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DESIGN AND DEVELOPMENT OF AN ELECTRONIC PRESSURE REGULATOR FOR USE ON ION
PROPULSION SYSTEMS

Dr H L Gray
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ABSTRACT

MMS(UK) are developing the UK-10 ion propulsion
system for north-south station-keeping and drag
compensation missions, with an initial application to
ESA's ARTEMIS spacecraft. Part of this system is an
electronic pressure regulator, providing a regulated 2
bar xenon supply to the thruster assemblies, as well as
providing pressure monitoring and removal of oxygen
from the xenon propellant. The paper describes this
regulator, the technical status of this programme with
emphasis on the design and qualification, and future
developments to give a alternative regulators suitable
for commercial spacecraft.

INTRODUCTION:
ARTEMIS IPP OVERVIEW

The advantages of ion propulsion have been recognised
for many years. Specific impulses are typically an order
of magnitude better than bipropellant subsystem
(~3000s for ion propulsion as opposed to ~300s for
bipropellant subsystems) giving significant propellant
mass savings. The most immediate future application is
for North South stationkeeping (NSSK) in geostationary
orbit (GEQ); the benefits improve significantly with the
spacecraft size and lifetime. To meet this need, MMS
have developed the UK-10 ion propulsion system,
which will first fly on the ARTEMIS spacecraft.

The ion Propu[sion package for the ARTEMIS
spacecraftl L1, shown in Figure 1, incorporates two RIT-
10 thrusters2], two UK-10 systems, a propellant
storage and distribution assembly, and an alignment
assembly. The ARTEMIS IPP is under the overall
responsibility of DASA, and comprises a number of
assemblies. Table 1 gives the top-level breakdown of
these assemblies, and the corresponding responsibilities.

MMS is providing the @raf:cllant supply and
distribution assembly (PSDA) +4]. This comprises high
pressure (~115 bar) xenon storage and an electronic
active regulation system, providing xenon to the UK-10
and the radio-frequency ion thruster assembly (RITA)
regulated to 2 bar at their inputs, with a mass flow
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capability of at least 1 mg/s. The PSDA will be
operated for up to 6 hours per day, occurring in two
separate thrusting periods.
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Fig. 1: The ion propulsion package for the ARTEMIS
spacecraft

Table 1: ARTEMIS IPP Assemblies

Title Responsibility |
IPP lon propulsion package DASBA
RITA Radlo-frequency ion thruster assembly DASA
ITAA lon thruster alignment assembly DASA
ITA Electron-bombardment ion thruster assembly MMS
EIT Electron-bombardment ion thruster MMS
E PSME | Propellant supply and monitoring equipment MMS
PCCE Power conditioning and control equipment MMS
SDA Propeliant supply and distribution assembly MMS
EPRM | Electronic pressure regulator mechanism MMS
EPRE Electronic pressure regulator electronics MMS
X7 Xenon storage tank Dowty
FwV Flllhent valve Rauloss

SELECTION OF REGULATION METHOD

In selecting a pressure regulation method for long term
in orbit operation, reliability and redundancy are of
primary importance. Single mechanical regulators are
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typically used during orbit raising from geostationary
transfer orbit (GTO) to GEO; however, this activity is
normally performed within a few days or weeks of
launch and lasts for a comparatively short period.

For daily operation over 10 years upwards (as is
required for communications satellite stationkeeping), it
is imperative to provide full redundancy with no single
point failures (SPFs) (excluding the unavoidable
structural SPFs which have very low failure
probabilities). = To provide this with mechanical
regulators requires 2 parallel redundant regulators, each
regulator being serial redundant (2 seat), along with
appropriate valves for enabling and isolating the
branches. If single seat regulators are selected, then the
situation is even more complex requiring 4 of these
regulators in a serial / parallel configuration. The
electronic pressure regulator developed by MMS and
described below provides this full serial and parallel
redundancy, with complete single point failure tolerance
(either failure open or closed).

An additional constraint is the safety requirement to
provide 3 independent serial inhibits between a
propellant tank and the environment. The electronic
regulator provides 2 of these inhibits (the EITA and
RITA isolation valves providing the third); adoption of
a mechanical regulator system again results in
additional valves to meet these safety requirements.

ELECTRONIC PRESSURE REGULATOR
DESCRIPTION

The electronic regulator assembly is shown
schematically in Figure 2. The major equipments are
the electronic pressure regulator mechanism (EPRM)
and the electronic pressure regulator electronics
(EPRE). The EPRM provides for removal of oxygen
traces within the xenon propeliant, and high and low
pressure monitoring, as well as the primary function of
pressure regulation.
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Fig. 2: Electronic Pressure Regulator Schematic

Functional Description

The accuracy of the regulation is dependent on the
control technique used to drive the regulator valve. If a
fixed pulse width signal were used, the regulator valve
would provide relatively poor regulation accuracy at
BOL, when the inlet pressure is high, and would require
a large number of cycles.

Therefore the chosen method of regulation is to actuate
the regulator valve open when the downstream pressure
reaches a lower threshold and actuate it closed when the
pressure reaches an upper limit, as shown in Figure 3.
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Figure 3: Pressure regulation Cycle
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The xenon tank pressure is monitored by a high
pressure transducer within the EPRM and a fill and vent
valve is joined into the line for ground filling
operations. There are two pairs of isolation and
regulator valves, for redundancy, and these feed the
propellant to a plenum which is incorporated into an
oxygen absorber. Downstream there are four pressure
transducers, two of which operate as pressure switches
(in conjunction with the isolation valves).

At the beginning of life (BOL), the propellant is
supplied to the inlet of the isolation valves at up to 115
bar and 50°C. A heater is fitted on the valve bracket, to
ensure only gaseous propellant passes through the
regulator. When enabled the isolation valve is driven
open continuously and held open at low power
dissipation. A low pressure transducer monitors the
downstream pressure and whenever this falls below a
pre-set limit (1.8 bar) the regulator valve is driven open
until the pressure increases to the pre-set maximum (2.2
bar), when the valve is closed. The isolation valve is
closed via the pressure switch and provides a second
mechanical inhibit between the high and low pressure
systems, in case of a failure. In the event of a power
loss, both isolation and regulator valves will close
automatically (i.e. the system is fail-safe in this event).
When enabled the isolation valve is driven open
continuously and held open at low power dissipation.
Along with the isolation and regulation valves, both
pressure transducers and electronics are duplicated to
provide full redundancy. In order to prevent
overheating of the regulator valve towards end of life
(EOL), when valve actuation could approach a duty
cycle of 100%, the same low dissipation valve driver as
used for the isolation valve, is used to drive the
regulator valves.

The low valve power dissipation is achieved by
actuating the valve open at 42 Vdc and 10 ms; after
actuation a pulsed holding voltage of approx. 4 Vrms is
applied to maintain the valve open.

To enable leakage measurements to be made across the
valve pairs and to provide a purging capacity for the
oxygen absorber, fill and vent valve access is are
provided.

The regulator will be operated for up to 6 hours per day,
occurring in two separate thrusting periods.  After
loading of the xenon propellant gas, the regulator may
not be used for a period of five months, and during the
actual mission the regulator may be inoperative for
periods of up to 100 days. During these inoperative
periods, internal leakage of xenon through the valves
will cause the pressure in the low pressure section to
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slowly increase; the output of the low pressure
transducers will be monitored at regular intervals, and a
venting operation performed through the thrusters if the
pressure approaches Maximum Expected Operational
Pressure (MEOP) of 2.5 bar.

During regulation, the regulator power consumption is
less than 6W (mean). The heater power is less than
17W.

Regulator Accuracy

The actual regulation accuracy (pressure ripple) is
determined by the upper and lower regulation limits
which are set by the EPRE control circuits. These
regulation limits are fixed by the circuit components
and will only change due to component tolerance drift
over life. From the analysis of the actual EPRE circuit
design which takes into account component tolerance
levels, temperature effects, life drift and transducer
inaccuracies, it can be seen that the regulation bands fall
into two levels.

o If the reference voltage (V) used in the EPRE is a
maximum, the absolute maximum regulation band
will be 2.0972 +4.6% (9.2% peak to peak). This
corresponds to a maximum pressure of 2.1930 bar
and a minimum of 2.0013 bar.

¢ Similarly, the absolute minimum regulation band
(when V¢ is a minimum) is 1.912 +4.6% (9.2%
peak to peak). This corresponds to a maximum
pressure of 2.0001 bar and a minimum of 1.8239
bar.

The above regulation bands are absolute worst case
EOL maximum and minimum limits. Therefore, in
reality the actual limits will fall between these values
and the actual ripple will be less than +4.6%.

Electronic Pressure Regulator Mechanism (EPRM)
The EPRM comprises the following major elements:

Two Isolation Valves (IV)

Two Regulator Valves (RV)

Four Low Pressure Transducers (LPT)
High Pressure Transducer (HPT)
Oxygen Absorber (OXA)

Inlet filter

224



It is assembled on to a platform as a compact, rigid unit,
as shown in Figure 4. Its envelope is 331 x 215 x 115
mm, and its mass is 4 kg.

Fig. 4: EPRM
The function of the EPRM is described above.

The pressure regulator valve has a built in restrictor to
limit the plenum filling rate and a plenum is
incorporated into the oxygen absorber to minimise the
number of valve cycles and smoothing the pressure
ripple caused by the valve pulsing. The oxygen
absorber removes any traces of oxygen or oxygen
bearing compounds from the propellant gas supplied to
the thrusters. This has been designed to be a replaceable
unit and is easily accessible in the EPRM.

Temperature regulation is performed by a redundant
closed loop thermal control circuit, consisting of the
heaters and thermal switches.

Isolation and Regulator Valves

Both the isolation and regulator valves are based on the
MMS-UK Series 400 high pressure solenoid valve.
They are equipped with a single Viton elastomer soft-
seal and a Stainless Steel valve seat which forms an
integral part of the valve housing. The internal leakage
through the closed valve is < 1 x 10™ scc/s GHe. Each
valve is equipped with a filter located downstream of
the seal to prevent the passage of any particulate
contamination which might block the restrictor or
damage downstream equipment. The valve is
manufactured by MMS-UK and has been designed for a
nominal life of 1 million cycles.
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Pressure Transducers

The EPRM employs a high pressure transducer to
monitor the pressure at the outlet of the propellant tank,
and two redundant sets of low pressure transducers to
monitor the pressure of the propellant gas downstream
of the pressure regulator. Each low pressure set
comprises a transducer for monitoring purposes, and a
transducer to act as an over-pressure switch.

The low pressure transducers supply their output signals
to the EPRE. In addition, the output signals of the low
pressure transducers are made available to the
spacecraft's telemetry bus (together with the high
pressure transducer's output signal).

Both the high and the low pressure transducers are of a
similar baseline design and are manufactured by the
Statham Transducer Division of Gulton Industries.
They require an input voltage of 28 V dc, and a power
of 0.55 W max. Their output is an analogue signal
proportional to the pressure measured, with a full scale
output of 5V dc.

Oxvyegen Absorber

An Oxygen Absorber (OXA) is included in the EPRM
to reduce the oxygen content of the xenon propellant,
since oxygen and oxygen bearing chemical compounds
can cause serious performance degradation of the ion
thruster cathodes when operating at high temperatures.

The unit is manufactured from titanium alloy and is
filled with oxygen absorbing granules which are
restrained firmly by use of a spring loaded piston. The
absorber is sufficient to absorb 400 mg of oxygen and
to reduce the oxygen content of the xenon propellant to
less than 0.1 ppm by volume at a maximum mass flow
rate of 1 mg/s.

The oxygen absorber furthermore incorporates a
plenum in order to minimise the number of regulator
valve pulses required to achieve the specified pressure
regulation accuracy. The effective plenum volume is
increased by the volume of the cavities between the
granules and the pipework. The resulting actual plenum
size enables the valves to be limited <10° operations.
At each end, the unit has been equipped with a set of
staged filters to ensure that no particulates penetrate the
pipework system.
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Electrical Pressure Regulator Electronics (EPRE)

The electronics (EPRE) provides the control electronics
for the EPRM. At the heart of the equipment are high
speed low dissipation valve drivers, together with
interfacing electronics to the pressure transducers and
the control electronics.

Each EPRE is a single board located in each of the UK-
10 IPS power supplies (prime and redundant), and has a
mass of 0.321 kg. Its electrical block diagram is shown
in Figure 5. The EPRE consists of two identical valve
driver circuits and a single DC-DC converter which
provides auxiliary power to the valve drivers.

The EPRE has three modes of operation:

- QOFF, where all functions are disabled

- STANDBY, where the power is supplied to the
pressure transducers

- ENABLED, where the pressure regulators are
activated
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The EPRE is totally electrically independent from its
host UK-10 TIPS power supply, the only electrical
interface being the telemetry of the output signals of the
low pressure transducers.

Each of the two EPRE valve drivers monitors a separate
low pressure signal which comes from either of the two
low pressure transducers. The low pressure signal is
compared to a fixed demand voltage; if the signal is
below the demand voltage the valve is driven open; if
the signal is above the demand voltage, the valve is
closed. Hysteresis is used in the control circuit to
provide clean on-off pulses to the valve.

One valve driver is used to control the regulator valve.
The other is an isolation valve driver and has a pressure
demand voltage equivalent to 2.375+0.125 bar. These
low dissipation valve drivers are rated to a nominal
continuous valve power consumption of 500 mW. This
is achieved by initially applying a high voltage pulse of
42.5 V across the valve coil to drive the valve open and
subsequently providing reduced voltage pulses which
provide the holding power for the valve.
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Fig. 5: EPRE Schematic
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Pressures

The PSDA can be considered to have two separate
pressure systems:

- the High Pressure System (HPS) upstream of and
including the regulator valves

- the Low Pressure System (LPS), downstream of the
regulator valves

The maximum operational, proof and burst pressures of
the system are as follows:

MEQP Proof Burst
Pressure Pressure
HPS 115 bar 230 bar 460 bar
LPS 2.5bar 5 bar 460 bar

The regulated pressure in the low pressure section will
be 2.0 bar for a maximum propellant mass flow rate of
1.0 mg/s. The maximum pressure resulting from failure-
to-close or leakage of the operating regulator valve is
designed to be 2.5 bar. The burst pressure requirement
for the low pressure section is calculated using the
maximum propellant tank pressure of 115 bar electronic
pressure regulator which would result from a total
failure of the pressure regulator, rather than using the
actual MEOP of 2.5 bar.

STATUS

The above equipments and assembly are now qualified;
the flight units for ARTEMIS are complete, and will be
delivered in 1997. The flight EPRM is already
delivered and mounted onto the flight spacecraft.

FUTURE DEVELOPMENTS

The electronic pressure regulator can be used for any
ion propulsion subsystems, and MMS are currently
studying the application of the pressure regulator on
other future programmes. This involves the following
aspects.

Increased Inlet Pressure

Other applications will require higher inlet pressures,
potentially up to ~300 bar. Although other parts of the
EPRM have demonstrated adequate margin against
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these higher pressures, the valves will require slight
structural modification and requalification.

Increased Total Propellant Throughput / Increased
Regulation Accuracy

The number of regulation vaive cycles is dependant on
the plenum volume, total propellant throughput and
required regulation accuracy. Future missions will
require propellant loads up to approximately 300 kg; in
addition, electric propulsion systems other than the UK-
10 require regulation accuracies of the order 0.1 bar
(peak to peak). An increase in plenum volume is
required to avoid the total number of regulation valve
pulses becoming excessive.

The interdependency of number of valve pulses and
plenum volume for 2 300 kg xenon throughput and
regulation accuracy of 0.1 bar is shown in Figure 6. For
the next generation EPRM, a plenum volume of
approximately 0.5 litres has been selected giving a
valve cycle requirement of approximately 2 million
(qualification).

Additional Isolation Valves

For applications other than the UK-10 IPS, 2 additional
isolation valves are required (one on each branch) to
provide increased isolation. This ensures the EPRM
provides the required 3 independent inhibits without
relying on any other equipment. Each EPRE
consequently requires an additional isolation valve
driver and its associated logic.

CONCLUSIONS

MMS have now qualified and delivered an electronic
pressure regulator system offering full serial and
parallel redundancy, thus avoiding potential system
level single point failures. This regulator also provide
pressure monitoring on both the high and low pressure
sides, and oxygen absorption to protect the ion
thrusters.

Modifications to this regulator have been studied to
enable its use for other applications; this has included
higher pressures, increased throughput, increased
regulation accuracy and additional isolation.
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Fig. 6: Plenum Volume / Valve Cycles Dependency
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