, it is defined as the
combination of

Uref = TUref,1 + Uref,2- (6)

The definition of the potential function term to attract the
spacecraft to the desired CRO trajectory is based on the
LGVF technique, [15]. The LGVF method consists of
the definition of a velocity field in analogy with the fluid
dynamics. The final formulation for in plane motion is
given as

u* = §[-2*(r® — R?) +2y*rR],
v* = §|-y*(r? — R?) - 22*rR|, (7
w* = §[-Ar(z*— H)|,

where A > 0, and

r = /I’*Q +y*27 (8)
_ wR
6 r\/(r2+R2)2+)\(z*2—H2)2'

The velocity field is rotated from the CRO plane to the
LVLH reference frame using a rotation matrix. This is
expressed by

1 0 0 u*
Uref1 = |0 cos(m/3) —sin(z/3)| |v* |, (9
0 sin(w/3) cos(m/3) | |w*

and the rotational velocity field is graphically represented
in Figure 3.

When the spacecraft is in proximity of the CRO (r ~
R, z* ~ H), the reference velocity is simply given by
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Fig. 3 LGVF velocity field.

0 0 2w
Uref | (raR zoam) = 0/2 8 W/(;/?: p. (10)
—Ww

Assuming the closed-loop system is tracking the velocity
field such to have v = v,.y 1, and the ideal dynamics
(wgq = 0), Equation (1) leads to

.. 2

Tiolh =  —W*Tiolh,

. 2

Ywlh = —WYih, (11)
.. 2

Zoih =  —W Zih-

For each R > 0, Equation (11) is solved by an har-
monic function corresponding to the desired CRO tra-
jectory, Equation (2). Therefore, following the proposed
guidance allows to track the desired optimal trajectory.

The definition of the potential function term to ad-
dress the formation is based on the equilibrium shaping
method, described in [14]. Considering a formation of N
spacecraft, the formation term v,y 2 for the i-th space-
craft is given as

N-1 _d? _“z'“if
Upef2 = —Z#i acijb<e c —e TG ), (12)

where b, ¢ > 0 are constant gains, d > 0 is the desired
separation distance, and x;; is the vector pointing from
the i-th to j-th spacecraft. The formation term consists
of a repulsive-attractive field as function of the relative
position of each spacecraft. The reference velocity is
Uref,2 = 0 when the spacecraft are at the desired sepa-
ration distance.

A simple feedback controller is designed to track the
velocity field, and it is given as

u = —K(v—vpg). (13)

S. SIMULATION RESULTS

In this section, feasibility study on CRO trajectory
guidance based on LGVF and APF method is carried out
by means of simulation campaign. This paper addresses
the problem of spacecraft formation flight in CRO. For-
mation is defined using relative motion with respect of
a virtual point orbiting on a circular reference orbit. In
this way, each spacecraft is modelled independently using
Equation (1). Having the spacecraft moving on a CRO
around the reference frame allows to keep the formation
with thrust-free motion (with no disturbances), and sat-
isfying low-thrust requirements. LGVF guidance is im-
plemented to make the spacecraft attracted to the CRO
trajectory, and it is given by Equation (10). LGVF guid-
ance is combined with the APF-based function given in
Equation (12) to address spacecraft separation. Simula-
tion campaign is carried out to evaluate the performance
of the proposed approach for: formation gathering, col-
lision avoidance, and formation reconfiguration. Simula-
tion are carried out considering random initial condition
in proximity of the CRO trajectory, with an error of m for
position and mm/s for velocity, and considering a maxi-
mum control input of |u| < 107> m/s%. Reference tra-
jectory is given as circular LEO orbit (r, ~ 2000 km).
Orbital factors, such as orbital inclination angle, eccen-
tricity and radius, affects formation flight. Orbital factors
are taken into account considering variable external dis-
turbances with order of magnitude 10765 m/s?,

In Figure 4, simulation results for the formation gath-
ering scenario are reported. Spacecraft initial conditions
are set randomly in proximity of the CRO. In each sce-
nario, the algorithm is able to drive the formation in the
desired conditions in reasonable time. Once, triangu-
lar formation is achieved, spacecraft keep is motion on
the CRO trajectory without affecting the formation. For
what may concern collision risk, in Figure 5, the mini-
mum distance between the failed spacecraft and the oth-
ers is evaluated considering the formation flight with the
virtual spacecraft moving on the CRO trajectory. This
leads to high collision risk trajectory both for ideal mo-
tion (w = 0) and in presence of disturbances. The colli-
sion avoidance maneuver including the prediction model
based on external disturbances is shown in Figure 6, the
capability of the framework to guarantee collision avoid-
ance in presence of one spacecraft failure is shown. Re-
sults show that, even if the virtual spacecraft projection is
considered, the divergence of the virtual spacecraft leads
to high perturbation in the other two spacecraft relative
position. This is related to the variation of the speed with
the spacecraft moves the CRO trajectory, which is related
to the required force to stay on this trajectory. Anyway,
a minimum distance of 10 m from collision is guaran-
teed. Finally, the capability of the proposed approach to
perform formation reconfiguration is shown in Figure 7.
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6. CONCLUDING REMARKS

In this paper, a feasibility study on low-thrust prox-
imity formation flight guidance is addressed. Problem
formulation is expressed as tracking a CRO trajectory, al-
lowing force-free motion, while achieving high formation
accuracy. Therefore, LGVF guidance is designed to track
the CRO trajecotry, and it is combined with APF-based
function to get the required spacecraft separation. This
allows to have a low computational cost guidance algo-
rithm that, in combination with a feedback controller, is
employed for different maneuvers. Simulation study is
carried out to prove the effectiveness of the method for
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formation gathering in CRO, collision avoidance in case
of one spacecraft failure, and reconfiguration. Even if the
algorithm shows good performance for formation keep-
ing and reconfiguration, it’s not really effective for col-
lision avoidance. In particular, having low-thrust control
may lead to formation drifting (and instability) or high
collision risk trajectory. For this reason, a different so-
lution or an intelligent policy to determine how the for-
mation should change in case of failure should be inves-
tigated in future work. Moreover, LGVF approach leads
to the tracking of the CRO trajectory if the closed-loop
system allows velocity field tracking. Under the assump-
tion of bounded control input, this can be guaranteed only
when the spacecraft is in proximity of the CRO trajectory.
Future work should address guidance and control design



in order to guarantee closed-loop system stability for in-
CRO-plane motion and under bounded control input.
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