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Propulsion for the Deep Space One (DS1) spacecraft is provided by a xenon ion engine. Xenon is stored in a
supercritical state and is delivered as a low-pressure gas to the thruster and two cathodes (called the main cathode
and neutralizer) by a xenon feed system (XFS). This mission requires tight constraints on thruster performance,
which in turn requires separate and very accurate throttling of the thruster and cathode � ows; the DS1 spacecraft
is the � rst of its type to utilize a xenon ion engine that can be throttled. Flow is regulated separately to the thruster
and cathodes to an accuracy of § 3% using three calibrated � ow control devices that are each fed by a dedicated
plenum tank. Bang–bang regulators are used to control the set pressures in the plena. The resulting XFS control
algorithms are quite complex. The XFS is controlled by a digital control interface unit and the control algorithm
for achieving steady-state xenon � ow is presented. The worst-case error in � ow is shown to be less than § 3%,
accounting for random and systematic errors. At the time of writing, the individual components are in excellent
health and the performance of the XFS is as expected.

Introduction

D EEP Space One (DS1), launched on 24 October 1998 by a
Delta II launchvehicle,is the � rst spacecraftwith a throttleable

ion propulsionsystem(IPS)usedforprimarypropulsion.Its primary
missionis to validate12newtechnologiesofwhich the IPS is the key
one. As part of the primary mission, it � ew by an asteroid,1992KD,
in July 1999. An extendedmission is planned for an additional � yby
to comet Borrelly in September 2001. (A plan for another � yby to
comet Wilson–Harrington in January 2001 has been dropped.) The
propulsion system, developed under the Solar Electric Propulsion
TechnologyApplication Readiness (NSTAR) program,1 ¡ 4 includes
a 30-cm gridded ion engine that is capableof providinga maximum
thrust of 92 mN at an Isp of approximately3100 s. The working � uid
for this engine is xenon, stored in a supercritical state to optimize
tank mass and volume and delivered at low pressures to the engine
by the xenon feed system (XFS). The purpose of this paper is to
describe the XFS and detail the performance of the XFS following
launch and compare it with what was predicted.

XFS Description and Requirements
The XFS schematic is shown in Fig. 1. Tank T1 was initially

loaded with 81.5 kg of xenon; the tank has a volume of 49.62 liters.
The initial load pressure at 21±C was 7.577 £ 106 Pa (1099 psia).
Bang–bang regulators R1 and R2 (each made up of an assembly
of two series solenoid valves) are used to regulate pressure in the
plenum tanks A1 and A2. The 3.7-liter plenum tanks are required
to smooth out the pressure spikes associated with the bang–bang
regulators. Latch valves LV3 and LV4 provide a third seal between
the high-pressurepropellant tank and the low-pressure plena, to as-
sure the preventionof overpressurizationof the plenaduring ground
handling. LV1 and LV2 provide on–off control of � ow to the en-
gine, and LV5 provides a means of operating the XFS in case of
failure in one of the � ow branches. (No discussion of off-nominal
XFS operation is included here; see Ref. 5 for details.) The � ow
control devices (FCDs) J1, J2, and J3 are used to regulate the � ow
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to the engine, and � ex lines FL1, FL2, and FL3 are required to al-
low engine gimballing. The FCDs are porous sintered metal plugs,
and the � ow through such a porous plug is a function of pressure
and temperature.More details on the � ow characteristicsfor such a
device are presented in a later section.

A multidimensionaltrade studywas performedto determineopti-
mized plenum characteristics.Bang–bang regulator manufacturing
tolerances and cycle life, range safety considerations,pressure and
temperature sensor accuracy, and other variables were considered.
The resulting system has a 0.5 £ 10 ¡ 4 liter intersolenoid volume
and 3.7-liter plenum tanks with an operating pressure range from
2.76 £ 105 to 6.83 £ 105 Pa (from40 to 99psia) for the mainplenum
and from 2.76 £ 105 to 3.45 £ 105 Pa (from 40 to 50 psia) for the
cathode/neutralizer plenum.

Each plenumtank is instrumentedwith a set of three temperature-
corrected (hardware and software) pressure transducers [maximum
range =1.03 £ 106 Pa (150 psia); accuracy = 0.1% full scale]. The
transducersare polled, and the average is used for the control algo-
rithm (discussed later). In the event one transducer from a set drifts
signi� cantly from the average, its telemetry is discarded and the
average of the other two is used.

The FCDs were procured based on attainable � ow accuracy and
procurement turn-around time considerations.Turn-around time is
very importantbecausethe procurementprocessinvolves� ne tuning
the � ow rates based on tests, which is an interative process. The
FCDs were � ight quali� ed at the Jet Propulsion Laboratory (JPL),
California Institute of Technology. A comprehensive test plan was
developed for procuring and calibrating the FCDs for the required
� ow accuracies. For the sake of brevity, only the error analysis is
presented in a later section. Bushway et al.6 document more details
on the XFS components and the xenon component assembly plate
on which the XFS components are assembled.

The key XFS requirements that relate to this paper are shown in
Table 1; a full set of requirements is documented in the NSTAR
document ND-330 (Ref. 5).

The XFS is capable of providing any desired � ow; however, the
digitial control interface unit (DCIU) is programmed to provide 16
discrete throttle levels. The engine is designed to optimize thrust
level based on available solar power. Thus, when the spacecraft
is close to the sun, it can throttle at a higher level than when it is
fartheraway.DS1 currentlycan useonly 12of the available16 levels
due to available power constraints. Figure 2 depicts the mission
throttle levels and distance from sun as a function of time after
launch. In the next section, the control features of the DCIU are
presented.
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Fig. 1 NSTAR/XFS schematic.

Fig. 2 Throttle level and distance from sun as function of time after
launch.

Table 1 Selected requirements for XFS

Parameter Requirement

Total Xe load, kg 81.5
Flow accuracy To within §3% of actual � ow
Flow range (16 throttle Main inlet: 0.6–2.4

levels), mg/s Cathode: 0.25–0.37
Neutralizer: 0.24–0.36

Temperature, ±C Range: 20–50
Maximum rate of change:

1±C/10 min

Control of the XFS
NSTAR thruster and XFS operations are controlled by the dig-

ital control interface unit (DCIU). It is a » 2 kg, 30 £ 15 £ 15 cm
box utilizing less than 12 W. It is partitioned into 3 VersaModule
Eurocard boards: a processor board, a data acquisition board, and
a valve driver board. The DCIU controls the XFS using the control
algorithm shown in Fig. 3. Note that this control algorithm allows
controlduringsteadystateand throttlingand also has logic to handle
fault situations such as leakage or failure of the XFS latch and/or
solenoid valves. The fault protection and its responses are beyond
the scope of this paper. The DCIU polls all of the XFS temperature
and pressure transducers every second, and all telemetry values are
updated for control and communication purposes.

The DCIU control algorithm compares the required and mea-
sured pressures (both corrected for temperature) and activates the
solenoids to pressurize the plena if the measured pressure values
are less than the required values. During steady-state operations,
the plena are in a continuous state of blowdown, and periodic re-
plenishmentvia regulatoractivation is essential to maintain the � ow
rates.During throttle up, the latch valves LV1 and LV2 can be either
closed or open depending on whether the throttling is done prior
to starting the engine or while the engine is thrusting. Both throt-
tle modes are allowed by the DCIU. During throttle down, because
the required pressure is less than the measured pressure, no action
is taken by the DCIU until the pressures match. At this point, the
DCIU continues with the normal steady-state control scheme.
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Fig. 3 XFS control algorithm � owchart.

If we refer to Fig. 3, the steady-state DCIU control sequence
would be as follows:

1) Ground command determines the throttle level for the space-
craft.

2) Based on the throttle level, a throttle look-uptable in the DCIU
is used to set the required nominal plenum tank pressures.

3) The nominal requiredpressuresare then adjustedfor FCD tem-
peratures. An increase in FCD temperature has to be compensated
for by an increase in required pressure and vice versa to maintain a
constant � ow rate. These adjustmentsare based on four-point linear
interpolations of pressure correction values in the look-up tables;
there are two such 16 £ 16 look-up tables in the DCIU, one for
each � ow branch.A voting scheme is used to determine the average
FCD temperaturefor the correction,where the outlyingtemperature
value is discarded and the average of the best two are chosen. The
adjusted required pressure values are called PA required.

4) A voting scheme similar to that in step 3 is used to determine
the temperatures of the pressure transducers. Each of the pressure
transducer values is then corrected for temperature using a linear
interpolation scheme as in step 3. The corrected pressures on each
branch are then averagedusing a voting scheme.The averagedmea-
sured pressure values are called PAc .

5) Two fault conditions are then checked for a) overpressuriza-
tion, when PAc is greater than PA required by a prede� ned limit,
and b) underpressurization, when PAc is less than PA required by a
prede� ned limit. The fault condition limits are not the same.

6) If no fault conditions are met and if the measured pressures
are less than the required ones, then the solenoids are activated to
pressurize the plenum tanks.

Pressurization of a plenum tank is achieved by sequential acti-
vation of the pair of solenoid valves in the regulator as mentioned
before. High-pressure xenon trapped within the intersolenoid vol-
ume following an open/close cycle of the upstream solenoid is in-
jected into the plenum tank when the downstream solenoid is cy-
cled opened/closed. The required open times of the upstream and
downstream solenoids are a function of many parameters such as
supply xenon pressure and temperature, solenoid temperature, and
plenum tank pressure and temperature. It is important to optimize
the solenoid cycle times because mission pressurization times can
be impacted, particularly later in the mission when many regula-
tor cycles are required to pressurize the plenum tanks due to lower
xenon pressure in the supply tank. Optimal open times are shown
in Fig. 4.

In Fig. 4, the plenum pressure is assumed to be 2.86 £ 105 Pa
(41.5 psia), which is representative of the lowest pressures to be
seen in the plenum tanks. A worst-case c (cp / cv ) =1.7 was as-
sumed for all of the calculations. Also, uniform temperatures for

Fig. 4 Optimal solenoid open times as function of supply pressure.

all components were assumed. Clearly, the optimal required open
times passes through a peak around the critical pressure of xenon.
Testing with an engineeringmodel of the XFS veri� ed these trends
and experimental values were close to model predictions.To ascer-
tain that the XFS would satisfy the requirements imposed on it, an
error analysis was conducted. The results are presented in the next
section.

Feed System Flow Uncertainty
The � ow uncertainty of the XFS is made up of systematic and

random error components. The systematic error would constitute
items such as pressure transducerdrift and sawtooth error due to the
pressurepro� le within the plena caused by the bang–bang regulator
operational characteristics.Random errors are due to uncertainties
in the transducers,calibration,modeling, etc. The systematic errors
are typically additive and the random errors are root mean squared
together. Figure 5 depicts the contributionsdue to random and sys-
tematic errors.

The FCD characterizationerror is discussed � rst because this is
the most involved. JPL’s FCD test stand utilizes mass � owmeters,
which are calibrated prior to each FCD characterization.The cali-
bration system, which is a primary standard traceable to National
Institute of Standards and Technology (NIST), measures � ow in
the 1–50,000 standard cm3/min range with an accuracy of 0.2% of
� ow over the entire range. The calibration procedure involves au-
tomatically recording voltages indicated by the mass � owmeter, as
well as the temperatures and test pressures. The � owmeter is cal-
ibrated over a range of � ow rates and pressures representative of
� ight conditions.For all of the tests, mass � owmeters were utilized;
however, different units were used to measure main and cathode
� ows. The uncertainties associated with the different elements in
the calibration process are calibration system, §0.2% of � ow; volt-
age uncertainty, §0.1%; calibration curve � t error, §0.26%; and
temperature correction, §0.15%.

The resulting � ow calibration uncertainty r calibr is equal to
§0.37% (the root mean square of the aforementionedcomponents).

With a calibrated mass � owmeter, the FCDs were characterized
with temperatures ranging from 20 to 50±C and upstream pressures
ranging from 2.41 £ 105 to 6.83 £ 105 Pa (from 35 to 99 psia) for
main and from 2.41 £ 105 to 5.17 £ 105 Pa (from 35 to 75 psia) for
cathode FCDs. The downstream pressure was maintained below a
few torr in all cases.

The � ow characteristicof a porous plug such as the one used can
be modeled as

p2
1 ¡ p2

2

L
=

2 a RT l G

Mgc

+
2b RT G2

Mgc

(1)

In Eq. (1), p1 and p2 are upstream and downstream pressures,
respectively, G is the super� cial mass velocity, gc is a dimension-
less constant, M is the molecular weight, R is the gas constant, T
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Fig. 5 Systematic and random errors in � ow.

Fig. 6 Random and systematic error components of � ow over mission
(main side).

is absolute temperature, a and b are constants representativeof the
porous plug, and l is the viscosity of the gas. However, this model
was not adequate because the error in � t was almost §2%. An alter-
nate nonphenomenological model was, therefore, developed with a
curve � t error less than §0.8% over the entire range of pressures
and temperatures.The model was of the form

Flow(pressure, temperature) =a0 + a1 £ pressure + a2 £ pressure2

+ a3 £ pressure3 + a4 £ temperature + a5 £ pressure

£ temperature + a6 £ temperature2 + a7 £ pressure2

£ temperature2 + a8 £ temperature3 (2)

Equation (2) also has the advantageof beingexplicit in � ow with the
caveatthat thedownstreampressureis below5.33 £ 103 Pa (40 torr).

When the uncertainties in test stand pressure and temperature
sensors are included, the model uncertainty is given by

r model =
q

r 2
model,� t + r 2

temp + (2 r )2
press + r 2

calibr (3)

The terms in Eq. (3) are nondimensional fractional errors. Thus,
r temp = D T / T , etc. Note that in Eq. (3) any uncertainty in the pres-
sure will result in an approximately twofold increase in � ow uncer-
taintydue to the approximatelyparabolicnatureof the � ow-pressure
curve in the regime of interest.

The uncertainties in test stand pressure and temperature are
§689 Pa (§0.1 psi) and §0.5±C, respectively. Thus, for a worst-
case pressure of 2.76 £ 105 Pa (40 psia) and 20±C (293 K), the
model uncertainty is » §1.2%

In � ight, the � ow uncertaintyis a functionof the precedingmodel
uncertainty of §1.2% and plenum pressure and FCD temperature
sensor uncertainties that are §2.07 £ 103 Pa (§0.3 psi) and §1±C,
respectively;the correspondingworst-caserms � ow uncertaintydue
to random errors is » §1.9%

The sawtootherrorcomponentis additiveto the randomerrorand,
when averaged over many regulator cycles, the maximum sawtooth
error can be as high as §1% of � ow. Thus, the total worst-case
uncertainty in � ow is §2.9%. The actual error will be less and is
shown in Fig. 6 as function of mission pro� le.

Fig. 7 Location of XFS and DCIU on spacecraft.

From Fig. 6, it can be seen that as the mission progresses, the
systematic error due to sawtooth decreases, as one would expect,
due to lower pressure slugs being used to pressurize the plena. The
random error can be seen to be a function of the throttle level, with
lowerpressurescontributingto largeruncertaintiesin � ow(seeFig. 2
for throttle levels). However, the maximum error is less than 1.9%
as mentioned earlier. Regions where the errors are zero correspond
to times where there is no thrusting and, hence, no � ow.

In this erroranalysisit is assumedthat thepressuretransducerdrift
is zero, which may be valid only for the early stages of the mission;
however,the sawtootherrordecreasesas xenonis consumedandwill
partly compensate. The true error will be unknown because there
is no absolute measurement against which to determine pressure
transducer drift in � ight.

XFS Postlaunch History
The DS1 spacecraftwas launched on 24 October 1998. Two days

after launch the DCIU was turned on for the � rst time. Postlaunch
telemetry indicated that all XFS valves were in the closed state as
expected and that the XFS pressures and temperatures were within
expected ranges. Four days after DCIU turn-on, on 30 October,
the � rst XFS activity, FCD calibration, was started. To verify that
the FCD calibrations did not shift as a result of launch, a plenum
blowdown test was performed. In this mode, only latch valves LV1
and LV2 were opened to initiate xenon � ow through the FCDs.
The plenum pressures and temperatures were monitored over an
8-h period, and the pressure pro� les were compared with expected
values. Prior to the start of the test, the thruster was turned 30 deg
off-sun.(See Fig. 7 for axes, thruster,XFS plate, andDCIU locations
on the spacecraft.) The turn to sun was carried out to heat up the
lines in the spacecraft to help outgas any adsorbedwater in the lines
followinglaunch. (Cathode life is signi� cantly affectedby exposure
to contaminants such as water and oxygen.)

On 9 November 1998, the thrusterwas turned on for the � rst time
in diodemode. In thismode, xenon� ow is initiatedand ionizationof
the gas occurs; however, the ionized gas is not accelerated through
the grids and, hence, no effective thrust results. The engine was run
in this mode to outgas any remaining water in the thruster area. On
10 November the engine was turned on to start acceptance test 1.
This test was designed to test all of the IPS subsystem performance
parameters at six different throttle levels. However, after running
nominally for 4.5 min, the engine shut itself off and could not be
turned back on despite thermal cycling and multiple restart com-
mands. The DCIU was then turned off on 11 November and was
turnedbackon 24 November to conductadditionalthrusterdiagnos-
tics. When the engine was commanded to turn on, it started up and
since then has continued to perform � awlessly. On 30 November
the rescheduled acceptance test 1 was conducted, and a signi� cant
amount of data were gathered to determine the performance of the
IPS. The results are presented in the following sections.

XFS Component Status
Latch Valves

LV1–LV4 have been cycled less than 100 times at the time of
preparing this document (May 1999). They have been quali� ed for
over 12,000 cycles.LV5 has not been cycled in � ight, this valve will
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only be used in the case of a fault. The prelaunchmeasured internal
leakagerate for all latchvalveswere at least two ordersof magnitude
less than the required 1 £ 10 ¡ 3 standard cm3/s. For postlaunch, the
pressures in the plenum tanks were followed for a period of 2 weeks
where there was no thruster activity (10–24 November 1998). Sub-
sequent telemetry also indicated no leakage. During this time there
was no discernible change in the pressures, which led to the con-
clusion that LV1, LV2, and LV5 were not leaking. Conclusions on
integrityof LV3 and LV4 were possible only by inference but could
not be proven due to the presence of solenoid valves SV1–SV4.

Pressure Transducers
The supply pressure transducer is 2.07 £ 107 Pa (3000 psia) full

scale with a rated accuracy of §1.0% FS (2.07 £ 105 Pa, 30 psi)
without a calibration look-up table. However, with the loaded cali-
bration data in the DCIU, the accuracy is §6895 Pa (§1 psi). Any
drift can be detected by comparing calculated xenon consumption
by integrationof � ow with expectedpressureat a given temperature.

There are six 1.03 £ 106 Pa (150 psia) low-pressure transduc-
ers for the plena with three on each plenum with a rated accuracy
of §0.1% FS with the calibration look-up table. Component ac-
ceptance tests indicated that PA5 indicated a lower pressure than
the other two cathode transducers by approximately 1.38 £ 103 Pa
(0.2 psi). XFS functional testing indicated that in addition to PA5,
PA1 on the main plenum also indicated a slightly low pressure. As
a result, the XFS is � owing a bit rich, with an expected impact of
0.25 kg extra propellantuse in the mission. The current thought is to
change the calibration on these pressure transducers at a later time
in � ight to rectify the problem.

Regulators
The regulatorsRG1 and RG2 have been cycled 15,200 and 5500

times, respectively, to date and are functioningnominally. No inter-
nal leak is discernible.A conservative4-s open time was chosen for
the DS1 initial setting.This will be reducedas the missionproceeds.
The duty cycle of the regulator is a variable that can be modi� ed
by changing the delay time between solenoid activation.Currently,
the DS1 is operated at a 25% duty cycle (total regulator time = two
solenoids £ 4 s open time per solenoid/25% duty cycle =32 s) to
minimize thermal impacts.

Temperature Sensors
There are a total of 13 temperaturesensors in the XFS: in the sup-

ply tank, 1 (§1.7±C); in the regulators, 2 (§0.4±C); in the plenum
tank (only main plenum tank instrumented), 1 (§1.7±C); in the
FCDs, 3 (§0.4±C); and in the pressure transducers,6 (§5±C).

The FCD and regulator temperature sensors are 500-X platinum
resistance thermometer devices (RTDs) and are the most important
ones. The temperature sensors within the pressure transducers are
100-X platinumRTDs andarenot criticalbecausethepressuretrans-
ducers are internally temperaturecompensatedwith software-based
correctionsneeded only for large changes in temperature ( D » 15–

20±C).
All of the temperature sensors with the exception of the supply

tank temperature sensor (telemetry channel V-4054) are function-
ing nominally. V-4054 was noted to have started drifting from the
expected range 25–28±C (due to heater cycling) to 28–31±C. Fortu-
nately, IPS operationsare not impacted in any way, and this channel
is not used for xenon mass calculationseither, becausebetter means
exist (discussed hereafter).

XFS Performance
Analytical models have been developed for different purposes

during the design, assembly, test, and mission operation phases of
the XFS.

Because the storage and utilization of supercritical xenon was
involved,it is important to understandthe thermodynamicsof xenon
and its impact on � ight operations. The behavior of xenon is best
understood with the help of Fig. 8.

For a loading of 81.5 kg, the tank pressure will be 8.41 £ 106 Pa
(1220 psia) at 25±C (between 20 and 30±C). At this pressure and

Fig. 8 Phase diagram of xenon.

temperature, xenon is supercritical. However, as the xenon in the
tank approaches 60 kg, it can be seen that the density/pressure pro-
� le becomes very steep, particularly for isotherms close to 16.7±C,
because the xenon is close to its critical state. Very slight changes
in temperature cause large shifts in density/pressure. Also, small
uncertainties in pressure transducer readings can lead to large mass
estimation errors. It is important to avoid the two-phase boundary
for many reasons, hence the requirement for the lower � ight tem-
perature bound of 20±C stated earlier.

The equation of state for xenon can be represented in many dif-
ferent ways such as the virial equation of state, van der Waals, etc.7

However, these equations were found to be inadequate for the ac-
curacies required, and they are implicit when solving for speci� c
volume (or density). This places a severe constraint for many cal-
culationswhere density is calculatedrepetitivelybecause it impacts
both computational time and accuracy due to propagation of small
errors.

The approach used for all XFS analysis was to use the NIST
thermophysicalproperties software that utilizes a 32-term modi� ed
Bennedict–Webb–Rubin equation of state.8 Typical uncertaintiesin
the calculatedstandardreferencedata are about0.1–0.3%in density,
0.5–2% in enthalpy, 2–5% in heat capacities, 2% in viscosity, and
4–6% in thermal conductivityover a broad range of state variables.
Figure 8 was generated using the NIST software.

The following performancemodels were developed for the XFS:
1) FCD calibration, 2) optimal regulator open time, 3) tempera-
ture correction algorithm, 4) throttling up and down, and 5) xenon
consumption as function of mission.

In this section, comparisons between expected and actual � ight
data will be presentedwhere applicable.For example, no � ight data
are available to validate optimal regulator open time; however, ver-
i� cation has been performed at the engineering model feed system
level. The xenon consumption model has been validated for the
mission so far.

FCD Calibration
Prelaunch calibrations of the FCDs were performed on 5 March

1998. Both plena were pressurizedto » 5.17 £ 105 Pa (75 psia), and
latch valves LV1 and LV2 were opened to initiate � ow. After 8 h the
latchvalveswere closedagain.The averagetemperatureof theFCDs
during this period was » 21±C. The DCIU was turned off for some
portions of the test as there were some spacecraft-criticalactivities
that demanded it. Postlaunch FCD calibrations were performed on
30 and 31 October 1998. The initial pressures in both tanks were
» 6.83 £ 105 Pa (99 psia) and total periodof � ow was for22 h. There
were signi� cant variations in temperatures (28–36±C) in the FCDs
due to the turn to the sun mentioned earlier. Comparisons between
pre- and post� ight calibrationsare presented in Figs. 9 and 10 in the
common pressure ranges.

The aforementionedcomparisons show some deviation between
actual pre- and postlaunchpressurepro� les due to different temper-
atures; however, the model matches the postlaunch data very well.
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Fig. 9 Comparison of pre- and postlaunch main FCD calibration with
expected values.

Fig. 10 Comparison of pre- and postlaunch cathode FCD calibration
with expected values.

Fig. 11 Telemetry data for temperature correction algorithm (main
FCD).

Temperature Correction Algorithm
As mentioned in the section for control of XFS, the DCIU is

loaded with two 16 £ 16 temperature correction tables for the main
and cathode plena to set the required throttle pressures that account
for varying FCD temperatures. If the temperature was steady at
21.1±C (baseline temperature), the required main plenum pressure
wouldbe5.244 £ 105 Pa (76.06psia) for a � owrateof18.51standard
cm3/min.However,becausethe temperature� uctuatesbetween27.5
and 28.5±C, the required pressure � uctuates between 5.31 £ 105 Pa
(77.0 psia) and 5.43 £ 105 (78.7 psia) as seen in Fig. 11.

Throttling Up
The model for predicting the time required for throttling up is

based on knowledge of supply temperature and pressure, regula-
tor temperature, and plenum pressure and temperature. With latch
valvesLV1 and LV2 closed, the model predictionhas been to within
a few percent of actual � ight data; however, when the throttling is
performedwith the engine thrusting,the model predictionis notbet-

ter than 15%. For example,the predictednumberof cyclesneeded to
throttle up from throttle level 6 to 9 when thrustingwas 25, whereas
the actual number was 30. Thus, the model prediction is slightly
off under thrusting conditions, but this has no impact on � ow per-
formance. The reason for the discrepancyhas not been established.
Figure 12 shows an example of throttling up performed in accep-
tance test 1.

Throttling Down
When the spacecraft throttles down to a lower throttle level, the

plena continue to bleed down until the desired pressure is reached.
The regulation algorithm then kicks in to maintain the pressures.
An example of throttling down from throttle level 12 to 11 is shown
in Fig. 13. The actual time for throttle down matches prediction to
within a few percent.

Note the following from Figs. 13 and 14:
1) The throttle up time is much faster than throttle down time.

Each throttle down event is associated with a � nite xenon loss, as
the plenum tank pressure decreases to its target value, which is not
useful for thrusting.

2) The setpoint for triggering the plenum repressurization is set
such that at no point is the cathode or main � ow less than nominal.
This is because cathode life is signi� cantly affected by � ow star-
vation. There is some loss associated with these sawtooth pressure
and � ow spikes; however, the loss over the mission is not signi� cant
(discussed later).

Fig. 12 Telemetry data for throttle up from 6 to 9.

Fig. 13 Throttling down from throttle level 12 to 11.

Fig. 14 DS1 throttle level and xenon mass pro� le.
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Polling Algorithm
The polling algorithm for the plenum pressure transducers was

designedto accountforpossibledrifts in the transducers.The current
algorithm � rst averages all of the three transducers in each branch.
Then, if any of the transducers’ value is different from the average
by 0.5%, that transducer value is discarded and the average of the
other two are used. In the current implementation, 6.34 £ 103 Pa
(0.92 psi) was used as a cutoff. However, this tolerance will be
narrowed in future to 3.45 £ 103 (0.5 psi).

The polling algorithm tries to do a good job in the face of many
possibilities.However, it needsfurtherattention,particularlyonhow
to handle transducers that have an offset since launch. One way, as
mentioned earlier, would be simply to change the calibration of
the erring transducer because the offset is constant at all pressures.
The polling algorithm is currently causing the xenon � ow to be a
bit richer than required, which will impact the xenon inventory by
approximately 0.25 kg if left uncorrected.

Mission Pro� le and Xenon Consumption
The optimal trajectory for the � yby of the asteroid is based on

available solar power and thrust, and the mission is designed ac-
cordingly.The xenon consumptionis a functionof throttle level and
durationof burn.Figure 2 showed the variationof distance from sun
and thrust levels. As the distance from the sun increases, the amount
of power available to the solar panels decreases, and, hence, lower
thrust levels are available.

With the knowledge of mission thrust pro� le, it is possible to
estimate the amount of xenon consumed through the mission. The
estimated xenon consumptionpro� le is shown in Fig. 14. Although
integrationof nominalmission � ow rates is the only way to estimate
future xenon consumption, there are other techniques to estimate
current available xenon in the supply tank. One way would be to
count the number of solenoid cycles and another would be to track
the supply tank pressureand temperatureand estimatemass from an
equation of state. However, both approaches face problems related
to the supercritical storage of xenon and are used only as backup
techniques.Calculationof xenon density is required to calculate the
xenon mass using the solenoid count and equation of state estimate
approaches.

As the xenon pressure in the supply tank approaches the critical
value, very small errors in pressure and/or temperature estimates
lead to large errors in mass calculations; for example, an error in
pressure of 3.4 £ 104 Pa (5 psi) and an error in temperature of 1±C
around the critical point could lead to an error of up to 18 kg in mass
calculations.

Predicted values of xenon consumptionfor the mission are based
on nominal � ow rates; however, actual xenon consumption values
are obtained by integration of � ows calculated from plenum pres-
sures and FCD temperatures.As an example, Fig. 15 shows a close-
up viewof the integrationfor mass consumptionover approximately
1.5 h. Note that Fig. 14 was based on the latest mission pro� le and
starts from day 125 (27 February 1999); 6.6 kg of xenon was con-
sumed prior to this period.

Fig. 15 Close-up of integrated main � ow.

For conversion, one can use the relationship 1 standard cm3/min
(sccm) =0.09838 mg/s to determine the amount of xenon con-
sumed. Thus, in Fig. 15, 24.66 sccm ¢ h corresponds to 8.73 g con-
sumed in a 1.5-h period. The sharp sawtooth pro� le on average
increases the nominal � ow by 0.75%. The sawtooth error is a func-
tion of many factors such as amount of xenon in the supply tank,
plenum tank pressure, and temperatures. As the mission proceeds,
and as xenon is consumed, this error decreases.

Conclusions
This paper has focusedon performance related issues of the XFS

used on DS1. The XFS design has been shown to be adequate to
provide xenon over the full throttling range of the IPS. In addition,
the required� ow accuracyof §3% has been achievedover the entire
throttling range. The control algorithms coded into the DCIU have
been shown to be robust and capable of throttling up and down to
the desired setpointsaccounting for temperaturechanges.All of the
components are functioning nominally with the exception of cali-
bration offsets in two of the low-pressuretransducersand drift in the
high-pressuretransducer.Future changes to the XFS envisioned in-
clude changing the faulty calibrationon the two low-pressure trans-
ducers, changing the solenoid open times and regulator delay times
to account for decreasing xenon supply pressure, and changing the
setpointfor plenumpressurizationsuch that on average the � ow rate
is nominal.

In conclusion,we are grati� ed to note that the XFS is performing
well. In addition, the models developed to predict the performance
have proven to be very accurate, and this has been a source of
satisfaction to the authors.
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