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Abstract

An Ablative Pulsed Plasma Thruster (APPT, P4S
spanish acronym) is being developed by IUA
(Instituto Universitario Aerondutico), as a low cost-
mass-power, simple and highly efficient propulsion
option for microsatellites orbit and/or attitude control.

The project proceeds according to a phased
approach philosophy that includes a concept study
phase, a development phase and a qualification phase.

The concept study phase started in October 1997
and spanned until April 1999, when a P4S-1 thruster
baseline configuration and a test stand concept design
were released. The development phase, geared toward
identifying and solving technological as well as
programmatic critical issues, started in May 1999 and
is foreseen to last until October 2000. The
qualification phase is scheduled to start around mid-
2000 in order to finish during the second half of 2001
so the APPT propulsion is ready to be flown on a
TUA’s uSAT series spacecraft now in its preliminary
concept studies phase.

Hardware build-up is related to each main project
phase: a Laboratory (breadboard class) Model (LM),
used for concept preliminary testing at subsystem and
system levels, a Development Model (DM), being
presently under functional and firing testing, and a to
be defined Qualification Model (QM), respectively,
for ground qualification tests.

Introduction

A proposal was made mid-1997 by IUA to develop
an Ablative Pulsed Plasma Thruster for micro-
satellites orbit and/or attitude control. Funding for
exploratory and development activities was assured
both by the Province of Cordoba Office of Science
and Technology (SECYTECOR) and the Argentine
National Agency for the Support of Science and
Technology (FONCyT).
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During the P4S-1 concept study phase several
working lines ran in parallel. They basically were
focused on analysis, technology demonstration and
test stand concept design. Different microsatellites
mission scenarios in LEO were investigated in order
to establish most probable minimum thrust and
maximum AV and total impulse requirements. Then,
system optimization activities were performed to
achieve minimum mass design layouts complying
with operational requirements and, especially,
satellite bus power constraints.

As a result, a baseline thruster configuration was
defined to give a 50 kg satellite a AV=200 m/s
through an average 0.5 mN thrust, using Teflon™ as
the solid propellant, with an average 40 W input
power. Technology demonstrators (breadboard class)
at thruster subsystem and system level were
subsequently designed and built giving shape to the
LM, as the concept study phase experimental tool;
they were tested either separately or in integrated
sets, up to the fully integrated model for vacuum
chamber testing of arc triggering and plasma
generation.

With respect to the test stand concept, the main
design driver was the low cost implementation of the
APPT performances measurements, namely impulse
bit and/or average thrust, which led to an impulse
sensing device consisting of a resonant mechanical
fixture which is tuned to the thruster activation
frequency to maximize displacements. These are
measured by means of piezoceramic transducers
(PZT), whose output signals are digitally processed
allowing for the determination of the average impulse
bit, i.e., the average thrust.

As for the development phase, integration and
functional testing activities of the DM and its test
stand were already carried on, while vacuum firing
tests are presently being performed for thruster
performance and electrical behavior characterization.
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The purpose of this work is to review the relevant
results as related to the forementioned activities up to
date, and to the tailoring of further proceeding, with
emphasis in the identification of technological
issues.

Concept Analysis

During the Concept Study Phase consideration was
given to the increasing trend toward the use of small
satellites in the military, commercial and scientific
sectors and the prospect of the near-term deployment
of small satellite constellations;'? varied requirements
arose then for orbit control, drag compensation,
station-acquisition, station-keeping and, eventually,
de-orbit maneuvers. Aiming at achieving a clearer
definition of performances envelopes, analyses were
confined to LEO operations, which is considered to
be the most likely arena for the use of APPT’s on
microsatellites in the near future. Further applications
to LMO or even deep-space operations are, indeed,
envisageables but were not considered here.

By orbit control is meant the capability of either
achieving satellite lifetime extension or maneuvering
between the launcher-defined initial orbits and
mission-defined operating orbits.

Typical orbit control scenarios have been devised
on the basis of a final operating circular orbit assuring
5 year minimum lifetime, with departure from a
SEMIORKA-MOLNYA elliptical parking orbit * or a
minimum altitude SHUTTLE circular orbit. Drag
compensation was considered from the viewpoint of
thrust requirements at SHUTTLE minimum altitude
under several averaged ballistic coefficients (B), as
reported in Ref. 4. Station-acquisition requirements
were related to small satellite cluster deployment in
the common orbital plane,>” under the assumption of
non-optimal strategies. De-orbit maneuvers were
viewed, as a first approach, as being the reciprocal of
orbit control maneuvers involving the low circular-to-
high circular case. Station-keeping maneuvers were
not considered in this analysis, since they are more
lifetime-dependent than the other scenarios and no
typical case could be defined so far. The results of the
orbital mechanics numerical simulations for a 50 kg
satellite evolving during Solar Max periods are
summarized in Table 1, where the constant-thrust
level (T) and the corresponding AV are shown for
each representative maneuver.

It can be seen that the thrust requirements are the
highest for drag compensation maneuvers, unless
highly packed satellite configurations are devised.
Shuttle minimum altitude orbit are almost equally
thrust demanding, and, as expected, those requiring
the highest total impulse. On the other hand, de-
orbiting is the less thrust demanding maneuver,
provided decay time is not set as a constraint.
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Table 1: Envisageable puSat’s LEO Maneuvers

T AV
[mN]  [m/s]
Molnya parking to 5 yr. orbit 1. 240
Shuttle min. alt. to 5 yr. orbit 2.7 170
Drag compens. (B = 50 kg/m?) 325 NA.
Drag compens. (B = 75 kg/m?) 2.17 N.A.
Drag compens. (B = 100 kg/m?) 162 N.A.
Drag compens. (B = 150 kg/m?) 1.08 N.A.
Station-acquisition (cluster) 0.5 44
De-orbiting from 5 yr. orbit 0.3 170

TUA is being actively engaged in microsat (low-
cost, low-mass) technology development, having
already developed and operated pSAT-1 “VICTOR?”,
the first Argentine made satellite. Presently working
on an improved version, a set of tentative propulsion
requirements was subsequently defined so as to cover
the broadest mission spectrum of uSAT versions in
the foreseable future. These are shown in Table 2.

Table 2: Mission requirements

Satellite total mass, kg 50
Total Impulse, Ns 10000
Average thrust, mN >0.3
Max. Bus Power, W 40
Wet thruster mass, kg <5

With the goal of establishing a thruster baseline
configuration, a system optimization was carried on,
based on Choueiri’s formulation.® By optimizing it is
meant choosing the APPT system parameters (design
parameters) that result with the smallest mass fraction
(M, / M, ), given the mission requirements and the
state of the related technologies, where M), represents
the mass of the propulsion unit and M,, the total mass
of the satellite. It is to be noted that this formulation
basically relies on an empirical relation for the mass
production from propellant ablation, being strictly
valid for a total impulse range (1 mN-s <7 <5 mN-s).
This was not deemed an important constraint for
preliminary development activities, being understood
that further research on the APPT scaling should be
done for final design activities, by assessing the
extent to which this empirical relation can be
generalized or altered to cover part of the parameter
space outside the validity range.

The formulation was then applied to the preliminary
design of the IUA’s P4S-1 ablative pulsed plasma
thruster, according to the forementioned mission
requirements and to technology parameters, as shown
in Table 3, whose values are those reported in Ref. 6
as being state-of-the-art.



Table 3: Technology parameters

Capacitor energy density, J/kg 50
Power cond. specific mass, kg/W 0.008
Power cond. efficiency, % 80
Maximum number of pulses 3x 107
Fixed mass, kg 3.75
Packaging mass ratio 0.2
Number of propulsion modules 1

Choueiri’s optimization procedure relies upon
choosing an average thrust level and “running” the
formulation to find the required bus power, given the
mission requirements and the technology parameters.
In the microsat world, available power is the limiting
factor instead, so the procedure was slightly modified
to include the maximum bus power as a constraint.
The optimization was entirely automated through
MATHCAD™ procedures, yielding the design
optimized characteristics shown in Table 4.

The resulting thrust level was found to be
acceptable since it satisfies the related inequality in
Table 2. The optimized mass is higher than the
allowable maximum by preliminary design criteria;
however, it was considered acceptable within the
scope of laboratory and development activities. A
sensitivity analysis was later carried on to assess the
influence of the technology parameters. As a result,
given fixed performances, the design characteristics
are highly sensitive to the propellant ablation law
exponent, the number of pulses and the power
conditioning efficiency, in descending order, while
for fixed design parameters, the performances are
highly sensitive to the law exponent.

Table 4: Optimized P4S-1 characteristics

Average thrust, mN 0.5
Impulse bit, pN-s 330
Pulse frequency, Hz 1.5
Discharge energy, J 214
Effective specific impulse, s 3165
Total efficiency 0.19
Geometry Breech fed
Teflon exposed area, cm? 6.44
Mass of capacitors, kg 0.43
Mass of power cond., kg 0.82
Mass of Teflon, kg 0.32
Total mass of the APPT module, kg 6.03

Concept Preliminary Testing

As a result of the concept analysis activities, a
baseline thruster configuration was therefore defined
which in summary gives a 50 kg satellite a AV=200
m/s through an average 0.5 mN thrust, using Teflon™
as the solid propellant, with an average 40 W input
power. Technology demonstrators (breadboard class)
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at thruster subsystem and system level were
subsequently designed and built giving shape to the
LM, where a preliminary version is shown in Fig. 1.
Exploratory activities were focused on the ignition
subsystem, the high power source, the control module
and the vacuum test procedures; they were allowed to
proceed by incremental steps in order to assure main
phenomena understanding and reproducibility.

The ignition subsystem evolved from a very crude
high voltage capacitor bank, connected to a standard
spark plug by electromechanical switching, to a
medium voltage source inductively coupled with a jet
engine plug, triggered by a thyristor. As expected, no
spark was observed when applying to the standard
type plug up to 4000 V under high vacuum conditions
(10~ hPa), even when special provisions were taken
by reducing the electrode gap and emphasizing edge
effects. This result was thus found to be consistent
with electric propulsion early days findings.” Using
instead a jet engine plug with the same high voltage
source and switching device resulted in well
developed sparks under identical vacuum conditions.
This was reported elsewhere to occur because of a
semiconductor layer located between the plug
electrodes.® The layer has alledgedly the effect of
freeing charge carriers in the inter-electrodes space
under high voltage, helping to trigger the spark
through an avalanche process. The existence of the
semi-conductor layer was experimentally verified by
measuring the electric resistance of the plug for
different temperatures in the range [-20 C, 40 C],
being observed that the thermal behavior fits almost
exactly that one should expect for a Ge layer. The
4000 V capacitor bank was later replaced by a 2800
V source inductively coupled with the jet engine plug
and triggered by a thyristor, developed at the College
of Engineering of the National University of Rio
Cuarto (Arg.)’ with highly satisfactory results.

The high power source delivering the high energy
pulse to the thruster main electrodes evolved from a
220 V AC supply transformer type, to a 12 V DC
supply regulated source, connected in both cases to a
high voltage electrolytic capacitor bank. The first
configuration was mainly used for thruster hardware
and vacuum test facilities integration purposes, being
rapidly replaced by the second configuration, after
single-shot arc triggering and plasma generation
through manual operation was demonstrated. The use
of the 12 V source allowed to test the LM working in
pulsed automatic operation; it qualitatively exhibited
a fairly regular and highly reproducible behaviour, 15
months after the project kick-off meeting, a snapshot
of a firing test being shown in Fig. 2. Electrolytic
capacitors (shown in Fig. 1) were used in both
configurations for energy storage due to their quick
commercial availability and replaceability, having
nevertheless fulfilled the duty beyond expectations,
within the limited goals of these preliminary tests.
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The control module assuring the ignition timing,
evolved, as already mentioned, from single-shot
manual command acting upon an electromechanical
switching device to a digital circuit board. It
commands the action timing for pulsed operation to
both the ignition subsystem and the high power
source, as shown in Fig. 3.

The vacuum test facility is based on a TENNEY
?800x1500 chamber, and significant efforts were
made to achieve around 10~ hPa vacuum level and
measurability. Actions were taken to assure proper
chamber and lines outgassing, and for the calibration
of the IMR 132-BALZERS pressure gauge head
including the IMGO40 ionic emission automatic
control. Test procedures were also established and
improved to keep track of chamber pressures and
residual air electric properties. To this purpose, a
“witness” standard plug with especially shaped
electrodes was used.

The LM underwent 8 vacuum tests in different
configurations. Some of them were devoted to test
several alternatives related to the amount of stored
energy or type of ignition subsystem, or to assess the
influence of the solid propellant presence in the arc
generation between the thruster electrodes.

With respect to the ignition energy, it was found
that a twofold reduction did not jeopardize the main
arc triggering, bearing a clear indication that the
ignition module requirements can substantially be
relaxed and a design optimization must be carried on.
It was also found that arc triggering was obtained
even in absence of solid propellant. This seems to be
a very convenient feature from the viewpoint of the
plug location and design, since standard jet engine
plugs could, in principle, do the job. On the other
hand, by minimizing the energy available for ignition,
a threshold will likely be encountered beyond which
the arc triggering cannot happen without additional
charge carriers production; here is where the solid
propellant surface would come into play, and plug
location as well as spark location optimization could
be needed.

Sustained pulsed firings at 3 Hz activation
frequency were finally obtained using the fully
improved power & control electronics, ending the
concept preliminary testing activities by March 1999.

Low Cost Test Stand

Following a literature survey,'® a test stand concept
for low cost implementation of APPT performances
measurements, namely impulse bit and/or average
thrust, was devised. The resulting impulse sensing
device consisted of a resonant mechanical fixture
which is tuned to the thruster activation frequency in
order to maximize one-axis displacements. These are
measured by means of piezoceramic transducers
(PZT), whose output signals are digitally processed
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for the estimation of the average impulse bit, i.e., the
average thrust. The feasibility was assessed by means
of structural dynamics analyses including transducer
and measurement electronics, as well as ground
induced noise modelling."!

As an outcome of these studies, the objective of
estimating the impulse bit by measuring the PZT
output amplitude can be reached within the 0.2%
accuracy, provided S/N ratios are kept above 20 dB
(only ground noise assumed) and statistical averaging
of the signal is performed. The 2 D.O.F. model
actually predicts a 30 mV peak ZPT output signal
when activating P4S-1 at 3Hz.

Detailed design, manufacturing and integration
activities on the test stand are presently finished, as
well as acceptance and functional testing activities. A
view of the test stand fixture alone (no thruster atop)
is shown in Fig. 4. Acceptance tests consisted of

cabling, isolation and measurement channels
shielding checkout procedures with gqualitative

estimations of environment induced mechanical and
electrical (50 Hz) noise. It was found that in quiet
typical lab environment, during working hours the
electrical noise amounts to less than 0.5 mV peak,
whereas the mechanical noise, filtered to the sensing
fixture natural frequencies (no upper end masses),
reachs peak amplitudes 1 mV approx.

Functional testing involved the full integration of
the test stand with the DM thruster and with a data
acquisition system based on a 12 bit data acquisition
board and signal conditioning circuitry. Detailed
account of this kind of testing is done throughout the
following section.

The Development Model

The DM design philosophy relies upon defining the
P4S-1 subsystem hardware in such a way that
improvements induced by theory and experiments can
be built-in incrementally, without the need for a large
hardware redesign and manufacturing. Therefore, the
physically separated modules layout characterizing
the LM setup is kept for the DM setup; namely the
reaction chamber or thruster strictly speaking is
separated from the power supply, command modules
and data acquisition system. The thruster is mated to
the test stand and the assembly installed into the
vacuum chamber, while the other subsystems remain
under ambient lab conditions during the initial part of
the development tests. When suitable versions of the
power supply and command modules be available,
they will functionally be integrated to the thruster/test
stand setup within the vacuum chamber.

It is recognized that this incremental philosophy,
being consistent with a minimum development cost
approach, put nevertheless a substantial pressure on
the need of a theoretical modelling of the thruster for
a reliable interpretation of the firing tests results,
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since the different setup configurations can hardly be
representative of a flight version thruster.

Design, manufacturing and integration activities of
the DM are presently finished for the initial version
of the hardware. A cutaway view of the thruster is
shown in Fig. 5, where the main design features are
indicated. The integration with the one-axis test stand
is completed, as shown in Fig. 6, and the preliminary
functional and firing tests have been performed, too.
Functional testing consist of cabling, isolation and
PZT channels shielding checkout procedures, with
quantitative estimation of environment induced
mechanical and electrical (50 Hz) noise, either in lab
environment and under high vacuum conditions. As
for the results, the SO Hz noise in quiet typical lab
environment during working hours, amounts to
approx. 20 mV peak, whereas the 3 Hz noise reachs
about 1 mV peak. It was found that one of the sensing
fixture natural frequencies with upper end masses is
close to 50 Hz, adding up then to the same frequency
electrical noise.

Functional tests performed under high vacuum
conditions produced unexpected high mechanical
noise results, about 50-80 mV at 13.5 Hz with
additional lower level noise at 9 and 25 Hz. These
were preliminarily estimated to be caused by cushion
support natural modes excited by vibration originated
in the mechanical pump operation and transmitted to
the entire vacuum chamber installation.

The firing tests were instrumented to measure spark
and arc voltages and currents, and the PZT output.
The results are presently being processed and will be
presented in a later work. A quick-look evaluation
shows that high level electric noise (100-200 mV), as
induced by the rapid current surges, appears in the
PZT channels at the activation frequency. This likely
adds up an unwanted 3 Hz component to the PZT
signals, masking the propulsive effect so the need of
better EMI reduction arises.

Conclusion

Concept analysis studies led to a baseline thruster
configuration which commanded the design and
manufacturing of technology demonstrators (LM) for
concept bench testing, and a test stand concept
design, thus completing the concept study phase. The
program entered now the development phase, where a
number of activities have already been performed,
like the design & manufacturing of the DM and the
test stand, while integration and testing activities are
presently under way. The thruster was redesigned for
state of the art power electronics technology,
following the results of a configuration sensitivity
analysis and the lessons learned from the LM testing.
The test stand is presently designed for one-axis
measurements with sensors in a trivial configuration;
two and even three-axes capabilities being envisioned
on the basis of more sophisticated sensor layouts.
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Vacuum firing tests are presently being performed
for thruster performance and electrical behaviour
characterization. Further pre-development activities
will be directed to endurance tests of cathodes, spark
plugs and power electronics, together with propellant
consumption evolution patterns, so that a complete
development planning can subsequently be defined,
as well as upgraded DM and test stand capabilities.
These actions will set the bases for the Qualification
Phase, scheduled to start by mid-2000.
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Figure 1. P4S-1 Laboratory Model Preliminary Setup.

Figure 2. P4S-1/LM Firing Test in the Vacuum Facility.
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Figure 6. P4S-1/DM Thruster on the Test Stand



	Volume2

