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Orbit Transfer with a Variable Thrust Hall Thruster Under Drag
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and
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The performance capabilities of an experimental Hall thruster were obtained experimentally for both variable
and constant thrust modes at low power levels in order to enable orbit transfer under the influence of air drag
with small satellites. For this purpose the measured thruster performance was employed in calculations of transfer
trajectories. As a result, by applying optimal thrust acceleration control the required propellant mass for a given
low-Earth-orbit transfer was reduced by 15-17 % as compared to that required for spacecraft operation with a
constant thrust to power ratio. For this purpose a Hall thruster with a movable anode is needed. In addition, the
operation of an array of thrusters enables the increase of a factor of variations of the thrust acceleration during

the flight time.

Nomenclature
= semimajor axis, km
applied thrust acceleration, km/s?
satellite drag coefficient
specific drag force, km/s?
eccentricity
gravity, km/s?
spacecraftaltitude, km
angular momentum, km? rad/s
discharge current, A
specific impulse, s
spacecraftmass, kg
mass flow rate, kg/s
electric input power, W
distance from the Earth’s center to the satellite, kg
Earth’s radius, 6378.14 km
effective cross-sectional area of satellite, km?
local atmosphere temperature, K
time (thrusting, mission), s
discharge voltage, V
spacecraftorbital velocity, km/s
velocity vector
ballistic coefficient, kg/km?
reciprocal of the scale height, km™
time period of orbit changes, s
= thruster efficiency
= Earth gravitational constant, 398,601.3 km®/s’
= local atmospheric density, kg/km?
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Subscripts

f final
m mean
0 initial
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Introduction

ITH the advent of paging and cellular and fiber communi-

cation networks, there is increasing interest in the use of
low-Earth-orbit (LEO) small satellites (100-500 kg) for local and
global satellite systems.! The main advantage of small satellites
is their lower launch mass and, as a result, the spacecraft cost as
compared to big and broadband LEO satellites. In addition to com-
munication missions, small LEO satellites can also be useful for
remote sensing.?

The problem with such applications of small satellites is that
low-altitude orbits are considerably perturbed by the aerodynamic
drag. For eccentric orbits (e > 0) orbital energy is lost because of
the drag, resulting in the circularization of the orbit and a loss of
altitude before reentry to the atmosphere occurs.® As a result, the
satellite lifetime in LEO is limited. To overcome this limitation, a
propulsion system has to be used. For this purpose high-I; electric
thrusters enabling large propellant mass savings can be preferable
to conventional chemical rockets.

The use of electric thrusters for space missions requires the pres-
ence of a constantly renewable onboard power source, which can
representa significant fraction of the initial spacecraftmass. On the
other hand, the thrust acceleration applied to spacecraftis a func-
tion of the power; therefore, the limiting factor in the use of electric
thrusters on small satellites is the electric power available for the
thruster.

For many LEO space applications arcjet and resistojet thrusters
are significantly superior to other types of electric thrusters because
of their higher thrust to power ratio (0.1-0.5 N/kW) and typically
smaller thruster mass for the same input power.*~® However, Hall
electric thrusters can producelarger I, (1000-30005), as compared
to these electrothermal thrusters, and achieve higher thrust densities
(=1 mN/cm?) than ion thrusters at a low power level from several
hundred watts to a few kilowatts.> Because of these advantages,
Hall thrusters can be useful for power limited LEO space missions
such as on-orbit maneuvering and orbit transfer, which are not time
critical or not limited in a number of maneuvers* In addition to high
thruster performance, an additional characteristics of Hall thrusters
is that the jet velocity can, in principle, be modified independently
on the input power and, therefore, the thrust can be controlled. This
flexibility of Hall thruster performance can be useful to perform
fuel optimal trajectories by applying a varying thrust acceleration
to spacecraftduring the flight time.’

The possibility of Hall thruster operationin a variable thrustmode
was investigated ®° For this purpose we used an experimental Hall
thruster, which was developed and operated at Soreq.!® A study of
the effect of the thruster configuration, namely channel geometry
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and material, on Hall thruster operation enabled the modification
of the experimental thruster and, as a result, the improvement of
thruster performance 12

In the present paper we employed the two operating modes in-
vestigated with this modified thruster, namely, constant and vari-
able thrust modes in order to implement orbit transferin a resistive
medium of a 200-kg Hall-thruster-propelledspacecraft. In addition,
as an alternative to a constant thrust during the transfer time, a
different approach of fuel optimal control, based on time-varying
thrust acceleration, was used.* Representative examples of differ-
ent transfer trajectories using either fuel optimal control or constant
thrusting, and their impact on Hall thruster operation, are described
and compared in this paper.

Fuel Optimal Control

In the case of Hall-thruster-propelledsmall satellites, we have a
power limited system. According to Ref. 14, for this condition the
optimal operating point of this system is to use maximum avail-
able electric power P,. Then, the optimization criteria to minimize
the propellant mass fraction f, is to minimize the quadratic of the
thrusteraccelerationappliedto spacecrafta; = T/ M, while keeping
the thruster efficiency n(n< 1) maximal®:

mt Mf/’-’ai
= —=— —Ldr 1
Ir M P, nd L

e I

where t is the thrusting time during the mission. The thruster ef-
ficiency is the ratio of the thrust power to the input power given
by

n=(T1,/2P,)g 2)

Variable Thrust Hall Thruster

Thruster Output vs Input Parameters

A schematic drawing of the Hall thruster is shown in Fig. 1. The
thruster has a coaxial geometry and consists of four main parts: an-
ode, which is also a gas distributor, cathode-neutralizer, magnetic
circuit, and a channel, made of an insulator material. The input
electric power P, is used in the electrical discharge between the
two electrodes. The gas propellant, an inert gas, is injected into the
channel through the anode and ionized by impact with the discharge
electrons. The applied radial magnetic field, produced by the mag-
netic circuit, impedes the electron current toward the anode. This is
what results in a significant axial electric field inside the discharge
plasma. The plasmaions are accelerated by the electric field toward
the channel exhaust resulting in the thrust.

At the Hall-thruster exit the accelerating ions acquire a kinetic
energy proportional to the applied discharge voltage, and therefore
specific impulse and thrust are given as

I, =T/mg < \/V,,

respectively. In addition, it follows from the principle of Hall-
thruster operation that at the exit the discharge current I, is es-
sentially carried by the acceleratingions. Then, assuming effective

T ocm/Vy (3)
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Fig. 1 Schematic drawing of the Hall thruster.
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Fig. 2 Thrust, specific impulse, and discharge voltage vs the mass flow
rate for a constant power and efficiency. All of these parameters are
normalized to their maximum values.

single ionization of the propellant atoms and using the mass conti-
nuity, we can get

P, =1;Vy xmVy 4)

To realize the optimal acceleration control, which was just ex-
plained, the thruster has to be operated in a variable thrust mode
during the flight time. By using Egs. (3) and (4), it is possible to
derive the desired behavior of the specific impulse, the thrust and
the discharge voltage vs the mass flow rate at a constantinput power.
Figure 2 shows such a behavior for a constant thruster efficiency.

As can be seen, Hall-thruster operationin a variable thrust mode
requires modifications in both the mass flow rate and the discharge
voltage. Obviously, to control thruster operationunder these modifi-
cations, the electromagnetic coil current (magnetic field) must also
be varied, too.?

Hall-Thruster Operation at Low Power Levels

To implement a low-power Hall thruster for spacecraftorbit con-
trol, two different operating modes can be used. These are either a
constant thrust or a variable thrustmode. According to Ref. 5, exist-
ing Hall thrusters are scaled to operate at a constant thrust to power
ratio, whereas their channel cross section is proportional to the in-
put power. However, the thruster performance of smaller thrusters
is lower than their large counterparts’ Moreover, it was suggested
that an efficient variable thrust operation at a constant input power
is not practical with the existing scaled down Hall thrusters $-°

As an alternative to the conventional scaling of Hall-thruster ge-
ometry with the input power, a different approach was suggested
in Ref. 9, based on laboratory thruster tests. These tests demon-
strated ability to improve the ionization efficiency and, as a result,
the performance at low power by varying the channel length and
profile, but without scaling down the overall channel dimensions.’
In addition, the suggestion was also made that in order to enable
an efficient thruster operation at a variable thrust mode the thruster
geometry must also be variable?

We shall now apply some results measured with the laboratory
thruster under the channel length variation to demonstrate the pos-
sibility of operating efficiently Hall thrustersin a variable thrust op-
erating mode. I1lustrative results in Figs. 3a-3c compare the thrust,
specific impulse, and thruster efficiency vs the mass flow rate at an
input power value of 415 &= 15 W, respectively,between the thruster
with a fixed channel geometry for two different channel lengths
(L =30 and 40 mm) and a hypothetical thruster with a movable
anode and, thus, with a variable channel length.’ The thruster ef-
ficiency and specific impulse were obtained from the thrust, input
power, and the anode mass flow rate measurements. The mass flow
rate through the cathode, which is less than 10% of the anode mass
flow rate, was not taken into account. The relative error in the thrust
was determinedas the ratio of the thrust stand resolution (0.5 mN) to
the measured thrust magnitude. Then, taking into account the accu-
racy of mass flow rate and power measurements, the relative specific
impulse and efficiency errors were obtained as the rms total static
error.’ For example, at the minimum thrust magnitude shown in
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Fig. 3 Hall-thruster operation at a constant input power of 415 =
15 W and at a variable thrust mode with a fixed-channel geometry
(L = 30 and 40 mm) and with a variable channel length.

Fig. 3a (17 mN), the relative thrust, specific impulse, and efficiency
errorsare about 3,4, and 6.5%, respectively. The experimental setup
including vacuum facility, thruster and diagnostic setup, and the ex-
perimental results are described in Refs. 8—12.

The points on the curves of Fig. 3 represent the measured perfor-
mance with the laboratory thruster for different discharge voltage
values. As the mass flow rate changes so does the discharge current,
and thus the discharge voltage has to be changed in accordance to
keep the input power constant (see Fig. 1).

As can be seen from these figures, there are overallimprovements
in thruster performance of the variable configuration as compared
to the fixed one. Nevertheless, these improvements are in general
notenough to maintain a high, constant thruster efficiency. In accor-
dance with this result, the increase of the specific impulse, when the
mass flow rate is reduced, is less than that expected from Eq. (3).

At low mass flow rates this degradation of the thruster perfor-
mance can be attributed to wall losses that increase with the dis-
chargevoltage.'' At mass flow rates largerthan 2.1 mg/s, this behav-
iorismostprobablyaresultofineffectiveionizationof the propellant
at small discharge voltages causing a reduction of the thruster per-
formance. In any case this behavior at high mass flow rates, which

was observed at different values of the input power, may be an in-
dication of a limitation to the increase in the mass flow rate and,
as aresult in the thrust variations, for a Hall-thruster operationin a
variable thrust mode.

LEO Space Applications of Hall Thrusters
Atmospheric Drag Action on LEO Satellite
The loss of orbital energy by drag can be determined by dv/ df =
D. This force acts along and opposite the spacecraft velocity vector

D = —6v 5)
where
5= 1(pv/ W) (6)

Here W =M/ SC,.

The density depends on the atmospheric composition and tem-
perature and is reduced with height. In addition, the atmospheric
density changes because of variations in solar input (day-to-night
and solar activity variations). Because the atmospheric gases are
usually described by the ideal-gasequation® and the vertical profiles
of pressure and density can be determined by the use of the hydro-
static equation, the combination of these equations gives a simple
relationship that describes the vertical atmospheric structure as

p = poexp(—A H/ B) )

where =g/ RynTum,A H=H; — Hy, Hy=ry —rg, and Ry, is
the local atmospheric gas constant.

To estimate roughly the time period A ¢ during which the loss
of satellite altitude A H =r, — r; occurs, it is helpful to regard the
satellite orbit as circular (e =0). Then the orbital velocity is deter-
mined by v = (u/ r)%3. In addition, for simplicity, the atmospheric
density is assumed to be constant in the band limited by A H and
equal to the mean atmospheric density

1P0
/ pdr = ﬂrf_ro (8)

rf—ro

In addition, the spacecraft velocity is also assumed to be constant
and equal to the mean velocity

= [2u/ (rg + )™ )

Using the virial theorem for a circularorbit'® and equating the orbital
loss to potential energy loss, we get the time period of changes in
satellite altitudeA H =7A t caused by atmospheric drag:

At~ WA Hp,v,r (10)

For example, for the following satellite, orbit, and atmospheric
parameters W =2 x 10’ kg/km?, r =6598 km (H; =220 km),
A H=20km, v,, =7.78 km/s, B =0.026 km~', and p,, =0.22 kg/
km?, an altitude loss of 20 km occurs in about 10 h. To prevent this
attitude loss, the propulsion system has to produce the thrust mag-
nitude equal to or greater than the drag force at the corresponding
altitude.

Generally speaking, the drag effects just described have to be
taken into accountin the design of all of the spacecraft maneuvers,
which take place in a resistive medium. These include, for example,
transfer between neighboring circular orbits at low altitudes (for
example, less than 300 km) where atmospheric drag effects are
significant. The equations of motion of spacecraftare then given as
follows'3:

F=v
v=ar —urlr* +D (1D

To implement transfer between LEO orbits with a small satellite, a
Hall-thruster propulsion system can be continuously operated at a
constantinputpower duringthe transfertime, assumingof coursethe
spacecraft power system can supportit. Then, according to Eq. (1),
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applying thrust accelerationcontrol enables the minimization of the
propellant expenditure under the condition of a high-performance
propulsion system.

Model of Orbit Transfer in a Resistive Medium

The problem of optimal transfer using power limited propulsion
was treated, for example, in Refs. 13, 14, 16, and 17. In Ref. 13 a
suboptimalthrustcontrol foranelectricallypropelledspacecraftwas
defined for orbit transfer under the influence of air drag. In addition,
this suboptimal controllaw was compared with the true optimum by
employing a numerical algorithm to solve for the optimal transfer
trajectory. The suboptimal fuel cost is only slightly greater than the
true optimum.'3

By using Egs. (1) and (11) and employing the maximum
principle,” the solution provided the optimal thrust acceleration
enabling the minimization of the propellantexpendituredefined as'?

ar = {2/ [cexp(—dt) — 11}D (12)

where c is the integration constant. By substituting this expression
into Eq. (11), the spacecraft motion in polar coordinates and the
orbital momentum & = 20 are defined as follows:

rO+2r0 = —{2/ [cexp(—&t) — 1]+ 1}6r6 (13)
F—r®® =—plrt —{2/[cexp(—&t) — 1]+ 1}6F  (14)
h=—{2/[cexp(—=&t) — 1]+ 1}6h (15)

Following Ref. 13 in order to find ¢ values for an extremal thrust
acceleration, the atmospheric density is assumed constantand equal
to p,,. Then, by using Eq. (15) for given initial and final altitudes
of the circular orbits and the final transfer time 7, the integration
constantis obtained:

o h; — [ho exp(S,15)]7 (16)

17— [hoexp(—8,t,)]}

The initial and final values of the angular momentum can be derived
from the well-known orbital relations’

h=+/pna(l —e?) (17)

where a is the semimajor axis. In Eq. (16) &, is derived from Eq.
(6) for p = p,, and v =v,,. The orbital velocity is given by

v=+/uRlr—1/a) (18)

Then, by using Eqs. (16-18), the solutions of Eqs. (13-15) and, as
a result, the behavior of the final semimajor axis and eccentricity
under various ¢, can be obtained. As a result, it is possible to find
such values of the final time ¢7, at which the spacecraft reaches a
final orbit with a predesigned semimajor axis and eccentricity. As
an example, we consider a LEO orbit transfer of a remote sensing
spacecraftfrom an initial circular orbit with 7y = 6628 km to a final
circular orbit with r; =6678 km with the following orbital and
spacecraft parameters: py = 0.0671 kg/km®, B =0.024 km™', and
W =2 x 10" kg/km? (Ref. 13). In addition, the mean atmospheric
density and the mean orbital velocity [see Eqs. (8) and (9)] are
pm = 0.04 kg/km® and v,, = 7.74 km/s, respectively.

Figure 4 shows an illustrative result estimated for the final ec-
centricity. As can be seen, the eccentricity is an oscillating function
of the final time, whereas when it periodically reaches a zero value
(ty =1t}) the final orbit is circular. The same behavior was obtained
for the final semimajor axis. Because the applied thrust acceleration
is a time-dependent function [Eq. (12)], the required thrust level
(T =May) during the transfer time is reduced with 7. Then, by
choosing the final time so that its proper value satisfies the limi-
tations of thrust capabilities of a given propulsion system, optimal
orbit transfer between, for example, circular orbits can be designed.

When considering the atmospheric density as an exponential
function of orbital altitude [Eq. (7)] and drag forces proportional
to the orbital velocity squared, the solutions of Egs. (13) and (14) at

0.003 Br————————————1

Hp=250km H=300km

0.002 H

Eccentricity

0.0 50000.0
Final time, s

100000.0

Fig. 4 Eccentricity vs the final time for orbit transfer with ro = 6628
km, ry = 6678 km, the mean atmospheric density p,, = 0.0395 kg/km?,
and the mean velocity v, = 7.74 km/s.

each time ¢ are taken equal to those for transferin an assumed con-
stant density atmosphere from an actual orbit at ¢ to a final orbit at
t; (Ref. 13). Then a suboptimal thrust accelerationand the resulting
trajectories can be obtained by using actual values of the density,
orbital velocity, and drag and by substituting?, — ¢ instead of ¢ ; into
Eq. (16). In this case, in addition to the exponentialterm of Eq. (12),
the integration constant is a time-dependent parameter. Therefore,
for the transfer to be optimal the applied thrust acceleration must be
varied. For this purpose the propulsion system has to operate at a
variable thrust mode, and, therefore, the propellantexpenditure will
be affected by the behavior of the thrusterefficiency [Eq. (1)] under
various operating conditions.

To investigate the propellant mass and trajectory benefits of op-
timal thrust acceleration control, orbit transfer with a Hall-thruster
propulsionsystem operated at a constant thrust mode was also con-
sidered. Because drag effects are maximal at the initial orbit, we
assume that the constant thrust level is equal to the maximal thrust
value, which is derived from Eq. (12) at f = 0. Then, by introducing
Eq. (16) in Eq. (12) at t =0, the value of the constant thrust can be
obtained:

__— _2{1 — [hy exp(éntf)/ho]%}
const — exp(_amtf) —1

where D is the drag acceleration at the initial altitude and 7 is the
final time obtained for the optimal transfer with the same initial and
final orbital parameters.

In addition, the equations of spacecraft motion can be modified
as follows:

M; Dy (19)

rO+2i0 = —[(c+ 1)/ (c— 1)]6r0 (20)
F—r®®=—pu/r*—[(c+1/(c— 1] (21)

where the constantc is from Eq. (16) for the same orbit transfer with
the applied acceleration control.

LEO Orbit with a Small Hall-Thruster
Propelled Spacecraft

Based on experimental results with the laboratory thruster, the
transfer of a 200-kg Hall-thruster-propelledsatellite from an initial
circular orbit (e, = 0) with radius r, = 6598 km (H, =220 km) to a
final orbit with r = 6678 km (H; =300 km) will be investigated.

The transfer will be performed by applying optimal thrust ac-
celeration control and constant thrusting during the transfer time.
For this purpose numerical simulations of orbit transfer use the re-
sults of Hall-thruster operation in both constant and variable thrust
modes and for two different values of the constantinput power, 320
and 500 W. To implement an efficient variable thrust operation, a
hypothetical thruster with a movable anode is assumed.

In addition to two optimized missions of different power levels,
two missions with constant thrusting at the same input power levels
are performed within the same band of altitudes, 220 and 300 km.
In each transfer case the propulsionsystem consists of two identical
thrusters. Performance of the propulsionsystemsis givenin Table 1.
Here, the maximal thrust values are measured results of the thruster
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Table 1 Operating parameters of two Hall-thruster propulsion
systems for orbit transfer of a 200-kg spacecraft from
Hy =220 km to Hy = 300 km?

Two 320-W Hall Two 500-W Hall

Parameter thrusters thrusters
Total input power, W 640 1000
Total maximal thrust, mN >54 78
Factor of thrust variations 1.6 1.9

(minimal to maximal
thrust values ratio)

*Each propulsionsystem can be continuously operated in two different operating modes
either with constant or variable thrust values.
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Fig. 5 LEO transfer of a 200-kg satellite between two circular orbits,
Hy =220 km and Hy =300 km, using two 320-W Hall thrusters operated
at variable and constant thrust modes: a) semimajor axis and radius,
b) eccentricity, and c) thrust of a single thruster. The transfer with a
variable thrust is performed in two stages: in the first stage the thrust
acceleration is generated by two thrusters, each operated 320 W, and at
the second stage the thrust acceleration is generated by a single thruster
operated at the input power of 640 W.

operation at large mass flow rates.!! In addition, the minimal thrust
values were measured at a small mass flow rate for the same channel
case for L =40 mm. The factor of thrust variations is taken as the
ratio of maximal and minimal thrust values at a given input power.

Figures 5-8 show the numerical results for the semimajor axis
and radius and eccentricity and operation of a single thruster vs
the transfer time for the four representative transfer cases. The or-
bital parameters were obtained by solving equations of spacecraft
motion: with optimal thrust acceleration [Egs. (13) and (14)] and
with the constant thrusting [Eqs. (20) and (21)]. To obtain the be-
havior of the thruster input parameters at different power levels,
some experimentally obtained relations of the laboratory thruster
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J20F .
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2] L
g Ist stage
=
1.0 L | " ] :
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o 000 g
z
o
'(E) F Constant -
2 thrust
[ S
1000 L 1 t 1 ;
0.0 200000.0  400000.0 6000000
b)
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::; st stage
c25 1
3
v
P
° Constant
© thrust
1.0 L 1 L 1 1
0.0 200000.0  400000.0  600000.0
Transfer time, s
c)

Fig. 6 Operation of a single Hall thruster during LEO transfer of a
200-kg satellite between two circular orbits, Hy = 220 km and Hy =
300 km, at variable and constant thrust modes: a) mass flow rate, b)
discharge voltage, and ¢) coils current. The transfer with a variable
thrust is performed in two stages: first stage, the thrust is operated at
the input power of 320 W, while at the second stage, at 640 W.

were employed, namely, mass flow rate, discharge voltage, and the
electromagneticcoils current vs the thrust. Finally, for each transfer
case the required fuel mass was estimated from Eq. (1) taking into
account changes in the thruster efficiency under various operating
conditions at a constant input power. To compare the required fuel
mass at each input power case, the final orbit of the optimal transfer
was taken at the time when its orbital parameters are equal to those
of the constant thrust transfer.

Transfer Using Two 320-W Thrusters

Figure 5 depicts these orbital parameters: semimajor axis and
radius, eccentricity, and the thrust as function of time for the op-
timal transfer with a time-varying thrust and for the transfer with
a constant thrusting. In both transfer cases the total input power
available for the thrusters is 640 W. As in the case of a constant
thrusting, the transfer with a time-varying thrust starts by applying
full thrust, 53 mN, which is generated by two thrusters. Because the
thrust variation capabilitiesat 320 W are not adequate to achieve the
final orbit, the transfer is performed in two stages. In the first stage
(220250 km) optimal control is applied to both of these thrusters.
The estimated final time of this stage is 294,400 s (3.4 days). At
the second stage one of the thrusters is turned off, while the other
thrusteris operated at 640 W with a maximal thrustof 44 mN. Then,
applying optimal thrust acceleration control enables the final orbit
to be reached in about 3 days. The total fuel mass, which is required
for both these stages (6.4 days), is 1.34 kg of xenon gas. Moreover,
as can be seen from Fig. 5, the transfer with the constant thrusting
is performed with two operating thrusters with the total thrust of
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Fig. 7 LEO transfer of a 200-kg satellite between two circular orbits,
Hy =220 km and Hy =300 km, using two 500-W Hall thrusters operated
at variable and constant thrust modes: a) semimajor axis and radius, b)
eccentricity, and c¢) thrust of a single thruster.

53 mN. This transfer case requires about 3.4 days and 1.6 kg of
xenon fuel.

Figure 6 shows the changes in the thruster input parameters,
namely, the discharge voltage, mass flow rate, and coils current for
a single thruster, which enable the implementation of the required
time-varying thrust (Fig. Sc) during the transfer time. To provide an
efficient thruster operationin both stages, the channellengthis mod-
ifiedfrom L = 30to40 mm, as the mass flow rate through the thruster
is reduced to 1.7 mg/s. The input power of each thruster during this
stage is 320 W. At the end of the first stage, the channel length of
the thruster, which is to be operated in the second stage, is returned
to L =30 mm. At this stage the input parameters of the operated
thruster are changed to provide the time-varying thrust at 640 W.

Transfer Using Two 500-W Thrusters

For this input power case eccentricity, semimajor axis and radius,
and thrust, all as the function of time, are shown in Figs. 7 and 8.
Here, the orbital parameters and thrust changes are for two transfer
cases: optimal and with constant thrusting. The performance and
thrust variation capabilities measured with the laboratory thruster
at 500 W enables the completion of the fuel optimal trajectory in
one stage. Therefore, the time-varying thrust is generated by two
500-W thrusters up to the final orbit. The optimal transfer from
ro=6598 km to r; = 6678 km is performed in 3 days.

This transferrequires 0.8 kg of xenonfuel. When a constantthrust
of 39 mN x 2 is applied during the transfer time, the spacecraft
achievesthe final orbitin less than 2 days, whereas the required fuel
mass for this mission is 0.95 kg.

Figure 8 shows the variations in the thruster input parameters of
a single 500-W thruster for both transfer cases. In the case of a
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Fig. 8 Operation of a single 500-W Hall thruster during LEO transfer
of a 200-kg satellite between two circular orbits, Hy =220 km and Hy =
300 km, at variable and constant thrust modes: a) mass flow rate, b)
discharge voltage, and c) coils current.

time-varying thrust, the channel length of both thrusters has to be
changed only once (from L =30 to 40 mm), when the mass flow
rate is reduced to about 1.7 mg/s. As a result, the thruster efficiency
isless affected by the mass flow rate variations, which are necessary
to implement optimal acceleration control. For the transfer with a
constant thrusting, the channel length is 30 mm. In addition, the
input parameters, which are unchanged during the mission time,
equal those obtained for the variable thrust case at the transfer start.

Conclusions

The performance capabilities of an experimental Hall thruster
obtained for both variable and constant thrust modes at low power
levels makes possible the implementation of orbit transfer under the
influence of air drag with a small satellite. To effectively realize the
propellant expenditure and trajectory benefits of a power limited
optimization for LEO space missions with small spacecraft, the
propulsion system could be based on a high efficiency Hall thruster
with a variable channel geometry.

Based on the experimental results, the thruster performance of
Hall thrusters tends to increase with the input power. Therefore the
suggestion is made here that the required factor of thrust variations
for a given space mission can be reduced by dividing the mission
into multiple operating stages. If the total number of thrusters is
determinedby the initial value of the required thrustlevel and redun-
dancy issues, the number of operating thrusters at different stages
is reduced during the transfer, while the input power of each oper-
ating thruster is increased. The number of such stages can probably
also be optimized with regard to minimum fuel mass by taking into
account the performance capabilities of a given propulsion system.
For example, the orbit transfer of a 200-kg Hall-thruster-propelled
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satellite from 220 to 300 km was investigated. For this purpose the
measured results of the experimental Hall thruster were employed.
By applying optimal acceleration control, the required propellant
mass for the mission was reduced by 15-17% as compared to that
required for spacecraft operation with a constant thrusting. For this
purpose a Hall thruster with a movable anode is needed.
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