JBIS, Vol. 60, pp.263-267, 2007

SPACECRAFT FORMATION FLYING USING LORENTZ FORCES
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The Lorentz Augmented Orbit (LAO) concept is an electromagnetic propulsion system without a tether that uses the
interaction between an electrostatically charged spacecraft and the Earth’s magnetic field to provide a useful thrust. In Low
Earth Orbit (LEO), the Lorentz force acting on a charged spacecraft flying relative to Earth’s magnetic field causes
acceleration in a direction perpendicular to both its velocity and the magnetic field. In this paper, the concept of spacecraft
propulsion using Lorentz force is investigated for LEO formation flying. A triangular spacecraft formation configuration is
used to simulate and validate the advantages and disadvantages of the proposed concept. It is illustrated that simple formation

manoeuvres can be performed solely using the Lorentz force.
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1. INTRODUCTION

The Lorentz force is generated when a charged spacecraft in
LEO moves in relation to the Earth’s magnetic field. The
direction and magnitude of this force is determined by the
spacecraft position and orbital geometry. The direction of the
force is always perpendicular to the spacecraft velocity in a
non-inertial earth-referenced frame. Spacecraft propulsion us-
ing the Lorentz force is a new concept yet to be explored fully.
A detailed analysis of LAQ celestial mechanics can be found in
the work of Schaffer and Burns [1], on planetary dusty plasmas.
Schaffer and Burns [2] have developed the dynamics of dust
particles charged by the plasma environment around Jupiter.
They have shown that the motions of these small charged grains
are significantly influenced by Lorentz mechanics. A descrip-
tion of the motion of a spacecraft subject to the Lorentz force
can be found in the work of Streetman and Peck [3]. A more
detailed discussion of Lorentz force and its potential applica-
tions including stable formations, orbit raising, inclination con-
trol and drag mitigation can be found in [4]. Further advance-
ment of this technology can potentially be used to achieve
propellant-less earth or solar system escape.

Spacecraft surface charging is a phenomenon commonly
observed in Geostationary Earth Orbit (GEO). Much of the
studies on spacecraft charging are concerned with the deleteri-
ous effects of differential charge, a problem that arises when
d{ssimilar or discontinuous materials on the spacecraft acquire
d1ff§rexxt potentials as the spacecraft travels through plasma
cnvironment [5-7]. These studies are concerned primarily with
predicting charge levels and assessing the risks of material
damage. As a result of surface charging, two or more charged
Spacecraft in close proximity interact to produce electrostatic
force, commonly referred to as the Coulomb force.

Contrary to the above, in LEO, every individual charged
SPacecraft experiences the Lorentz force due to its interaction
| ;Vr;tg the Barth’s magnetic field and is not a result of interaction

s ngst ‘Chafged spacecraft. Peck [4] considered charging the
_ Spacecrafi using electric power to create thrust from the result-

ant Lorentz force. Hough [8] investigated the impact of the
Lorentz force on the comparatively short trajectory of a mis-
sile, with no effort at modulating the charge for the sake of
control. Burns and Schaffer [9] have given a good description
of Lorentz-augmented celestial mechanics in planetary dusty
plasma applicable to micron sized particles. In recent work,
Peck and Morgowicz [10] have proposed a new LEOSynch
spacecraft architecture that utilizes Lorentz force for spacecraft
propulsion.

In recent years, spacecraft formation flying has been studied
extensively [11,12]. Electric and ion thrusters are currently
utilized to maintain spacecraft formations [13]. Saaj et al. [14]
has proposed a more fuel-efficient hybrid propulsion system
using electric propulsion and Coulomb force for GEO space-
craft formations. The use of Lorentz force, which is more
dominant in LEO, for spacecraft propulsion, would be a signifi-
cant breakthrough for LEO formation flying.

In this paper, the application of the new concept of using
Lorentz force for propulsion is investigated for spacecraft for-
mation in LEO. The capability of the proposed propulsion
system is demonstrated using three spacecraft flying in triangu-
lar formation. The outline of the paper is as follows: The LAO
concept is introduced in Section 2. The LAO spacecraft model-
ling and formation manoeuvre is discussed in Section 3. The
results of simulation study are included in Section 4. The
conclusions are presented in Section 5.

2. FUNDAMENTALS OF LAO CONCEPT

A charged particle moving relative to Earth’s magnetic field
accelerates in a direction perpendicular to both its velocity and
the magnetic field, due to the Lorentz force {4]. The Lorentz
force F, experienced by a particle that carries an electrical
charge g with a velocity v relative to a magnetic field B is given
by F, = qv x B. The LAO spacecraft concept is depicted in
Fig. 1 [4]. In this architecture, a conductive sphere (serving as a
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Fig. 1 LAO spacecraft concept: Spherical Faraday cage and
electron beam (reprinted from [4}).

Faraday cage) surrounds most of the spacecraft and maintains a
high electric charge. Lorentz-force propulsion does not involve
the use of electrodynamic tethers, although the physics is re-
lated. In the case of a tether, the current flowing through a long
conductor induces a magnetic field that interacts with the Earth’s
magnetic field to produce a force on the tether. Electrons travel
through the tether at low speed but at as high a current as
possible. For an LAO, the spacecraft may be very compact. The
charge it carries travels at perhaps thousands of meters per
second relative to the magnetic field, and this moving charge
represents the current that results in a force similar to what a
tether experiences. Furthermore, an LAO does not work though
electrostatic levitation. That is, an LAO does not take advan-
tage of Coulomb forces that act on the charged spacecraft.
Depending on the orbit geometry of a formation, Debye shield-
ing and the geomagnetic field cause Coulomb and Lorentz
effects to vary in importance.

The relative importance of Lorentz and Coulomb Force can
be inferred from Table 1 that provides a simple comparison of
Debye length in LEO and GEO. In LEO, the Debye length is
small, and orbital speed is much larger than the speed of the
magnetic field; so, Lorentz effects dominate Coulomb effects.
In fact, the Debye shield improves the performance of a Lorentz-
capable spacecraft, because it increases the capacitance of the
body, allowing more charge to be stored on a given area. Near
GEO, the Debye length is much larger and the spacecraft’s
velocity relative to the magnetic field approaches zero, so
Coulomb effects dominate. Formations of LAO-capable space-
craft are not designed to interact through Coulomb attraction or
repulsion. Both Coulomb and Lorentz forces can significantly
alter the orbits of charged spacecraft. However no studies of
Coulomb formations to date include the effects of the Lorentz
force. If the formation is operated~significantly away form
GEO or in an elliptical orbit, Lorentz effects may cause signifi-
cant undesirable results in formation keeping, especially if the
Coulomb control strategy calls for spacecraft of both positive
and negative charges, as these will be driven in opposite direc-
tions. For a practical electromagnetic formation control system
to be designed, a model needs to be developed that takes into
account both Coulomb and Lorentz effects on charged space-
craft. Both Coulomb and Lorentz forces can significantly alter
the orbits of charged spacecraft. However, no studies of Cou-
lomb formations to date include the effects of the Lorentz
force.
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TABLE 1: Effect of Orbit Height on Debye Length,

LEO GEO
Debye Length O(1 cm) O(10 m)
Ratio of circular speed to
speed of magnetic field High Near |
Coulomb Force Near zero High
Lorentz Force High Near zero

Figure 2 shows a particular implementation of this con-
cept [3]. In this scenario, a spherical self-capacitor holdg
electrical charge at some potential relative to the surround-
ing plasma. As the spacecraft travels at some velocity rela-
tive to the magnetic field, the Lorentz force it feels acceler-
ates it, ultimately toward earth escape. The details are subtle
and include important effects due to the rotating earth and
interactions with the plasma environment. The LAO concept
offers propellant-less orbital manoeuvres in a variety of
applications. The mass savings alone represent a watershed
opportunity in the design of space-system architectures. Some
of the possible applications are summarized in Fig. 3. They
are categorized roughly by the technology readiness of the
technologies that enable them.

3. LAO FORMATION MANOEUVRE

A simple formation manoeuvre is performed using the Lorentz
force. The formation is a three-spacecraft, planar triangle.
This triangle is in the Earth’s equatorial plane. Spacecraft A,
in the formation is used as a reference spacecraft and re-
mains most proximal to the Earth. This spacecraft is in a
Keplerian circular and equatorial orbit. The two remaining
spacecraft B and C are further away from spacecraft A and
begin the manoeuvre in ‘levitating’ LAO-type orbits. The
‘levitating’ orbit entails having a small nominal charge on a
spacecraft. The Lorentz force experienced by this will be
generally in the radial direction, in essence, augmenting or
decrementing the influence of gravity. This radial force al-
lows the spacecraft to have a stable circular orbit with an
angular velocity different from that of a Keplerian orbit. At
time tpand 1, spacecraft A, B and C have the same angular
velocity Witfl respect to the Earth. Spacecraft B, is leading
the reference and spacecraft C, is trailing, forming a triangu-
lar formation. The goal of the manoeuvre is to have the
leading and trailing LAO spacecraft switch roles. They must
exit their LAO hovering and perform a phasing correction
using the Lorentz force only. The reconfiguration is accom-
plished by calculating an open loop trajectory that achieves
this goal and using a closed loop PD controller to follow this
trajectory. The trajectory is formed by inputting the size of
the desired phasing action, dr, and calculating the time, ¢, ,
to perform such a manoeuvre with respect to a known refer-
ence manoeuvre. These quantities are related by the simple
linear expression:

t = e [
man ref
dr,e

where, dr,_.and ¢, are the reference manoeuvre size and dura-
tion, respectively. Jl"he inputs to the controller are the spacecraft
desired angular velocity, radial position and radial velocity.
These inputs come from the previously calculated trajectory.
The controller outputs a charge to mass ratio commanded to the

spacecraft. Thus, the controller is of the form:
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