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Pressure regulation for electric propulsion (EP) systems on spacecraft have historically utilized
solutions with fixed pressure set points. In the case of mechanical regulators, changes to the design
may be needed in support of different pressures for different applications. In the case of bang-bang
regulation, a high cycle count may be required to keep within a desired pressure range. Additional
components to the regulator are also typically needed for heritage solutions, such as isolation valves
for mechanical regulators, or plenums in the case of bang-bang systems. Fixed pressure set points may
also limit the capability of a downstream flow controllers typically used in EP systems. Alternatively,
a solution that uses electronic pressure regulation can support a wide range of pressure set points for
different applications and without the need for additional supporting components. Designed by Moog,
Inc., the Pressure Regulation Assembly (PRA) utilizes the same proportional flow control valve (PFCV)
design used for anode and cathode flow control to the engine, except for pressure regulation. An
overview of the PRA design, performance, challenges, and comparisons to other regulated systems will
be reviewed in this paper.
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I. Introduction

This paper will provide an overview of the PRA design and performance, and comparisons to traditional electric
propulsion regulation and or feed system solutions'?. Information presented herein will also attempt to show that a
common PRA design is able to support most all electrical propulsion regulation applications, resulting in the potential
for a common design across multiple missions and electric propulsion architectures.

II. Pressure Regulation Assembly (PRA) Design and Operational Overview

A. PRA Design Configuration Overview

The PRA consists of an all welded stainless steel tubing and component construction that includes two Proportional
Flow Control Valves (PFCVs) in parallel flow, one upstream high pressure transducer, two downstream low pressure
transducers, an aluminum flight plate, and all associated brackets and hardware. The inlet tube interface connects to
the propellant source and the downstream tube interface connects to a low pressure flow control feed system, or control
orifices. The assembly has redundancy for the PFCV and low pressure transducer with only one each of these
components needed for operation. The PFCVs are normally closed current driven devices that typically operate in the
80 — 150 mA range. The transducers are typical strain gauge designs that have linear voltage to pressure ratios. The
transducers are not amplified in the case of the current PRA design, mitigating the risks associated with EEE parts use
in a radiation environment. The overall PRA is a compact design with an approximate envelope of 180 x 240 x 50
mm and a mass less than 1.8 kg.

A PRA functional schematic and final assembly photograph are provided in Figures 1 and 2, respectively.
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Figure 1. PRA Functional Schematic Figure 2. PRA Final Assembly Photograph

B. PFCYV Design Overview

The Moog Proportional Flow Control Valve (PFCV)? shown in Figure
3 is an all welded stainless steel, normally closed solenoid-type valve that
can provide controlled gas flow or regulated pressure in proportion to
input current when used in a feedback control circuit. It can also be
operated directly in an open loop circuit configuration. The PFCV
incorporates a 25 micron absolute filter at the inlet to mitigate
contamination risk, and provides a leak tight seal when in the normally Figure 3. Proportional Flow
closed position. Control Valve
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C. PRA Operational Overview

Operation of the PRA is via a closed loop feedback control with the low pressure transducer telemetry and an
electronic controller card that can be integrated into the system PPU, or as standalone box. Only one PFCV and one
low pressure transducer are required to support regulation, with the additional PFCV and low pressure transducer
incorporated for redundancy. The low pressure transducers have a range that matches closely with and envelopes the
full pressure range desired for operational regulation. The controller is a proportional integral device that has the
ability to receive an input voltage command and to output a current over a range that envelopes the PFCV operation.
The input voltage command corresponds with the low pressure transducer voltage at the corresponding pressure
desired. A proper controller design will smoothly iterate the current output until the pressure output matches the
command signal and thus obtaining the desired regulated pressure. The maximum power to operate the PFCV over
its operational range is less than 1 W.

II1. PRA and PFCV Performance Results Overview

A. High Inlet Pressure Performance Results

High pressure PFCV performance development testing has been performed on several occasions on different units
and with various testing parameters. One of the first uses of the PFCV as a regulator was demonstrated on an advanced
concept mission in 2006*. This simple system shown in Figure 4 regulated xenon from a maximum operating pressure
0f 2200 psia to a regulated pressure of 5.25 +/-
0.25 psia. Some development and design delta
efforts were successfully applied to tune the

PI
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baseline controllefr for pneumatic and electrl‘cal HET (Anode
response. The risk of water or other foreign bigh i N
constituents is related to the Joule-Thomson ; T @
effect at the PFCV outlet and the potential of ' Xenon , » PFCV | >

freezing these substances, resulting in restricted
or blocked flow. Appropriate precautions were . ) Splitting
therefore applied throughout the process of the Fill & Drain Valve Orifices
system to mitigate the risk of internal
contaminates and the potential of freezing
potential foreign substances. Not unique to the Figure 4. Feed System with PFCV Regulation
components used, the thermal effects and
related freezing risks are applicable to any typical regulated xenon system.

Cathode

Subsequent to the noted demonstration
program, additional research into the use of the
PFCV as an electronic regulator have been
pursued to determine operational and thermal
limits, and to explore a simplified controller
design that could support a wide range of
operating conditions. Several development
tests were performed on a setup the same as or
similar to the one shown in Figure 5.
Similarities between this test setup and the
flight configuration previously noted can be
made. Test conditions varied for each
investigation  depending on parameters Power supply Cortroler Input Voltage
investigated, and both argon and xenon were . Command .
used with the argon flow rates adjusted to Figure 5. PFCV Test Setup for Regulation
equivalent xenon flow rates. Flow rates were
manually adjusted using the downstream valve
in conjunction with the inline vacuum pump. The Moog PFCV used for this testing was verified with various inlet
pressures between 100 psia and the maximum expected operating pressure (MEOP) of 2700 psia, however the
maximum inlet pressure is the most difficult test condition due to the high flow gain. In all PFCV test cases the
controller was set to maintain a regulated nominal pressure of 37 psia. Different flow rates were applied ranging from
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5 mg/s to 200 mg/s xenon, depending on the test. The sample rate for the data acquisition system was 10Hz in these
test cases.

Performance summary at maximum pressure, under ambient conditions, using argon, and a simplified controller
designed by Moog, are shown in Figure 6. Results indicate a 37 psia nominal regulated pressure is maintained within
1 psia across all flow ranges (5 mg/s to 200 mg/s).

PFCV Controller at 2700 psia Inlet
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Data Point

——Command (Vdc) Downstream Pressure (psia) ——Flowrate (sccm) ——Supply Pressure (psia)

Figure 6. PFCV Maximum Inlet Pressure Regulation Test with Various Flow Rates (Argon)

Xenon results at maximum pressure, under ambient temperature and vacuum pressure, are shown in Figure 7 at
flow rates of 9.8 mg/s and 155 mg/s. Results indicate a 37 psia nominal regulated pressure is maintained within 1 psia
for both flow rates. Additionally, for this test setup thermocouples were added to measure temperature at various test
locations with specific media temperature results indicating a temperature drop at the location downstream of the
PFCV from approximately 70°F to just under 0°F in less than 4 minutes.
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Figure 7. PFCV Maximum Inlet Pressure Regulation Test — Vacuum Pressure (Xenon)

B. Long Duration Thermal Results

Long duration xenon flow testing was also performed to determine the impact of the Joule-Thomson effect and
what the media delta temperature would be in a flight like flow configuration. Specifically, the test was performed in
a vacuum chamber with the same general setup as shown in Figure 5, except with the unit thermally isolated, and with
addition of thermal couples at various locations. The media temperature was obtained by teeing in a thermocouple
directing in the media flow path. A worst case condition to an existing specification was applied by operating at 2700
psia inlet, 60 mg/s flow rate, with a regulated pressure of 37 psia, and no heaters. Flow and pressure results are
provided in Figure 8, with the corresponding temperature results are provided in Figure 9.

In summary, there were some issues with the test setup that resulted in variations for inlet pressure, flow, and
temperature. At the test start there is a spike in flow and regulated pressure due to the manual application of the
parameters. Beginning around the 1000 sec mark there was a loss of inlet pressure that was identified and corrected
without stopping the test. The inlet pressure also was depleted just after the 5000 sec mark. There may also have
been an influx of pressurant gas due to intensifier leakage just before the initial pressure drop as evidenced by the flow
and temperature changes. Despite the noted inlet pressure variations, the regulated pressure held to the nominal setting
of 37 psia. Beginning just after the 2000 sec mark, 3-4 psia pressure spikes were observed over an approximate
duration of 1000 sec. The cause of the pressure spikes is attributed to small amounts of water or other contamination
constituents migrating from the intensifier, freezing at the PFCV orifice exit and then quickly breaking free. This
same phenomenon has been observed on mechanical regulators that were intentionally injected with small amounts
of water and then operated, and a similar visual observation was made during xenon cold gas thruster testing®. A
similar spiked occurrence is also noted just prior to the 5000 sec mark, however in this case argon was noted to be
leaking into the xenon side of the intensifier resulting in corresponding flow and temperature deltas, as shown. Again,
the nominal regulation was maintained within a relatively tight tolerance of approximately +/-1 psia during the end of
test conditions noted.
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Figure 8. Long Duration Pressure and Flow Results - Xenon
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Figure 9. Long Duration Thermal Results — Xenon
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Besides regulation verification, one of the main takeaways from the longer duration xenon test is the minimum
temperature observed in the downstream media and the PFCV downstream tube, both achieving less than -100°F (-
73°C). The temperature at the PFCV orifice outlet is expected to be even lower than the downstream thermocouple
readings but cannot be easily measured. For other applications the same design has been used with liquids and
temperatures below -180°C. While this thermal condition does not affect the PFCV function, it is very important that
the system be free of non-propellant media, even to the low PPM levels.

C. High Pressure Testing Results

The PFCV has also been verified for regulation at a simulated 4000 psia maximum expected operating pressure
(MEOP) in support of potential EP systems that use krypton as the propellant. Krypton EP systems typically have a
higher MEOP as compared with xenon systems to accommodate propellant loads approaching xenon systems within
a similar propellant volume. The closed loop test results shown in Figure 10 maintained inlet pressure around 4000
psia and manually varied the flow rate from a low of 18 sccm GN3 (~11 sccm GKr) to a maximum of approximately
3100 sccm GN3 (~1922 sccm GKr). The PFCV closed loop nominal pressure set point was 48.5 psia, and the resulting
variance from this set point varied by less than +/-0.4 psia over the entire test duration. Some minor structural
reinforcement of the PFCV is anticipated to meet typical stress safety margins at operating pressures higher than the
qualified level of 2700 psia. However, the PFCV has survived burst testing to 20,000 psia, suggesting potential
operating pressures in excess of 4000 psia are feasible.

High Pressure PFCV Performance Verification Test
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Figure 10. High Pressure PFCV Verification Testing
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D. PRA Testing Results

Acceptance level flow and regulation performance tests were performed on the first flight PRA before random
vibration testing, during thermal cycle testing at hot and cold plateaus, and after thermal cycle testing. All regulation
tests were performed on the primary and redundant PFCV of the PRA. Examples of the final PRA test results for
maximum flow rate and gain, and for closed loop regulation are summarized in this section.

The maximum flow rate and gain test results shown in Figure 11 were performed using argon at 50 psia inlet and
ambient downstream pressure. Results are typical for the PFCV design with expected hysteresis on the decreasing
current due to effects of residual magnetism, which has no impact to regulation performance when operating in a
closed loop feedback control system.
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Figure 11. PRA Maximum Flow and Gain Test

Closed loop regulation testing results shown in Figure 12 were performed at low, medium, and high inlet
pressures and at low and high flow rates at each pressure location, with a constant regulation pressure set point of 20
psia for all cases. Graphical results are presented for inlet pressure, flow rate, PFCV control current, and outlet
regulation pressure. Deviations in the flow rate results are indicative of the manual operation used to control this
parameter, while still meeting the steady state flow rate tolerance requirements. Steady state regulation pressure was
maintained within +/-0.2% from nominal throughout all test locations. The pressure spikes from nominal at the test
transition locations shown in the outlet pressure graph are a result of a low response setting of the controller. These
spikes would not be present with a high response controller setting, as was the case in the previous examples shown
in Figures 6 and 7.
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Figure 12. Closed Loop PRA Regulation Testing Results
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IV. Regulation Comparison Discussion

A. Mechanical Regulation

Mechanical regulators® are typically single set point devices that are not adjustable once the regulator assembly is
complete. Set points can be altered within design limitations prior to final assembly, and this approach has been
proposed in support of using two parallel mechanical regulators at different set point pressures for an application using
a downstream thermal throttle that is limited in flow range at just one inlet pressure setting. Each regulator in the two
pressure set point solution also has separate isolation valves to allow selection of the desired pressure. Two isolation
valves per regulation line (four total) are utilized to achieve two high pressure inhibits for the normally open regulator
design. In comparison, the PRA has the flexibility to support the same application, and with the same number of
inhibits with the additional of one isolation valve and a controller. The PRA can also support future missions with
different set points with no additional changes, as compared to the mechanical regulator solution that would require a
different assembly set up, and possibly new parts, to meet different set point pressures.

B. Bang-Bang Regulation

Bang-bang regulation'?? is typically performed by solenoid valves in series and work in a closed loop feedback
control system using downstream pressure transducer telemetry, similar to the PRA closed loop feedback. During
operation a solenoid valve repeatably actuates to allow a buildup of downstream propellant pressure to a set level.
Once the upper pressure limit is reached the solenoid will be commanded closed to isolate the propellant source until
the downstream lower pressure limit is reached, resulting in a repeat of solenoid actuation to get the pressure back to
the upper limit. This sequence is repeated as required to maintain a nominal set point pressure in support of a
downstream feed system or directly supplying an engine. Different approaches can be applied in terms of isolation,
cycling, and control algorithms for one, two, or sometimes three solenoid valves in series, in order to achieve the
desired outlet pressure. A downstream plenum is also often incorporated to provide pneumatic capacitance, increasing
the time period between pressure recharge cycles.

An example of a bang-bang feed system flow rate and corresponding pressure cycle profile in support of a proposed
system solution are shown in Figure 13. In this case the feed system design has an orifice and a plenum downstream
of the control solenoid to help control the pressure rise rate. A cycle rate of approximately 1 Hz is required to maintain
steady state operation at 12.7 mg/s nitrogen or ~23 mg/s krypton, and a corresponding pressure level in the downstream
plenum between approximately 47 and 60 psia, or +/- 6.5 psia from nominal. This specific application results in an
estimated total cycle count of >10 million cycles with a propellant load of 420 kg of krypton. The PRA in comparison
is capable of steady state flow with less than 1 psia delta pressure from nominal and with no valve cycles applied
during steady state operation.
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Figure 13. Estimated Flow and Pressure Cycle Rate for a Bang-Bang Feed System
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V.Conclusion

The PRA is the culmination of proven flight heritage and extensive development testing performed on the PFCV
over several years. The performance results summarized in this paper support the PRA as a viable, flexible pressure
regulation option for EP architectures supporting precise pressure control set points over a wide inlet pressure range
and flow demand, with little to no thermal input, and controllable with a simple proportional integral driver. The
limited number of full operational cycles further mitigates contamination, leakage, and life risks associated with high
cycle count devices.
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