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Abstract: This paper describes the PVT method used to provide an estimate of the

available propellant mass of an electric propulsion system during the whole life of the
spacecraft. The thermal control system produces oscillations on the measurements of skin
temperature and pressure, especially when the pressure is higher than 40 bar. Because the
thermal transfers are not instantaneous during a thermal cycle, there is a shift between the
observed temperature and pressure maxima, inducing oscillations in the mass estimated
with the PVT method. It is clear that the mass inferred from the averaged values of
temperature and pressure presents much less oscillations.
In order to get a straightforward method that is valid along the entire operational mission,
the averaged values can be assessed by moving average methods over enough thermal cycles
in order to smooth the oscillations. The Exponential Moving Average (EMA) relies on a
weighting factor "alpha" that is a function of the number of samples having a significant
weight into the moving average. The EMA definition is a very simple recurrence equation
that can be applied to temperature and pressure measurements. However, the choice of the
weighting factor for each new data o must be carefully performed, taking into account the
physical process of the selected oscillations to be filtered and the corresponding sampling
rate.

Nomenclature
weighting factor for the recurrence of EMA
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= the number of significant samples in the EMA
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= pressure (bar or Pa)

= temperature (K)

volume (m”)

= compressibility factor (-) modifying the perfect gas equation (P-V/M =Z -8.314/m,_,-T)
mol = molecular mass(kg/mol)

S N <3
|

I. Introduction

HIS paper describes the method Pressure, Volume & Temperature (PVT) that provides the mass assessments of
available propellant in an electric propulsion system during the whole life of the spacecraft.

The SMART-1 probe using electric propulsion for travelling from GTO to the Moon was in 2003 a pioneer
mission with the main propulsion relying only on a xenon Hall Effect Thruster [R 1], [R 2]. It still serves as a
reference for many purposes because the measurements during the propulsive phase are easily available. The paper
presents (again) the propulsion system and the results of the PVT mass on SMART-1.

It will be shown that the estimated mass in the case of xenon (with bang-bang thermal control) oscillates quite
largely during the course of the mission. The paper presents then the possible methods for removing the oscillations,
and particularly the Exponential Moving Average (EMA) and its settings for enhancing the PVT method.

II. SMART-1 electric propulsion sub-system

The functional diagram of SMART-1 is shown in Figure 1 from ref. [R 3]. Of particular interest here is the
xenon subsystem comprising the xenon tank and the tubing reaching the valve input to the electronic pressure
regulator. The sensors used in PVT (pressure and temperature) are highlighted in the sketch. For detailed
information on the other parts of the system (BPRU, PRE Card, PPU/TSU, FU, XFCs and thruster PPS1350 of
Snecma/Safran) see ref. [R 1], [R 2] as well as their own references.
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Figure 1 EPS functional diagram: the xenon system feeds the thruster cathodes and anode.
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A. Pressure sensors

The xenon gas pressure is measured with a pressure transducer located at the pressure regulation unit input
(E003T) in the Electric propulsion system. No significant pressure losses exist since the connection to the tank is
performed with tubing of large diameter (6.35 mm), ref. [R 4].

B. Temperatures sensors

The temperatures sensors labelled as T543T and T604T are glued on the carbon skin of the tank, as shown in
Figure 2. Both sensors are used in the bang-bang control of the thermal conditioning of the xenon tank by turning on
or off the heaters glued on the tank skin.

An additional temperature sensor named EQO05T is implemented in the electric propulsion system. It is located on
the outlet tubing of the tank and is directly glued on the aluminium liner end of the composite carbon over-wrapped
tank, see Figure 3. It is primarily used in the pressure regulator, to enable redundancy with respect to the single
pressure transducer (HPT) implemented in the system, through the xenon state equation and the duration between
bang-bang valves openings.

Figure 3 Left: Temperature sensor E005T located at the tank outlet tubing. Left: structure “tank support deck”
(location —7)

C. Overall volume
The overall volume at high-pressure is formed by the high pressure (HP) side of the xenon system, i.e. the
volume of the tank itself and the HP line connecting the tank to the pressure regulation HP valve inlet.

1) The tank is delivered by Lincoln Company (from US, now belonging to General Dynamics Armament and
Technical Products). Its volume is subject to a slight dependence to pressure, but no dependence to
temperature, i.e. the thermal expansion of the tank is zero.

2) Vessel volume: 0.04929 at 0 gauge pressure, i.e. at 0 bar in vacuum, see [R 5]

3) Volume expansion with Pressure, coefficient: 5.935E-6 m*/bar from [R 5]

3

The 35th International Electric Propulsion Conference, Georgia Institute of Technology, USA
October 8 — 12, 2017



The HP line from the tank to the pressure regulation is a simple tube with 6.35mm external diameter, 0.71 mm

thickness and 616 mm length.

D. Xenon real gas

When data for pressure P and temperature 7 is available simultaneously, the compressibility factor Z can be
obtained by means of a look-up table of xenon real gas compressibility (Figure 4) from NIST ref.[R 6], interpolating
for both P and T variables.
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Figure 4 Partial look-up table for the xenon compressibility factor from NIST, ref. [R 6]

E. Simultaneous PVT measurements in flight

Pressure is measured by the single high pressure transducer EO03T, and it is equal at the tank and HP line. This
measurement is available in flight through the pressure regulator (BPRU) and its electronics (PRE Card), and the
transmitted data is time stamped. But when that electronic is off, the last measure is still recorded and transmitted to
the ground station. This "memory effect" does not have any negative impact on operations, but it makes the analysis
of the data more complex.
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Thus, it is to be highlighted that relevant measurements of pressure are only available when the Electric
propulsion system (EPS) is turned on (i.e. the electronics card of the pressure regulator is turned on). The ground
treatment of those pressure data takes care of that feature by eliminating the data points that are identical within any
given time interval.

The shift affecting the zero of the high pressure transducer, known only at the end of the mission by comparison
with the low pressure transducer, has been removed from the pressure data (under the hypothesis of constant shift
rate over time); hence the pressure presented here can be considered an exact reference.

The tank skin temperatures T543T, T604T acquired by the S/C are available most of the time, but due to
eventual TM issues, both signals are not always available simultaneously. For this reason, both T543T and T604T
have been taken into account in order to cover the whole lifetime while minimizing the loss of telemetry data. It has
been checked that no visible offsets occur between the two temperature measurements, their mean value over the
entire mission being 39.17°C for T543T and 39.20°C for T604T. The two temperature signals have not been
averaged, since the measurements do not occur in an exact simultaneous time. Instead, the two whole datasets of
T543T and T604T has been merged over time in order to get a single continuous set of chronological data.

For the HP line, the temperature measurement EQOST is available through the pressure regulator (BPRU)
electronic card. The synchronisation of all the measurements is performed by linear interpolation of the temperatures
for each time stamp of any given pressure. A huge amount of data are available, see ref. [R 7] for the EPS SMART-
1 (polling every 2 s, that is 9 000 000 points for each EPS measurement when the EPS is ON). The pressure and
temperature signals over the entire duration of the SMART-1 mission are shown in Figure 6. The temperature at the
outlet of the tank (Figure 6-c; EOOSE) present considerably larger perturbations than the tank skin temperatures
(Figure 6-b T543T, T604T ), which are most of the time within the control range of (37.5 to 42.5°C). Only some
exceptions occur: during LEOP due to the fact that a test was performed to change to a lower control range, and
during certain eclipses of long duration. The pressure, Figure 6-a, also presents oscillations induced by the changes
in the thermal control range during LEOP, but no effect is observed due to long eclipses since the EPS was turned
off then, and no pressure measurements were possible.

III. The PVT xenon mass assessment
A xenon mass assessment is obtained by applying the modified perfect gas equation
P-VIM=Z7-8314/m,,-T to the whole available dataset. The plot in Figure 5 shows the xenon mass

assessment using the measurements of pressure and skin temperature with the right volume of the pressure vessel
and the outlet tubing temperature for the high pressure tubing part of the xenon sub-system. The mass computed by
this method starts with oscillations. The oscillations culminate with about £10% of the xenon mass around its mean
value in the middle of the mission (March 2004). Such large uncertainties lead to search for a better method for
removing the oscillations.
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Figure 5 Mission SMART-1: Xenon mass in the tank assessed via PVT method (from [R 7])
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140 - SMART-1 EPS mission: Pressure in the xenon tank
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Figure 6 Mission SMART-1: a)Pressure in the tank, b)Skin tank temperature and ¢)Outlet tubing temperature (from
[R7])
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IV. Averaging method suited for the PVT mass assessment

The aforementioned PVT method provides xenon mass assessments during the whole life of the spacecraft, but
the bang-bang thermal control system produces oscillations in the skin temperature and pressure measurements,
especially when the pressure is higher than 40 bar.

Since thermal transfers are not instantaneous during a thermal cycle, and due to the low thermal conductivity of
xenon, there is a shift between the observed maximum temperatures and pressures, and this shift in turn induces the
mass oscillations in the PVT method described above.

It is clear that a mass assessment based on the average values of pressure and temperature should not present any
oscillations. But it is not so easy to find automatically the average values:

1) Normally this would mean the detection of a full thermal cycle on the mass, which is within some period
of time, detection of the mini-maxi or the maxi-mini of the mass and then making the average.

Such method presents several practical difficulties for its implementation:

2) The duration of the thermal cycles is not constant,

3) Some cycles are not complete (because the pressure measurements occur only when the EPS is turned
on)

Hence the use of a straightforward method valid along the operational mission has been investigated. A filter-
like approach has been selected in order to smooth the oscillations, by assessing the averaged values via moving
average methods over a sufficient amount of thermal cycles. Among several possible methods, the following EMA
method has been found suited for its implementation in operations.

A. The Exponential Moving Average
The Exponential Moving Average (EMA) definition is a very simple recurrent equation, see Eq. (1). The EMA

relies on a weighting factor @ = , where N is the number of samples having a significant weight into the

N+1
moving average (86% of the total). For example, the EMA of temperature is calculated as follows:

TEMA = aT + (1 - a)'TEMA_previous 4 (1)

where T is the new temperature measurement and Ty, is the new average temperature and Tzyy previous 1S the
variable’s previous value.

The choice of N (or the weighting factor o for each new value) relies on the physical process of the oscillations
to be filtered and the associated sampling rate.

B. Choice of weighting factor for the EMA (Exponential Moving Average)
For the case of SMART-1 in flight, we have the following characteristics:
1) The period of the thermal cycle is between 4000 s and 6000 s long.
2) The sampling period for the pressure measurements taken into account is about 400 s (in flight a measurement
is taken every 2 seconds, and for ground assessment one data point is taken from every 20 points: that is a period of 2 x
20 =400 s).
3) The sampling period for the temperature measurements is 1 to 2 minutes, i.e. 120 s.
4) Hence for smoothing over at least 10 thermal cycles (60 000 s):
e The number of pressure samples to be taken is N=150, i.e. o = 1.3%.

e The number of temperature samples to be taken is 500, i.e. @ = 0.4%.

C. Operational weighting factor for the EMA

In order to get a common value of the weighting factor for both pressure and temperature, the number of
measurements shall be the same for both variables. This is done by synchronisation, selecting temperature data
points for each time-stamped pressure data.

Hence with such set of synchronised consistent data of pressure and temperature, a common weighting factor of
1.3 % (N=150) has been applied for the EMA on both pressure and temperature.

However, when the pressure oscillations vanish by the end of the mission (pressure lower than 40 bar) it has
been found that that the weighing factor needs to be adjusted so that the previous measurements cancel out rapidly
with & =4% (N=50) in order for the EMA pressure to follow more closely the actual pressure.
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D. Results with EMA method
The results of the xenon mass computed via the EMA method are shown in Figure 7.

The details of the EMA method presented in Figure 8 show that the EMA pressure and EMA temperature (T543
and T604) are well within the original measurements of pressure (above 40 bar) and temperature. Thus, the effect of
the EMA method to remove the oscillation for providing a smooth evolution of both parameters is working as

expected.

Note: The EMA of the temperature measured at the high-pressure tubing (E005) is not very smooth because its
data is poorly synchronised with the valid pressure timestamp. This has very little influence on the total mass, since

the volume of the HP line is much smaller than the tank volume.

The obtained smooth EMA pressure and EMA temperatures provide a stable computation of the xenon mass.

The xenon mass provided by the EMA method is also within the xenon PVT mass oscillations, as expected.
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Figure 7 Xenon mass from PVT method and xenon mass from EMA method during SMART-1 mission (from [R 7])

140
SMART-1 EPS mission: Data valid and EMA Mass xenon (ExponentiaMovinglAverageMethod)
120 4,
.\\\
100 4 | \\\};\ —— EO003T+-6.Isb_PREhpt Filtering 1n/20pts, reference (bar)
\;-;.\ EMA P (bar)
RS i
80 | m—.*-\q T543T604 valid

-g_‘____“-
""\--._,_'__:;'_;;-\:\.‘ ~ synchro P, EMA T543 T604 (°C)
“"EMA E005, synchro P (°C)

60 1 —— Mass EMAx_‘Method, reference pressure (kg)
40 4 g e
20 | e ‘\\

0 e =N

27-Sep-03 05-Jan-04 14-Apr-04 23-Jul-04 31-Oct-04 08-Feb-05 19-May-05 27-Aug-05

Figure 8 Details of the EMA method: Pressure, temperatures and mass of xenon (from [R 7])
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V. Conclusions

The direct use of the Pressure, Volume & Temperature (PVT) method for xenon mass assessment has been
presented. The low thermal conductivity of xenon and the particularities of the bang-bang thermal control induce
considerably large oscillations in the mass assessment (up to £10%). A filtering process is required on the
measurements in order to allow for the retrieval of stable results from the PVT method.

On the SMART-1 mission, such enhancement of the PVT method has been successfully performed by implementing
the Exponential Moving Average (EMA) on each measurement prior to applying the PVT method.

The settings of the EMA consist only in the selection of one weighting factor, which depends on the oscillation
period and the sampling rates of each measurement. For the case of the SMART-1 mission, a weighting factor of
1.3% produces satisfactory results for pressures above 40 bar.
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