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Summary

At the end of their life, satellites have to
be properly deorbited. For satellites in Low
Earth Orbit, the requirement is to have an
end-of-life controlled atmosphere re-entry in
less than 25 years. For satellites equipped
with an on-board propulsion system for orbit
control, the deorbiting budget is generally
taken into account in the initial sizing of the
propellant budget. For satellites without pro-
pulsion, or with a propulsion system sized
for attitude control only, among different op-
tions (propulsive or not) which are currently
being studied at CNES, a solution based on
small ablative Pulsed Plasma Thrusters
(PPTs) seems to be quite attractive for its
simplicity and performance. This paper
briefly presents the development status and
performances of the new generation of small
PPTs currently under development at
RIAME, and compares the PPT option (in
terms of mass, complexity, deorbiting sce-
nario etc...) to other propulsive options for
the deorbiting of a typical CNES Myriade
satellite.

Moscow, Russia

Introduction

In 1996 CNES decided to develop a prod-
uct line for micro satellites, mainly dedicated to
scientific missions but offering also flight op-
portunities for technological demonstrations.
The objective of this product line is to offer fre-
quent flight opportunities with a low cost. This
program is called MYRIADE. The in flight sat-
ellites are today DEMETER (launched mid
2004), PARASOL and ESSAIM (x4) (launched
end 2004), and the next ones will be PICARD,
MICROSCOPE and SPIRALE (x2).

These satellites do not all need a propul-
sion system to fulfil their scientific mission; in
order to comply with recent international rec-
ommendations on space debris reduction,
CNES is currently investigating the easiest way
for deorbiting them at the end of their life.

One attractive option is to use the PPT
technology, due to its relative simplicity and
high performance (Isp up to 2000 s [1]) com-
pared to chemical propulsion options. There-
fore CNES, in collaboration with the Russian
institute RIAME, is currently evaluating the
feasibility and interest to use one PPT thruster
for deorbiting the MYRIADE satellites.
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The PPT technology status will be pre-
sented, including the most recent develop-
ments which are currently performed at
RIAME and the future work which is planned
on PPT at RIAME under CNES contract.

The PPT deorbiting option will be then
analysed for the specific case of the Micro-
scope satellite and compared to other chemi-
cal options; the results will be finally ex-
tended to the whole MYRIADE micro satel-
lite family.

PPT technology development status

Pulsed plasma thrusters for attitude con-
trol have been used for the first time in orbit
in 1964 on the Russian satellite Zond-2.
Since this date, considerable progress has
been performed on PPT technology in the US
and in Russia.

As shown in fig.1, the basic operation of
the APPT consists of repeated discharge
pulses across a solid propellant surface.
Thrust is produced by gas-dynamic and elec-
tromagnetic acceleration of the ablated and
partially ionized mass. Since the propellant is
solid (typically a bar of Teflon), there is no
need of complex pressurized tanks and no
risk of leakage, which is an attractive feature
for a propulsion system.

The necessary energy for the discharge
under high voltage (typically about 1000V)
is accumulated into capacitors which are in-
cluded in the PPT PPU (Power Processing
Unit), to be interfaced with the SC power
and TC/TM bus.
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Fig. 1 - PPT principle

PPT performances make this propulsion
option very suitable for small spacecraft atti-
tude control or fine positioning (application to
formation flying missions), but also for orbit
control with high total impulse requirements.

A number of pulsed plasma thrusters have
actually been flown on American satellites [2]
in the late 60s (LES 6, 8 and 9), 70s (TIP 2
and 3) and 80s (Nova 1, 2 and 3). In the 90s, a
research and technology program has been ini-
tiated at NASA GRC, involving universities
and industries (Aerojet, former Primex Aero-
space Company), and leading to the EO-1 suc-
cessful flight experience in 2000 [4, 5].

The performances of these flight models
range between 300s and 1150s of specific im-
pulse for a maximum thrust of 30uN to 1.5mN
and an input power below 100W (1Hz pulse
frequency).

The PPT models initially developed in
Russia by the Kurchatov Atomic Energy Insti-
tute could provide a higher maximum thrust
level (up to 20mN), but were not operated for
long periods. The very low thrust efficiency
(below 10% due to low ionization rate of the
ablated propellant) was the main limitation for
the maximum achievable specific impulse (the
Lorentz body force perpendicular to the dis-
charge current and to the self-induced mag-
netic field affects only charged particles, while
the evaporated propellant is accelerated by
thermal expansion in the nozzle) and lifetime
(the electrodes being heavily eroded).

The RIAME institute [3, 4, 7] has focused
its efforts since 1992 on the development of a
new generation of thrusters with improved ef-
ficiency. In particular, studies performed in
the frame of INTAS project 97-1137 (dedi-
cated to ablative PPT efficiency improvement)
have shown that an appropriate optimization
of the electric circuit can allow a discharge
transition from an “oscillating” regime to a
“quasi-aperiodic” mode (fig.3). The two main
consequences are better energy conversion ef-
ficiency (higher ionization rate and lower late-
time ablation phenomena and capacitor heat
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dissipations) and a reduced solicitation on
the electrodes (no voltage sign change at ca-
pacitor bank terminals). In these conditions,
up to 80% of the propellant can be ionized
and accelerated by the jx g force.

RIAME has developed and tested a
number of prototypes with stored energy
varying from 20J to 150J.

In 2000 the geometry and dimensions of
APPT discharge channel were conformed
with the parameters of discharge circuit (ca-
pacitance, inductance and ohmic resistance).
As a consequence its thrust efficiency was in-
creased from 8-9 % to 15 % at stored energy
of about 50 J and from 12-14 % to 25 % at
energy of about 100 J. Such thrusters were de-
fined as high-efficiency APPT of the next
generation [4].

In 2003 the APPT was upgraded when
the discharge channel was adapted to the en-
ergy storage with low ohmic resistance. The
ohmic losses of stored bank energy were de-
creased from 15-20% to 1-2%. So, the effi-
ciency was increased to ~25% at 50 J and
~40% at 100 J.

The laboratory prototype of upgraded APPT
is shown in Figure 4. The prototype has the
“traditional” for RIAME rail configuration
with the plane electrodes and the side feeding
of propellant . The thruster is based on two
plane electrodes made of copper or steel, and
a single or double Teflon bar (back-feeding
and side feeding case respectively). In the
case of lateral propellant feeding, the dis-
charge chamber is completed by a rear insu-
lating wall, usually made in alundum

(ALO5).
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Fig 3 RIAME APPT-50 Laboratory prototype
(left) and engineering model (right).

As shown in fig 4, the capacitive energy
storage system, consisting of several sections
connected in parallel, is interfaced to the
thruster electrodes with thin copper connec-
tions. The different sections can be housed in-
side a common body or separately. The ca-
pacitors are charged by the PPU, having at its
output the nominal voltage also needed to op-
erate the discharge initiation unit (DIU), used
for producing initial plasma in the discharge
gap. The DIU is connected to the auxiliary
electrode system fixed in the cathode, can be
duplicated to provide redundancy and raise
overall system reliability and consumes about
0.5-1% of the main discharge energy.

back feed of

propellant

electrodes

battery of
capacitance

—
PPU =21V
—

Fig 4 PPT functional schematic
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Fig 2 — Discharge behaviour of APPT belonging to first (left) and second (right) generation
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The dependencies for the thrust and specific
characteristics of APPT on the stored energy,
parameters of discharge circuit, discharge
channel geometry and its dimensions, fre-
quency of pulses were experimentally investi-
gated. The thrust impulse bit P and thrust effi-
ciency 1 as a depending on the stored energy
are presented in Fig 5.
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Fig 5. Thrust and specific characteristics of the
upgraded APPT (1 — two capacitors; 2 — three capaci-
tors; 3 — four capacitors; 4 — six capacitors).

All main characteristics of APPT-50 were
verified experimentally during the testing of a
laboratory prototype in RIAME MAI. The
APPT-50 flight prototype manufacturing is
ready now for the demonstration flight test in
2006 - 2007 years.

The low-orbit small unified space plat-
form (USP) "Vulcan" is now developed in
Research Institute for FElectromechanics
(NIHEM). It has 250-350 kg overall mass and
7-10 years lifetime. The platform can be read-
ily adapted for different kinds of payload.
The USP "Vulcan" includes the correction
propulsion system (CPS) with upgraded
APPT has been designed in NIIEM in col-
laboration with RIAME MAI. CPS of the
USP "Vulcan" includes two APPT-50 thrust-
ers and one block of power processing unit
(PPU) as it 1s presented in Fig 6.

Two APPT-50 thrusters are placed on op-
posite satellite edges. The common PPU is
placed inside the satellite body. The gyroscopic
orientation and attitude stabilization system can
turn the satellite of +45° around its vertical
axis. This will allow to use one pair of opposite
thrusters for the correction of the orbit altitude
and inclination.

The CPS of USP ‘Vulcan” will provide the
characteristic velocity 85 m/s during the 7-year
active lifetime.

APPT-50

Fig 6. Unified space platform "Vulcan" with cor-
rection propulsion system based on two APPT-50 thrust-
ers

In the frame of CNES 2004 R&T program,
two new thrusters prototypes are being devel-
oped by the RIAME institute and will be fully
characterized, used to validate theoretical ab-
lation, ionization and energy transfer models,
and finally optimized on the base of the
achieved results.
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Energy (J) 30
MIB (mNs) 1.0
Specific impulse (s) 1150
Frequency (Hz) 2
Thrust (mN) @2Hz 2
Power (W) @ 2Hz 60
Mass (Thruster + PPU) (kg) | 7 (without Teflon)
Total Impulse (kN.s) >20 (=17 kg
Teflon)
Size of the thruster, mm 100x160x160
(HxLxD)
Size of the PPU, mm < 55x80x160
(HxLxD)

Table 1 — APPT 30 (RIAME) characteristics

Mission analysis

IADC Recommendations

The world’s 11 largest space-faring na-
tions have formed the Inter-Agency Space
Debris Coordination Committee (IADC). The
IADC has recommended to the United Na-
tions several actions in order to minimize the
increasing number of debris in space. The
main measures recommend de-orbiting the
LEO (Low-Earth Orbit, altitude less than
2000 km) satellite to an orbit, which ensure a
re-entry within 25 years with a complete de-
pletion of the on board energy sources.

Space mechanics

One main parameter for the propulsion
system is the required necessary delta V
(DV) for achieving the deorbiting impulse.
This DV is obviously depending from the
initial and final orbits.

The final orbit is chosen such that the satel-
lite can re-entry in less than 25 years and is
therefore depending of the ratio S/M (S
spacecraft surface in front of the velocity, M
mass of the satellite) of the satellite.

With a typical value of a S/M = 0.8% M2/
kg, the circular orbit 600 kM X 600 kM is
considered as an acceptable (w.r.t IADC rec-
ommendation) final orbit.

For the Microscope spacecraft study, the
characteristics of an APPT 30, presented in
Table I have been considered.

Results of the calculation for continuous
low thrust trajectory from 3 initial circular or-
bits (700, 750 and 800 km) down to the 600
km circular final orbit are presented in Table 2
for a spacecraft launch mass of 220 kg.

In this continuous low thrust mode, for
these circular orbits transfer, it is interesting to
point out that the total DV to be provided by
the thruster is not bigger than the Hohman DV
requirement which could be produced by im-
pulsionnal boost with chemical propulsion. In
addition, the orbit considered here (6H / 18H)
allow a continuous thrust mode due to the fact
that there is no eclipse constraints.

Initial orbit (km) 700 750 800

DV @mis) 53 80 106

Transfer time (days) 45 68 89

Propellant need (xg) 1.04 1.43 2.05

Total impulse need 12 16.4 | 23.5
(KN.S)

Table 2. Characteristics for a transfer to the 600 km
circular orbit

Lay out of the PPT on the spacecraft

The thruster lay out on the satellite takes
into account the following constraints:

-GNC: to be on a face such that the solar
panel are permanently in front of the sun (with
a certain tolerance) during the continuous
thrust phase: this means that the PPT should
be parallel to the solar array plan.

- Positioning margin with other equipment
items / field of view of antenna etc...
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- Alignment of the thrust toward the
spacecraft Centre of Gravity

Fig. 7 - Lay out of the PPT on a standard Myriade
spacecraft

Attitude control during thrust phase

The AOCS of the satellite should be able
to control the satellite attitude during the
continuous thrust phase.

For this “one-thruster” configuration,
without any possibility to control the thrust
direction (no thrust orientation mechanism) it
should be investigated that perturbating
torque from the PPT itself, are well compen-
sated by the AOCS on board actuators (i.e.
reaction wheels, magneto-torquer ...)

The following figures have been taken
into account to evaluate the maximum torque
possibly induced by the PPT, to be compen-
sated by the AOCS on board actuators
(maximum capability is 0.2 mN.M for the
magneto-torquer) of the spacecraft:

* Misalignment error of the PPT (me-
chanical mounting of the PPT on the struc-
ture, knowledge of the CoM position ...): 5

mm witch gives 0.01 mN.M with a 2 mN
thrust. TBC

» Thrust off axis (max angle between
theoretical thrust axis and effective thrust
axis): 5°.

The thrust off axis of 5° gives an addi-
tional 4.3 cm misalignment w.r.t the center of
mass of the spacecraft. If we cumulate both er-
rors, we have approximately Scm which gives
0.1 mN.M to be compensated by the magneto
torquer of the spacecraft. As this value is in
the order of magnitude of the on board mageto
torquer capability, deeper AOCS studies
would have to be performed to confirm the at-
titude control of the satellite during the thrust
phases.

Comparison with other propulsive options

To do the deorbiting of the Myriade satel-
lite, different options for propulsion system
are considered and compared to the PPT op-
tion. This comparison has been done on the
basis of 2 initial spacecraft mass which fully
cover the Myriade product line: [100, 200] kg,

The figures (mass / volumes ) are in-
cluded in the table 3.

The capacity of the reference hydrazine
propulsion system used on DEMETER and
PARASOL satellites (6 liters hydrazine tank)
is limited to approximately a DV of 52 m/s
for a 200 kg spacecraft mass and it would be
necessary to enlarge the tank capacity (up to
9.2 liters) to achieve the 80 m./s required for
deorbiting from 750 km to 600 km.
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Fig. 8 - Lay out of the PPT on Microscope

Myriade Solid pro- | Cold gas | Resistojet | APPT 30 HET
baseline pulsion
Propellant Hydrazine Butalite Nitrogen Nitrous Teflon Xenon
oxide
SI (s) 220 260 70 110 1150 1000
Propellant mass | 100kg 3.6 3.1 11 7.3 0.7 0.8
(kg) 200kg | 73 6.2 22 14.6 14 1.6
Tank volume 100 kg 6 NA 38 12 NA
Q) 200 kg 9.2 NA 76 24 NA 2
Total mass 100 kg 8.8 <7 38 20 7.7 12
(kg) 200 kg 10 9.8 46 26 8.4 <13

Initial spacecraft mass

Table 3 - Propulsive options trade-off for a transfer from 750 km to 600 km circular orbit (DV = 80 m/)
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This table shows that in term of propulsion
system mass (including the propellant mass),
the PPT solution is the best solution for the
200 kg spacecraft mass. For the 100 kg space-
craft mass, ths PPT propulsion system is
compatable to the existing hydrazine propul-
sion system and the solid propulsion option.
However, we can expect a big advantage of
the PPT solution due to it’s relative simplicity
compared to the hydrazine and solid propul-
sion.

Conclusions

From this preliminary study, it seems
that PPT could be an attractive option, for
deorbiting the Myriade satellites at the end of
their life. From a system point of view, it
would be necessary to refine the mission
analysis for a dedicated spacecraft, including
the potential AOCS issues, and all other
points which have not been treated in the
present paper, to confirm the interest of the
PPT solution.

From the PPT side, the coming CNES
/RIAME work will be focused on the follow-
ing topics:

- Concept and technology assessment of PPT
- Fabrication and test of a laboratory model

- Modelisation of propellant ablation and
ionisation, modelisation of the discharge
process

- Correlation of the model with experimental
results

- Fabrication and test of an improved APPT
model.

References

1. N.Antropov, G.Diakonov, M.Orlov,
G.Popov, V.Tyutin, V.Yakovlev.
Development and refinement of
highly efficient 150 J APPT.
IEPC-2003-61

2. Burton R. L. and Turchi, P.J.,
“Pulse Plasma Thruster”, Journal
of spacecraft and Rockets, Vol
14, N° 51998, pp 716 — 735

3. Antropov N., Popov G., Kazeev M.,
Khodnenko V., “High efficiency
APPT for LEO SSC application”,
CNES Micropropulsion Workshop,Nov
2004.

4. Antropov N., Diakonov D., Lyubin-
skaya N., Orlov M., Trubnikov P.,
Tyutin V., Yakovlev V., “APPT for
LEO application”.

5. Benson S., “Developpement of a
PPT for the EO1 spacecraft”, AIAA
99-2276.

6. Lynn A. Arrington and Al, “Multi
axis thrust measurement of the
EO1 Pulse Plasma Thruster”. AIAA
99-2290. 35 ™ Joint propulsion
conference, Los Angeles, 20-24
July 1999.

7. Popov G., Antropov N., Diakonov
G., Orlov M., Tyutin V., and
Yakovlev V. “Experimental Study
of Plasma Parameters in High-
Efficiency Pulsed Plasma Thrust-
ers”, 26th IEPC, paper 01-163,
2001

L Corresponding author: CNES - Propulsion and Pyrotechnics Department, 18 av. E Belin, Toulouse (F), nicolas.pillet@cnes. fr



