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Abstract

Assessments for the potentialities of using pulsed
plasma thrusters (PPT) for controlling spacecrafts of
different types are presented in the paper. Problems
of controlling spacecrafts differing substantially in
mass and operation orbits and thus in requirements to
the propulsion systems are studied.
It is shown that ablation PPTs may be used as the
main thrusters of the attitude control system of a
heavy orbital spacecraft of up to 2500 kg in mass.
One of the propulsion system options, simultaneously
providing spacecraft attitude control, its attitude
precision  stabilization, and compensation of
perturbing torques acting upon the spacecraft,
comprises six PPTs each consuming the energy of
150 ] per one discharge. Total mass of such
propulsion system is less than 90 kg.
PPT application for precision sun-synchronous orbit
keeping for a spacecraft of 250 kg in mass: in this
case, a PPT based propulsion system solves the
problems of the spacecraft injection into the
operation orbit, stabilization of the period of its
revolution at an accuracy of about 0.001 s and
attitude control. This problem may be solved by eight
PPTs each consuming energy from 20 to 100 J. Total
mass of propulsion system will be no more than
23 kg.

Introduction

As it is known, the spacecraft attitude control may be
provided by both systems with inertial masses
(reaction wheels and gyrostabilizers) and jet engines.
Control systems using jet engines provide the transfer
of the accumulated moment of momentum from the
closed loop, the spacecraft being such, into the
environment, while  reaction wheels  and
gyrostabilizers provide the transfer of the moment of
momentum from one rotating body to another within

the given spacecraft. Characterized by a number of
unquestionable advantages, such systems have an
important disadvantage connected with impossibility
to change the spacecraft moment of momentum,
which results in impossibility to control its orbit. Jet
engines allow the solving of any spacecraft control
tasks.

In spite of the achievements of the previous years in
the development of onboard solar power sources,
modern  spacecrafts of different types are
characterized by an energy shortage limiting the
capabilities of onboard functional and scientific
equipment. At all known positive factors, the
application of electric propulsions (EP) as parts of the
spacecraft control systems inevitably leads to the
growth of this shortage. Thus, it is necessary to use
EP creating the impuilse bit equal to minimum
possible for effective solving of the spacecraft control
task; this allows the reduction of energy demands.
There is an entire class of tasks currently for which
the optimum impulse bit is within Py = (0.5 —
5.0)10° Ns, and this class will broaden in future
because of the spacecraft miniaturization process
becoming more and more active'. It should be noted
that such tasks are considered not only for the small
spacecrafts (~200 kg), but for the heavy (~2 000 kg)
also. The above values are inaccessible practically for
the stationary EP, but on the other hand they are
typical for PPT. When PPT is used as a part of the
spacecraft attitude and orbit control system, its main
advantage is the ability for the precision
proportioning of the total impulse at a minimum
possible impulse bit (the residual impulse is absent
practically). Because of this distinction, the power
and propellant consumption and propulsion system
mass may be reduced to minimum.

Comparing to other EP types, PPT is an ideal device
for the attitude control systems (ACS) from the point
of view of time diagrams for the processes taking
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place in it. Impulse delay (relative to the starting
electric signal) is not more than 1 ms usually. As it
was mentioned above, the impulse bit value of (0.5-
5)107 Ns defines the minimum angular velocity of
the spacecraft in the attitude control mode at the
given  spacecraft  parameters. According to
assessments’, total impulse required for the attitude
stabilization of a heavy orbital spacecraft during 10
years while using PPT with the impulse bit Py ~
1-10° Ns will be several orders of magnitude less
than in the case of using stationary thrusters. Real
power consumption of ablation PPT (APPT)
producing an impulse bit Py, ~ 1107 Ns is W ~ 40 J,
and the power consumed in the typical case of f = 1
Hz is 40 W. It should be noted that APPT thrust
efficiency is being increased continuously, and
currently for a Teflon thruster with the stored energy
W = 100 J it may be as high as (18-20)%. Such
thrust efficiency level is close to the thrust efficiency
of SPT of the same average power".

Potentialities for using PPT for the spacecraft attitude
control, positioning, perturbance compensation are
analyzed in the paper.

Thrusters for the spacecraft control systems

The following thruster types may be considered for
real application as a part of spacecraft control
systems:

e Hydrazine thermocatalytic thrusters (TCT);

e Ammonia resistojet thrusters (RJT);

e  Xenon stationary plasma thrusters (SPT);

e  Xenon thrusters with anode layer (TAL);

¢  Pulsed plasma thrusters (PPT).

Typical performance characteristics of mentioned
above thrusters are presented in Table 1. The table
reflects a up-to-date level of thruster parameters.
Some thrusters (Hydrazine thermocatalytic,
Ammonia resistojet) were maintained on the various
Russian spacecrafts, others have sufficiently ground
tests and, in some cases, experience of space tests
(SPT, TAL, PPT). Table 1 shows also the calculated
values for the mass of propulsion system based on
different types of thrusters at an assumption that 8
thrusters are used, and the total impulse is 15 kNs.
PPT characteristics are presented in more details in

Table 1. Thrusters for the spacecraft control systems.
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Table 2, that illustrates also the progress in PPT

development. Photo of the PPT models is presented

in Fig. 1.

PPT advantages:

e Capability to produce high total
relatively low propellant consumption;

e Possibility to vary the thrust and power levels
within the broad ranges;

e Capability to provide very accurate attitude
control due to small impulse bit;

e Relative construction simplicity and low cost.

pulse at

PPT for a heavy spacecraft attitude correction

Potentialities for using APPT in the spacecraft
control systems were assessed for a spacecraft of 2
500 kg in mass placed onto a high-elliptic orbit with
the period of revolution of about 7 days. This
spacecraft was designed for astrophysical studies
using an UV telescope. The following procedure is
proposed for the scientific equipment operation. The
program of the telescope training on the object (star)
is formed by a number of cycles of up to 30 hours in
duration each. Each cycle comprises up to 10 attitude
control actions, and the object observation period is
3-5 hours.

Fig. 1. PPT developed by RIAME

Hydrazine Ammonia SPT TAL PPT

thermo-catalytic resistojet
Thrust, mN 100 50 10-20 7-10 0.5-5.0
Power 15 175-200 200-300 105-135 30-150
consumption, W
Specific impulse, s 200-220 2300or 1000-1400 600-1000 1100-1500
Propulsion system
mass (P.=15kN-s) 34 31 29 30 23
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Table 2. Some modern PPTs
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control; @, — angle within which X axis of the
spacecraft may travel during its stabilization.

PPT 1995 1997 1999 Spacecraft and PPT parameters are presented in
Stored 70 80 80 Table 3.
energy, J
Impulse bit, 1.6-10° | 1.80-107% | 2.4-107 Table 3. Parameters of heavy spacecraft with PPT.
Ns
Propellant 1.8-107 | 1.7-107 | 1.8-107 Mass, kg ~2500
;Z]:;ul:lsitliz Lifetime, yea‘rs ' . up to 10
Specific 900 1050 1330 Moments of inertia, kg-m Tt~ 1.2:10°
impulse, s Lier1.2-10°
Total 1.74. [ 3.0-10" [ Lab Ly = 5-10°
impulse, Ns 10* model Orbit SSO, apogee —
Thrust 10 11 20 250 000 km,
efficiency, % perigee — up
Thruster 10 8 6 to 40 000 km
mass, kg PPT
Stored energy, J 150

The following tasks were discussed as the main ones Propellant consumption per 410"

for the attitude control system: pulse,g X

e Telescope axis training; Impulse bit, Ns 5107

e Compensation of different perturbations acting Opera-tlon frequenc.y, H_Z !

upon the spacecraft in the operation orbit. Reactive force application 2

Telescope training consists of two stages: arm, m . —

e First stage: attitude control. During this stage Requirements to the axis Pointing

the spacecraft is turned preliminary to some nominal stabilization accuracy of

angle by the thrusters of the spacecraft ACS. In this 2.5"

case, minimum angular velocity should be chosen
from the condition ® > 0.1 deg/s. The accuracy of the
telescope axis orientation to the object under study is
2.5" after the first stage. This allows the providing of
starting conditions for the star-tracking sensor that is
used for precise telescope training.

e Second stage: spacecraft attitude stabilization at
an accuracy of 2.5". The angular velocity of telescope
axis revolution should not exceed 10 deg/s during
the observation period. Fig.2 shows the schematic
diagram of an astrophysical spacecraft control using
PPT.

X 018’

Fig. 2. Schematic diagram of an astrophysical
spacecraft control using PPT: X(yaw) — direction to
the object of observation; ¢; — angle within which X
axis of the spacecraft may travel after its attitude

For the studied spacecraft, two thrusters in each
plane may be used, as it is shown in Fig. 3.

yaw

rol

pitch

Fig.3. PPT location on board the spacecraft.

In the orientation planes comprising the telescope
axis, the values of the moments of inertia are close to
each other ls = I = 1.2-10 kg/m% When
calculating the parameters of propulsion system
providing rotation relative to the telescope axis, the
moment of inertia is assumed to be as follows: ly,, =
5.10° kg/m’.

Let’s analyze the potentialities of using PPT for
attitude  control, attitude stabilization and
compensation of perturbing torques acting upon the
spacecraft.
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Table 4.Attitude control parameters for a spacecraft of 2 500 kg equipped by PPT
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Turn angle, deg 210 5 Total cycle Total cycle
(roll, pitch) (yaw)

Number of pulses 2100 650 7.8-10° 5-106

Attitude control period, min 70 11 - -

Maximum velocity during the attitude control, | 0.1 0.1 0.1 0.1

deg/s

Propellant consumption, g 1.7 0.26 3.1-103 2.0-103

Total impulse, Ns 21 3.2 3.9-10¢ 2.5-10*

Attitude control

While assessing the possibility to use PPT for the
spacecraft reorientation from one observation object
to another, it is assumed that the turn required for
this comprises three parts: acceleration, flight at a
maximum  possible angular velocity and
deceleration. The following expression was used for
calculating the turn angle during acceleration and
deceleration:

0n = N1,

where:

¢, - angle of turn per N discharges;

¢'- increment of angular velocity for 1 pulse

f— PPT operation frequency.
The above relation used for defining the turn angle at
a given number of pulses allows the defining of the
PPT discharge number required for making a turn to
a given angle also.
As the number of discharges is proportional to a
square root of the required angle, at the same number
of pulses it is possible to reorient the spacecraft
either once to some angle ¢ or twice to the angle
o/4. For example, it is possible to reorient the
spacecraft once to the angle of 180° or twice to the
angle of 45°, or six times to the angle 5°.
In the case of limitations in the angular velocity of
reorientation of 0.1 deg/s and in PPT operation pulse
frequency of 1 Hz the spacecraft reached the ultimate
angular velocity during 2 100 pulses under turn
around of pitch, roll. The total turn angle is 210° in
this case, and complete attitude control period is 70
min. At the assessments, a number of pulses required
for spacecraft reorientation to the angle of 180° were
used without restrictions of the angular velocity.
Requirements to PPT for different spacecraft
orientations are presented in Table 4. Parameters
presented in Table 4 may be reached while using the
above presented APPT with the stored energy of
150 J.

Attitude stabilization

While analyzing the possibility to use PPT for the
spacecraft attitude stabilization, the spacecraft turns
are studied relative to its axes. Limitation in the
impulse bit value, connected with the maximum
acceptable angular velocity of turning, is the
limitation for the PPT application. The maximum
acceptable value for the impulse bit is defined by the
following relation:

Poax = L0 /L,
where ©, — limitation in the turn angular velocity.

Increment of the angular velocity ¢’ is defined by the
following relation:

0" = Py L/,

where:

Py — impulse bit;

L — thruster arm relative to the given axis;

1 — moment of inertia.
Assuming that Py, = 5-10° Ns, L =2 m, and that the
moment of inertia of the spacecraft relative to the
axis being perpendicular to the telescope axis is I, =
12-10° kg/m?, we shall obtain the increment of the
telescope axis angular velocity per one pulse:

o' =0.48-10" deg/s.

Angular velocity increment does not exceed
admissible value, and thus the impulse bit value is
acceptable for stabilizing the telescope axis position.

At the limitation in the stabilization angle amplitude
of 2.5", the time interval between two pulses is 60
seconds. As many as 1.86-10° pulses will be required
for the telescope axis stabilization at observation
cycle duration of 30 hours. Assuming that 4-10* g of
propellant are consumed per one pulse, we shall
obtain that no more than 0.74 g of propellant will be
consumed during one observation cycle. Spacecraft
orbit is high-elliptic with a period of about 7 days, 6
of which are favorable for observation. Assuming
that about 4 observation cycles as average will be
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realized during one turn, we shall obtain that the
following will be required for PPT for the telescope
axis stabilization during 10 years of spacecraft
lifetime:

e 3.7-10°

e 1.5 kg of propellant;

e total impulse will be 1.9-10* Ns.

Attitude stabilization around yaw axis for such
period will require:

e 8.9-10° pulses;

e 3.57 kg of propellant;

e 4.46-10°Ns total impulse.

Perturbation compensation

Perturbations of different kinds are acting upon the
spacecraft during the flight. These perturbations
cause changes in its attitude. The most severe
perturbations appear due to gravitation forces and
light pressure.

According to the preliminary assessments, the
integral perturbing torque caused by gravitation force
will not exceed 20-10° N-s-m, and caused by the light
pressure will be no more than 16-10° N-s-m. At such
perturbations the integral gravitation moment per
one turn will not exceed 40 N-s-m, and the integral
moment due to the light pressure - 32 N-s-m.

Integral moment produced by PPT per 1 second will
be 0.01 N-s:m. So, no more than 67 minutes of PPT
continuous operation will be required for
compensating the integral perturbing torque caused
by gravitation forces, and 53 minutes of PPT
operation will be required for compensating the
integral perturbing torque due to the light pressure.
No more than 2.5 g of propellant will be consumed
for compensating these integral perturbing moments
during one turn.

It should be noted, that PPT operation duration
during one spacecraft revolution, required for the
compensation of perturbing moments caused by
gravitation forces and light pressure, is relatively
short. It is no longer than two hours, while the
spacecraft orbital period is about 7 days.

During the whole spacecraft operation period the
total number of pulses required for compensating the
integral perturbing moments caused by gravitation
force and light pressure will be 3.6-10° total
propellant consumption will be 1.26 kg, and the total
impulse will be 1.8-10* Ns. Compensating of
perturbing moments for yaw axis will require 3.6 10°
pulses, 1.26 kg propellant and 1.8 10°Ns.

PPT for a heavy spacecraft attitude control system
Assessments for the total propellant consumption for

solving all problems of attitude control relative to the
telescope axis comprises about 7 kg, and for the
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attitude control in other two spacecraft axes it is
about 6 kg.
Mass of propulsion system M, providing the
spacecraft attitude control and using PPT consists of
the propellant mass M,,, capacitor mass M,, structure
mass M, and PPU mass Mpp:

My =M+ M, + M + Mppy
For the thrusters location, shown in Fig.5, and above
PPT parameters the mass of consumed propellant
does not exceed four masses of propellant required
for securing the spacecraft turn in the planes
comprising the telescope axis, and two propellant
masses of the thrusters providing its attitude control
about the telescope axis:

M,=4.6 +2.7=38 kg

One energy accumulator of 4 kg in mass will be
required for each thruster. Mass of structural
elements of each thruster will comprise 3 kg.

M. =6-4=24kg

M;=6-3=18kg
One PPU of 3 kg in mass may be used for each pair
of thrusters:

Mppy =3-3=9kg
Thus, according to the mass assessment for a PPT
based propulsion system designed for a heavy
spacecraft attitude control it is about 90 kg. The
propulsion system mass may be decreased as a result
of a more accurate definition of requirements to the
telescope training system and to the program of
spacecraft turns during the scientific investigations,
more precise definition for the perturbing torque
values, and optimization of PPT parameters in each
spacecraft attitude channel.
In particular, in the case of increasing the acceptable
oscillation amplitude in the spacecraft attitude
stabilization mode from 2.5" up to 10” the propulsion
system propellant mass may be decreased by 10 kg.
Mass assessments for a PPT based propulsion system
are presented in Table 5.
Table 5. Mass of PPT based propulsion system

Acceptable oscillation 2.5" 10"
amplitude

Propellant mass, kg 38 28
Mass of capacitors, kg 24 24
Structure mass, kg 18 14
PPU mass, kg 9 9
Propulsion system mass, kg 89 75

One possibility more for reducing the propulsion
system mass may be secured by using PPT producing
lower impulse bit in the channel of spacecraft
attitude control around the telescope axis. In this
case, the propulsion system mass may be reduced
both by decreasing the PPT overall dimensions, and
by optimizing the propellant consumption.
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PPT for a small satellite control system

Much interest was displayed during the past years to
the development and application of small satellites.
This interest may be explained by relatively low cost,
potentiality for substantial reduction of development
and production period, and of the cost of injecting
such satellites into the orbit. The scope of problems
solved by small satellites as well as their
constellations® is rather wide '*°. In particular, the
system of remote Earth sounding using low-orbit
small satellites may be better in its technical
characteristics than the widely known analogs and
use relatively inexpensive, highly precise
conversional launchers, “Start-1” four-staged rocket
for example, for launching the satellites.

Let’s study the possibility to use PPT for a precision
correction of sun-synchronous orbit with the altitude
of 650 km, and for the attitude control and
stabilization of a small satellite of 250 kg in mass
with 5-year active lifetime. Total thrust pulse for the
initial injection error correction and satellite orbit
period control at an accuracy of not worth than 0.001
s is about 10 kNs.

Let’s study the PPT operation as a part of the
spacecraft attitude control system.

When constant perturbing torque M, acts upon the
spacecraft, the time interval during which the
thrusters are operational may be defined on the basis
of the following expression:

21¢
M E

drive ~ per

topcr:M
where:
(i) - spacecraft angular velocity in the

attitude stabilization mode;
Mgrive= F-1 — drive moment;
F — thrust;

When Mgiie >>M,e, the spacecraft self-oscillation
period is defined by the following relation:

21¢

Mdn've
With a knowledge of self-oscillation period and
thruster operation interval, it is possible to define the
number of ultimate cycles during the entire
spacecraft active lifetime, and thus, the total thrust
pulse (for all axes) and the number of operations for
each thruster.
As it is known, the main task of the spacecraft
angular stabilization system consists in the
following:
1. Counteraction to perturbing forces;
2. Spacecraft attitude control at a given accuracy.
In this case, some part of stored propellant is
consumed for counteraction to perturbances, and

to =
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another part — for the organization of ultimate self-
oscillation cycle.

For small satellites with the characteristic value for
the moment of inertia I ~ 10 kg-m? within the range
of the PPT impulse bit of (0.5-1)10° Ns the
minimum angular velocity values will be (0.6-107 -
3-10™) deg/s.

The calculation of the total impulse is presented
below for the attitude control reaction system based
on PPT for a small satellite of 250 kg in mass in syn-
sunchronous orbit with the period of active lifetime
of 5 years, the parameters of which are presented in
Table 6. In view of the absence of external perturbing
torques along the Y and Z axes, the operation of
PPTs mounted along these axes is connected with the
organization of ultimate self-oscillation cycle only. In
this case, the total thrust pulse of these thrusters is no
more than 260 Ns, and the number of operations for
each thruster in no more than 1.5-10°.

Table 6. 250 kg spacecraft data.

Mass, kg 250

Lifetime, year 5

Moments of inertia for the | I = 65, [icn ~ 90,

axes, kg-m? Lyaw = 75

Orbit, km 650 SSO, 97-98
deg

PPT
Stored energy, J 20
Impulse bit, Ns 5107

Reactive force application | 1
arm, m
Pointing accuracy 1°
The maximum values of
the perturbing torques

gravity gradient, uNm 20,7
Light pressure, uNm 4
Attitude accuracy for all Less than 1’

axes
Stability in angular
velocities, deg/s

~10*

When there is a perturbing torque along the X axis,
the ultimate cycle for this axis becomes unilateral,
and PPTs creating the moment of the same sign are
started always. In view of this, the main impulse
should be produced along this axis, and the number
of thruster starts should be no less than 1.0-107 at a
frequency of 0.5 Hz during the whole spacecraft
operation period. For PPT with the above
performance, the total impulse required for
compensating the perturbing torques during the
entire spacecraft active lifetime (5 years) will be
about 5.0 kNs.
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In general, for the spacecraft control system (orbit
correction and attitude control and) the total impulse
will be about 15 kNs.

This task may be solved by 8 PPTs. For the
spacecraft orbit correction along X axis it is
advisable to mount two thrusters with power
consumption of 80-100 J for each. For the spacecraft
attitude control the optimum option is to mount 6
PPTs with the power consumption of 20-30 J for
each. In this case, the total mass of propulsion
system will not exceed 23 kg.

The location of the thrusters is shown in Fig. 4.

yaw
4
7
1 q é_
P a — roll
Q3 '
4 8
<

pitch

Fig. 5. Proposed PPT location for three axes attitude
control. 1,2- orbit correction PPTs; 2-6 attitude
control PPTs.

Conclusion

This paper contains assessment for potentiality to use
APPT as a part of control systems of heavy and small
spacecrafts.

PPT based propulsion system for a heavy spacecraft
attitude control allows substantial savings in the
required total pulse and propulsion system mass in
general due to a small impulse bit.

Application of PPT based propulsion system for a
small satellite station-keeping and attitude control is
perspective also, because comparing to stationary
thrusters it allows more precise station-keeping in
the orbital point providing better opportunities for
onboard equipment.

PPT is a competitive actuator device for the
spacecraft attitude control system and allows payload
mass savings.

This work was partially funded by the INTAS-CNES
Grant 97-1137.
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