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Background

Satellite cluster �ight has been examined recently in many aspects. One of
the most widely considered topics is cluster keeping, which is the control of
the relative positions among the satellites in the cluster. In general, satellite
cluster �ight is intended to keep the satellites in a speci�c range of distances
[1]. In order to maintain relative distances within given bounds, maneuvers are
required.

One of the ongoing projects implementing cluster keeping algorithms is SAM-
SON [2]. In SAMSON, three autonomous nano-satellites form a cluster and
perform autonomous cluster keeping maneuvers using warm-gas thrusters.

Satellite clusters are intended to replace large and expensive satellites using
a few smaller vehicles. Therefore, minimizing the mass is very important. Un-
necessary fuel consumption should be avoided by optimizing the maneuver in
order to decrease the satellite's mass.

The thrust used during a maneuver is often not as precise as could be ex-
pected. Errors can occur in the desired magnitude of the thrust as well as in its
direction, as shown by [3]. These errors are usually caused by the uncertainty
of operating conditions in space. Furthermore, during the launch the thruster
can undergo unexpected variations.

Researchers have been attempting to �nd ways to model the thrusting errors.
For example, Ref. [3] used a random range of thrust values and others [4] used
Monte-Carlo analysis in order to model the thrust errors.

Moreover, ways to overcome the thrust errors during the maneuver had been
examined. Ref. [5] divided the trajectory into equal time intervals. In every
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time interval the change of mass was minimized and thus the total change of
mass was decreased. Ref. [6] used sliding mode control in order to overcome
thrust errors. In addition, di�erent algorithms to optimize the maneuvers in a
cluster �ight had been found [7].

Research Objectives

The main purpose of this research is to extend the orbit control methods under
thrust error uncertainty discussed above to cluster �ight and minimize the e�ect
of thrusting errors on the evolution of relative distances and on the consumption
of fuel.

In particular, this research will deal with the e�ect of thrust errors on a
satellite cluster �ight mission. Due to thrust pointing and magnitude errors,
the satellites do not actually follow the desired maneuver. The main purpose is
to develop algorithms that will minimize the fuel consumption during the ma-
neuver as well as minimize the time of the maneuver in spite of thrusting errors.
Speci�cally, a control law robust to thrust errors in magnitude and direction will
be developed. This control law may be implemented in the SAMSON project
in order to verify its validity.

To achieve the research goals, a model that will predict the thrust errors will
be developed. Then, an investigation of di�erent ways of mitigating the thrust
uncertainty e�ect will discover the optimal way of dealing with those errors.

Technical Description

The following control law is implemented in the SAMSON project so as to
minimize fuel consumption:

uk = − G (xk, t)
T
Pk (xk − xj)∥∥∥G (xk, t)

T
Pk (xk − xj)

∥∥∥Tmax (1)

where k is the index of the satellite in the cluster, xk =
[
ā, ē, Ī

]
is the state vector

of satellite k (ā is the mean semi-major axis, ē is the mean eccentricity and Ī is
the mean inclination), xj =

[
āref , ēref , Īref

]
is the target state, G (xk, t) is the

Gauss Variational Equations (GVE) matrix, Pk is the gains matrix and Tmax

the maximal thrust of the propulsion system.
As can be seen in [1] the thrust model is

Tk = Tk

 cos (αk) cos (δk)
sin (αk) cos (δk)

sin (δk)

 (2)

where Tk is the thrust magnitude and αk and δk are the azimuth and elevation
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angles of the thrust vector in the satellite body �xed frame with respect to a
reference frame.

The main interest is a mean {a, I} control. The GVE for these elements are:

˙̄ak ' ȧk =
2a2kvk
mkµ

Tk cos (αk) cos (δk) (3)

˙̄Ik ' İk =
rk

mkhk
cos (fk + ωk)Tk sin (δk) (4)

where vk = ‖vk‖ is the velocity, rk = ‖rk‖ is the radius of the orbit, mk is the
mass, fk is the true anomaly, ωk is the argument of periapsis, hk = ‖hk‖ is the
angular momentum and µ is the gravitational parameter.

To start, the errors will be modeled as random constants. The thrust model,
including the errors, becomes

(Tk)err = (Tk + ∆Tk)

 cos (αk + ∆αk) cos (δk + ∆δk)
sin (αk + ∆αk) cos (δk + ∆δk)

sin (δk + ∆δk)

 (5)

where ∆Tk , ∆αk and ∆δk are the errors in the thrust magnitude, the azimuth
angle and elevation angle, respectively. These errors will be chosen randomly
from a given range of values, so that ∆Tk ∈

[
−Terr , Terr

]
∆αk ∈

[
−αerr , αerr

]
∆δk ∈

[
−δerr , δerr

] (6)

These errors induce parasitic fuel consumption, ∆m, and longer maneuver times,
∆t .

One of the solutions to handle thrust errors is to divide the maneuver into
intervals and to solve the control law for each of the intervals. This way in each
interval i, the fuel consumption, ∆mi, will be estimated and corrected during
subsequent maneuvers.

Another possible solution can be a sliding mode control scheme. The sliding
variable can be chosen as

s = ë + c1ė + c2e (7)

e = Xd −X (8)

where Xd is the expected relative position and X is the real relative position.
On the sliding mode, the following condition must be ful�lled:

ṡ = 0 (9)

Using this control scheme [6], the overall fuel consumption during the maneuver
and the maneuver total time can be potentially reduced.

These solutions will be examined and the results of the best solution will be
chosen. The solutions will be veri�ed using numerical simulations.

3



References

[1] L. Mazal and P. Gur�l. Closed-loop distance-keeping
for long-term satellite cluster �ight. Acta Astronautica ,
http://dx.doi.org/10.1016/j.actaastro.2013.08.002, (0), 2013.

[2] P. Gur�l, J. Herscovitz, and M. Pariente. The samson project�cluster �ight
and geolocation with three autonomous nano-satellites. 26th AIAA/USU
Conference on Small Satellites, Salt Lake City, UT, 2012.

[3] A.D.C. Jesus, M.L.O. Souza, and A.F.B.A. Prado. Statistical analysis of
nonimpulsive orbital transfers under thrust errors. Nonlinear Dynamics and
Systems Theory, (2):157�172, 2002.

[4] A.D.C Jesus, M.L.O Souza, and A.F.B.A Prado. Monte-carlo analysis of
nonimpulsive orbital transfer under thrust errors, 1. Astrodynamics 1999,
pages 1923�1935, 2000.

[5] E. Akim, G. Zaslavsky, V. Zharov, and A. Chernov. Interplanetary �ight
control with electric engine in view of thrust errors. In The Proceedings of
the 18th International Symposium on Space Flight Dynamics, pages 11�15,
2004.

[6] G. Wang, W. Zheng, Y. Meng, and G. Tang. Research on hovering con-
trol scheme to non-circular orbit. Science China Technological Sciences,
54(11):2974�2980, 2011.

[7] I. Beigelman and P. Gur�l. Optimal fuel-balanced impulsive formation-
keeping for perturbed spacecraft orbits. Journal of Guidance, Control, and
Dynamics, 31(5):1266�1283, 2008.

4

pgurfil
Pencil


		2013-08-22T16:16:16+0300
	Pini Gurfil




