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PREFACE

The work described in this report was performed by the Propulsion

Division of the Jet Propulsion Laboratory.
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ABSTRACT

This report describes the results of an initial effort at Jet Propulsion
Laboratory (JPL) to mo:lel the control loops of a 30-cm diameter electron
bombardment thruster 2nd a transistorized power processor so as to predict
its operation. Data, from which the model is made, are presented as well
as comparisons between the computer outputs and test data from the JPL

Solar Electric Propulsion systems laboratory,

JPL Technical Memorandum 33-755
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I. INTRODUCTION

Ion thrusters are at the state of development where they are being
considered for use for primary spacecraft propulsion (Refs. 1-3) and for
earth-orbital applications (Refs. 4 and 5). The effort at JPL has been
directed toward the use of 30-cm diameter ion thrusters for primary pro-
pulsion on a solar electric spacecraft. A computer simulation of the thruster
control system, therefore, became of increasing interest in order to:

(1) examine thruster operation as a function of expected variat.ons in control
loop parameters and thruster environment, (2) construct a model of the
thrust subsystem for use in mission operations, and (3) examine interactions

between the thruster and the solar array,

The control of ion thrusters can, in general, be separated into two
categories. The first deals primarily with the conirol of the thrust level
after steady-state operating temperatures are reached, The second deals
with bringing the thruster on line and monitoring its operation, The first
category is covered in this report. The second, which uses a digital com-

puter for timing and event monitoring, is discussed in Refs, 6 and 7,

The work described in this paper represents the initial stages of the
cffort to simulate the thruster control loops. The model was constructed
using characteristic data, as available, from the latest 30-cm ion thrusters
supplied from Hughes Research Laboratories for testing at JPL. Data was
obtained initially from a modified 400 series thruster (Ref. 8). Some of
the thruster characterizations were later updated to include data from a
700 series engineering model thruster (Ref, 9). These data were used
along with the control functions incorporated in a transistorized power pro-
cessor of the type described in Ref, 10 to construct a model of the operation
of the thruster control system. These loops were analyzed to determine the
extent of the effect of control-loop parameters and the thruster thermal
environment on control stability and accuracy. The model an-lysis places
the most emphasis on the very low frequency effects introduced by *he
thruster, It does not include the high frequency oscillations normally present
in the thruster discharge, since these oscillations are beyond the control-

loop response frequencies.

JPL Technical Memorandum 33-755



II. THRUSTER OPERATION

Figures 1 and 2 are cutaway views of the thruster modeled. Liquid
mercury propellant is vaporized in separate feed systems for the propellant
distributor, ion svurce chamber cathode, anc 1eutralizer, At present,
thrusters operate with about 88% of the flow supplied to the propellant dis-
tribution manifold, 10% to the discharge cathode, and 2% to the discharge
neutralizer. Electrons are drawn out of the high-density mercury plasma
formed in the discharge cathode by the keeper electrode. These electrons
are then dispersed by the baffle plate and accelerated into the main discharge
chamber by a positive anode voultage. When in the main discharge chamber,
these energetic electrons ionize the neutral propellant mercury and form a
m rcury plasma., The divergent magnetic field, created by the magnets and
soft-iron pole pieces, traps the ionizing electrons and enhances the ionization
process lons formed in the discharge chamber drift toward the screen elec-
trode. ‘Then passing through the plasma sheath, the ions are accelerated
through the concentric heles in the screen and accelerator electrodes by the
applied electric field. The ion beam is then decelerated by the space charge
forces in the ion beam to a potential slightly higher than the amb.ent-space
plasma potential and neutralized by the electrons emitted by the discharge
neutralizer, Over a relatively wide range of thruster performance, thrust
is directly proporticnal to the mass flow rate of vaporized propellant into
the thruvster., The chrust, T, is a function of ion beam current and screen

voltage as shown by the equaticn:

T = KI v -V

B s p
where
IB = ion beam current
K = constant
VS = screen voltage
Vp = plasma voltage

JPL Technical Memorandum 33-755
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To throttle the ion engine, the flow rate of propellant into the thruster can
be varied or the screen voltage can be varied. Propellant throttling is the

normal mode nsed in order to simplify the power processor design.

The neutralizer is quite similar to the cathode used to supply elec-
trons to the main discharge chamber; however, it requires a much lower

flow of mercury vapor to operate.

The thruster is surrounded by a cover at the spacecraft-frame
potential to prevent the space plasma or neutralizing electrons from being
drawn to the high-positive potential of the thruster body and creatinn

severe power losses.

There are three control loops required to operate the thruster, The
main vaporizer is used as the primary control on the thrust level. Beam
current is sensed and used to control the power tc heat the main vaporizer,
The discharge power is also controlled. Control of the propellant-
utilization factor (the ratio of the mass of the ions expelled to the propeliant
input mass) is accomplished by setting the discharge currcnt level and the
discharge voltage is controlled to a fixed level to limit the ion erosion rate
at the cathode. Thirdly, the neutralize ' ion beam couples to ti.e ambient-
space plasma through a potential drop of several volts. This potential drop
is indirectly controlled by regulating the keeper vcltage by adjusting the

neutralizer flow rate.

A magnetic baffle is used to affect the impedance between the cathode
and anode, thereby influencing the discharge stability. This magnetic baffle
around the cathode is clearly shown in Figs. 1 and 2. The magnetic field
from this coil is used to restrict the flow of electrons from the cathode to
the anode and thereby alter the main discharge chamber direct current
characteristics (this effcct is not built into rhe present model because of the

limited amount of data available at this time).

One other point of interest can be seen in Figs., 1 and 2., The main
vaparizer drives an isolator followed by a propellant distributor, while the
cathode vaporizer drives an isolator and tubing to the centrally located
cathode, All of these volumes intrcduce transport lags into the loops and

tend to introduce low-frequency oscillations,

Technical Memorandum 33-



Figure 3 is a block diagram of the proposed Power Processor (PP)
required to operate the thruster and the interconnections within the thruster,
The primary purposes of the PP are: (1) to interface between a high-
impedance source and the thruster, (2) to provide all power supplies required
by the thruster, and (3) to protect both itself and the thruster froj1 electrical
failurc, There are twelve supplies required to operate and start the thrusier
(not all on at the same time). The screen supply is the major supply
(2 A at 1100 V) with the discharge supply next (12 A at 37 V). All of the
rest (except for the accelerator supply) are low-voltage, low-power supplies,
The accelerator normally runs at 500 V, 0,004 A, Normal operating condi-

+tion: for the thruster are listed in Table 1.

J1i'l Fechnical Mermorandum 33-75



III, CONTROL MODEL

A simulation of the control loops for a 30-cm diameter ion thruster
is being developed at Jet Propulsion Laboratory in the form of a computer
model, The simulation uses Continuous System Simulation Language (CSSL)l,
and closes the loop by iteration between sets of measur=d data. The thruster

and power processor supply characteristics are included within the model.

Figure 4 shows a block diagram of the control components in a thruster-
power processor set. This diagram is broken up and presented in a greater
detail in Fig. 5. Most empirical thruster data used in the model were
derived using a modified Hughes S/N 404 thruster. Some of the 400 series
data has been updated by using information obtained with a Hughes S/N 703
thruster. A description of these thrusters is contained in Table 2. The
characteristics of a transistorized power processor of Ref, 10 are used,

This unit was modified for operation with the 30-cm thruster,

The model contains three major wwops. These loops are: (1) the ion
beam current-main vaporizer loop which controls primarily the thrust level,
(2) the discharge voltage-cathode vaporizer loop which controls the discharge
chamber voltage, and (3) the neutralizer keeper voltage-neutralizer vapor-
izer loop which contrcls both the amount of mercury flow through the
neutralize nd the potential o .he exhaust plume. The first two loops (the
beam curre .t and the discharge voltage) interact through the mass flow that
each provides to the discharge chamber and by the power supplied to the
discharge, All vaporizers are affected by the thermal environment and this
effect is included in the model. The effect of variations in the magnetic
baffle current, screer. voltage, and acceleration voltage is not included at
this time. The computer-program listing for the model 1s inc uded in
Appendix A, Additional details of each of the ‘hree loops are described in

the following sections.

Ji= : ~ : . )
Programming Sciences Corporation, Los Angeles, CA,

JP1. Technical Memoranduni 33-755
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A, ION BEAM CURRENT -- MAIN VAPORIZER LOOP

This loop is shown in Fig. 5a. The beam current is determined by
the total mass flow rate and the power supplied to the discharge. This loop
controls the main vaporizer flow rate and is affected by the cathode vapor-
izer flow rate from the discharge loop. The empiiical relationship for the
thruster characteristice as used in this loop is shown in Fi_.. 6, where the
total mass flow rate is expressed as the sum of the main and the cathode flow

rates (m A reference level for the thrust level is supplied to this

M M)
loop in the form of an ion beam reference (IB ref.}. The error signal is
acted on by the vaporizer heater controller to heat the main vaporizer. This
controller, whose characteristics are shown in Fig., 7, is normally a propor-
tional device that saturates at large error levels., This controller deter-
mines the value of the mein vaporizer heater current. The applied heater
power controls the vaporizer temperature. The vaporizer has a thermal
transfer function GZ(S) which can be represented by a first-order lag with a
time constant of 250 s.

The resulting vaporizcr temperature rise, shen added to the tempera-
ture of the vaporizer environment (TE 2), determines the vaporizer opera-
ting temperature. Experimental results for determining the vaporizer time
constant are presented in Fig. 8. The heating and cooling time constants
are very close as can be seen by the slopes of the normalized heating and
cooling curves, Typical vaporizer curves are shown in Fig. 9. The
relationship between the vaporizer heater power and the rise ir raporizer

temperature i; presented in Fig. 10.

Vaporized mercury leaving the porous tungsten surface flows into the
discharge chamber througi. a high-voltage isolator, and then through a
manifold which introduces some delay time. This main vaporizer flow rate
affects the discharge loop by changing the effective cathode mass flow rate,

Mc, as foliows: M _ = n'nc { Km,, where K is an experimentally determined
5 N

1
weighting factor,

The ion beam current, as can be seen in Fig. 6, is not a monotonic
funct.i2n of total mass flow rate. The control loops will not function properly
when the slope of the curve is negative, Another thruster parameter,

accelerator current, is used to indicate when this condition exists, since

f

ITPL. Technical Memorandum 33-
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it is primarily a function of propellant utilization. An override is, therefore,
included in the loop to turn the main vaporizer power off at an accelerator
current of 10 mA and to restore loop operation when the accelerator current
drops below 6 mA. The override levels were cuosen to correspond to the

experimental work presented in Ref. 11,

B, DISCHARGE VOLTAGE -- CATHODE VAPORIZE ¢ LOOP

This loop is shown in Fig. 5b. In this loop the di~charge voltage
is maintained at a level where minimum cathode erosion will occur. The
electrical impedance of the discharge chamb r is a function of both the
discharge current and the effective mass flow rate (.\'/IC). Empirical rela-
tionships for these chamber characteristics are presented . Figs. 1] and
12. The experimentally determined value of K that was used for the beam-
loop interaction was 0. 133 and was determined by using flow rate data.
; > recent data on the 703 thruster indicate that K is closer to 0, 126 and
. ..y be a function of beam an< discharge currents. The requirement for
this K factor may best be ceen in Fig. 13, where, for a constant ratio of
discharge current to beam (5), the cat’iode flow rate decreas=s as the
discharge and beum currents are increased. To keep the discharge voltage
constant, one would expect the cathode fiow rate to increase as the current
is increased. However, the coupling from the main vaporizer causes the
discharge control loop to lower the cathode flow rate. The factor K may
be determined with the following procedure, With the beam off, the cathode
and main flow rates required to keep the discharge voltage constant over
the range of discharge current required are measured. The sum of these
flow rates is defined as ?\'1(. Then, with the beam on, the flow rates are
measured. The:, for corresponding dischargs currents, K - (f\"xr = r*hc)/r'nn‘.,

where m_and mm are the flow rates measured witu ihe beam on,
=

A discharge supply provides the propellant-ionizing power to the dis-
charge chamber. As suggested in Ref, 10, the discharge supply V-1
characteristics may be varied in order to study the effects of power supply
and thruster interactions, Several characteristics were investigated,
including constant current, V to I ratios of both i-) 3 and (-) & V/A, and

constant power. The c¢ffects of changing the V-1 characteristics will he

TPL. Technical Memorandum 33-755



examined in this report. The operating level of the conirolled voltajge sets
the discharge power for a corresponding beam-current level, usually at a
ratio of 5:1, discharge current to beam current. This loop, therefore,

controls the thruster efficiency.

The discharge voltage is sensed at the output of the discharge supply
and is compared with a normally fixed reference level. Voltage signals are
acted on by a controller which adjusts a power supply to heat the cathode
vaporizer, The characteristics of this controller are presented in Fig. 14.
Thermal effects are included in the same mannzr as for the beam loop. The
mercury flow again encounters a transport lag due to flow restrictions in

the isolator, propellant line, and cathode.

C. NEUTRALIZER KEEPER VOLTAGE -- NEUTRALIZER VAPORIZER
LOOP
This loop is shown in Fig. 5c. The mass flow rate through the neutral-
izer is controlled by maintaining the keeper voltage constant. The flow rate
is affected by the current drawn to the keeper electrode. 'The neutralizer
characteristics used in this loop are shown in Fig. 5. The potential of the
exhaust plasma is also indirectly controlled by this loop. It is a function
of both the mass flow rate and the keeper current. In maintaining the flow
rate, the keeper voltage is compared against a normally fixed reference
level. Error signals, as in the case of the above loops, are used to adjust
the mercury flow rate from the vaporizer. This vaporizer is also affected
by the temperature of the ~nvironment, TE3. Very small delay times may

exist due to the neutralizer isolator and cathode.

In the laboratory, there is some interaction between the beam-current
level and the neutralizer keeper voltage. There is little data available,
and since the coupling is thought to be a function of the keeper supply V-I

characteristic, this effect is not included in the model.

REPRODUCIBILITY OF I
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Iv. CONTROL LOOP ANALYSIS

The computer model was used to perform some preliminary analysis
of the thruster operation under both steady-state and transient conditions.
In addition, the runaway conditions, under which a thruster escapes from
the control loops, and the restoring mechanism were examined, Each of
these three areas is described below. Experimental results of the thruster
control-loop operation were used both to compare and to guide the modifi-
cations to the model. Operation of the neutralizer was not included in the

results described below.

A. STEADY-STATE OPERATION

Thruster operation has been observed to contain small oscillations
(approximately 3 to 5%) in the beam current and discharge voltage. Some
attempts at minimizing this type of oscillation have been presented in
Ref. 10. The control-loops were, therefore, parametrically examined to
determine conditions under which these oscillations may exist. The results
indicate that if there is no delay time, there would be no oscillations over
the range of loop gains used in the JPL laboratory., Introduction of delay
times in both loops will cause small oscillations in the discharge and beam
loops. The amplitude of the oscillations was found, within a small tempera-
ture range, to be a function of the delay time. This analysis was performed
for a low gain (1A/V) in the discharge loop and a high gain (110 A/A) in the
beam loop. These settings are representative of current thruster operating

conditions,

An investigation of the effects of increasing the discharge-loop gain
showed that the amplitude of the discharge oscillations increased rapidly
as the discharge-loop gain was increased to greater than 2.0. These oscil-
lations were coupled into the beam current. The investigation of variations
in the beam-loop gain was not completed. Lowering the gain below approx’ -

mately 90 A/A resulted in poor beam-current regulation.

Identical delay times were used in each of the two thruster control
loops. The beam-current oscillation waveforms are shown in Fig, 16 as a

function of time for main and cathode loop delay times of 1.0 s. The effects

JPI. Technical Memorandum 33-755



of different levels of temperature environment are also included. (In the
figures, temyeratures are in millivolts output from a Type E (Chromel -
Constantan) thermocouple). The amplitude of these oscillations are plotted
against the temperature environment of the main and cathode vaporizer in
Figs. 17-19. Nominal operating temperatures of the main and cathode
vaporizers are also indicated in the figures. It can be seen that the oscil-
lations are zero for a high-temperature environment (234°C or higher) and
increase with decreasing temperature. A region of maximum amplitude was
found to exist in each case with the amplitude increasing with larger delay
times. The delay times for the 700 series thruster were experimentally
found to be abcut 1 s for the main and discharge loops. These delay times
were measured (one at a time) by opening the loops and stepping up the
vaporizer currents. The vaporizer temperatures and the controlled param-
eters were recorded, and the delay time was taken as the time interval
between the start of the increase in vaporizer temperature and the start of

the change in the controlled parameter.

This procedure is inexact, since there is an unknown time lag between
the change in vaporizer temperature and the change in the thermocouple
output. More work is required in this area, because the vaporizer flow rate
is an exponential function of temperature and the actual temperature does
start changing before the thermocouple output does. Thus, the delay time
used is too long. This is pessimistic, since in closed-loop systems an
increase in the time delay increases the tendency toward instability (a
Nyquist diagram is rotated clockwise, or, in the frequency domain, the

phase lag is increased proportional to frequency (Ref. 12)).

The characteristics of the discharge power supply were also investi-
gated to determine the effect of this supply on the oscillations. Three dis-
charge supply characteristics are presented. These are: (1) a constant
discharge voltage to discharge current ratio of 6 V/A, representing a linear
approximation of a constant power discharge supply; (2) a constant current
supply, and (3) a constant power output supply. The oscillations in the dis-
charge voltage are compared in Fig. 20 for constant current and linear dis-
charge supplies. A 50% reduction in amplitude was found to exist in the
oscillations wheii using the linear supply. Figures 21 and 22 provide a

comparison of the oscillations using linear and constant power output

JPL Technical Memorandum 33-755



supplies, respectively, Variations in the cathode loop delay times had little

effect on the waveshape,

As expected, the constant power output supply minimizes the oscilla-
tions., Figure 23a is a replot of Fig. 11 with the discharge supply character-
istics added. For the same variation in mass flow rate, the discharge power
change is less for the linear supply than for the constant current supply,
and is zero for the constant power supply. Figure 23b is a portion of
Fig. 6 showing these discharge variations coupled into the beam current.

The flat slope of the constant power curve minimizes the coupling into the

beam current.

These results agree with experience in the laboratory. The supply
used was '""tuned" for minimum ripple, and when its V-I characteristic was

measured, it was constant power over the voltage range of interest.

B. THROTTLING

The control-loop operation was examined during the transient condition
that occurs in response to a change in thrust level. The response of some

parameters in the model and some actual parameters is shown i1n Fig. 24,

The differences between the simulations and the actual tests are due to
(1) the difference in the magnitudes of the steps, and (2) differences between
the model and the actual power supply available in the laboratory. The
differences in the magnitude of the steps is roughly 2:1. Both the model
and the laboratory results are higher than wculd be used in flight, since such
steps would impose severe transients upon a flight power subsystem. The
magnitude of the steps in the model was an exploratory attempt at under-
standing the model, while the laboratory results when trying to duplicate
the model were a practical limitation, since the thruster discharge would
cease conducting if steps greater than those presznted were tried. The

work on reconciling the differences is the reason for the author's opinions.

In Figs. 24a and 24c the results of a step increase in beam and
discharge currents is shown. The striking differences are in the magnitudes
of the transient in the discharge voltage and the time required for the beam

current to reach .he new value., Addressing the voltage change first,

JPI, Tecinical Memorandum 33-755
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AVDM _ 6.7 _ AVDA _ 1 _
AIDM - 2.5 - 2:6 and Ty = 7= 1

Assuming a relatively constant DC plasma resistance due to time lags
in the mass-flow rates the steps are in reasonable agreement, if the finite
response time of the actual supply is considered. The time difference is
thought to be caused by a hardware problem. The PP used for the laboratory
tests is a modified 20-cm PP (Ref. 10). The major changes that had been
made were rebuilding the discharge, screen, and accelerator supplies.

The other supplies were left mainly unchanged, since the major effort at

JPL concerned interfacing the TSS with a spacecraft, and plans were in
process to procure new PPs designed for this thruster. Thus, the vaporizer
supplies were power limited at a level lower than used in the model. Since the
" vaporizer power-temperature and temperature-flow rate characteristics

are both exponential functions, the limitations in the power supply could

explain the time difference.

The difference in time response in the throttling down example is
thought to be due to the difference in magnitude of the change in temperature
required. The upward pulse at the beginning of the actual downward step is
unexplained. During the testing, it was there most of the time. It may or
may not be in the model; the computation interval used was actually longer

than the length of this pulse, so the model may have missed this pulse,

There is one other difference between the model and actual hardware,
The step functions in the model are instantaneous, while, due to filtering
delays, etc., the actual discharge supply took a finite time to step the

current, The model should be changed to be more representative,

As the discharge-current to beam-current ratio is reduced (typically
to 5:1), runaway occurs more often, The reason for this can be seen in
Fig. 25, where, the higher the ratio, the farther the operating region is

from the unstable region. The dividing line between the stable region

2AVDM = model change in discharge voltage

AVDA = actual change in discharge current. etc.

JPI. Technical Memorandum 33-755



and the unstable region is the locus of points in Fig., 6 where +the slopes of
the constant discharge power curves become negative., Note in Fig. 25 that
a constant current discharge supply has the shortest path to travel to the
unstable region in case of a perturbation in the discharge., It would move
vertically, while other V-I characteristice would move parabolically or

with a smaller slope.

C. RUNAWAY CONDITIONS

If thruster operation is shifted to the portion of the curves in Fig. 6
where the slope is negative, then the loops will no longer function correctly
and the main vaporizer power will be supplied at the maximum level of the
supply. This condition has been referred to as '"runaway' or 'low-mode"
operation by various investigators. Several thruster parameters can be
used to indicate when this condition occurs. One of the most sensitive
appears to be the accelerator current. A controller that operates as a func-
tion of the accelerator current was therefore introduced in the loops
(Fig. 5a) to restore proper control-loop operation if runaway occurs. This
controller turns off the main vaporizer when the accelerator current is
greater than 10 NA and re res loop operation when the accelerator current

falls below 6 MA. These current amplitudes were suggested in Ref, 12.

In the model, using a constant current discharge supply and a 1-s
time delay, if a momentary runaway is forced it will not restabilize as is
shown in Figs. 26-29. Figure 26 shows the beam current and discharge
voltage variations as a function of time after the initial runaway. This run
was terminated by a computer run-time limitation without ever stabilizing.
Figure 27 is a variation of a phase plane plot showing beam current and
main vaporizer flow rate as a function of time. The returns from the high
flow rate conditions were caused by the runaway trip switch. Figures 28
and 29 are similar plots of these parameters obtained under the same con-
ditions except that the delay times were set to zero. After some large
oscillations, the run did stabilize with small oscillations in both beam

current and discharge voltage.

Figure 30 shows the computer outputs when a discharge supply with a
6 V/A slope and delay times of onc second were used. The beam current and

discharge voltage stabilizc rapidly, followed by oscillations of less than 1%,
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V. CONCLUSIONS

A hybrid model of 30-cm ion thruster and transistorized power

processor was formulated and programmed on a digital computer. This

model was exercised over a range of parameters and the result led to the

following conclusions:

(1)

(2)

(3)

(4)

(5)

The control loops, as presented, are stable for normal values of

loop gains when propellant line delay times are zero,

Small oscillations will exist in the loops when representative
thruster delay times are included in the mcdel. The amplitudes
are on the order of 3% as normally present during thruster
operation., They were found to be a functicn of delay time, loop

gains, and the thermal environment near the vaporizer.

Discharge supply characteristics can affect the coutrol-loop
oscillations. A constiant power discharge supply is most

effective in minimiziny these oscillations.
The model quantitatively predicts transient operation.

Recovery from runaway can be aggravatec by delay time,
and to a greater extent, discharge supply characteristics.
A constant power discharge supply was found to improve

recovery characteristics,

The results of this initial work appear to be a useful tool in understanding

control-loop phenomena. Continuation of this type of effort should provide

an optimization of the runaway-recovery techniques, and eventually provide

a model able to duplicate parameter variations that may occur during a

mission using solar electric propulsion.
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Table 1, Normal thruster operating and measured parameters

Parameter

Operating point

Discharge voltage reference
Discharge current reference
Beam current reference

Delay time for main vaporizer
Delay time for cathode vaporizer
Cathode vaporizer heater gain
Main vaporizer heater gain

Magnetic baffle

37V
5A
1A
ls
ls
1A/V
110 A/A

40.5 ampere-tirns
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Table 2. Ion thruster description
Electron Neutral-
Thruster Baseline Grids Baffle izer
S/N 404 Ref, 9 Replaced flat grids Increased No j
with curved grids to 5.87 cm| change
0. 5% compensa- dia
tion 0, 15 cm dia
accel holes
S/N 703 Ref, 10 0. 4% compensation Increased 400
: in place of 0. 5% to 5,40 cm | series
compensation dia with
electri-
cal iso-
lator

JPL Technical Memorandum 33-755
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Flg. 1. 700 series thruster
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APPENDIX A

COMPUTER-PROGRAM LISTING FOR THE
ION THRUSTER MODEL
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REPRODUCIBIT-IT
ORIGINAL PAGE

N\
i
1§ FOOR

-ASGsA CSSL*TRAN
=XWT.0 CSSL*TRANSCSSL
PRUGRAM [un
COMMENT 700 SERIES THRUSTER
CumMENT TRIS PRUGRAM FURMS FliNAL SMAPE
CUrmENT OLAD TiMc  1SEC rOR MALN LUUP
COUMHENT DeAo TIME 1 Sel FOr CATAYDE LCOP
COMMENT LuNST oLurc PUWER SUPFLY
CUMMENT TImc COUNST
CONSTANT TAULl=210eusTAUZ=21UeUy TAUS=21040
COMMENT TcrPorAfURC=MUQT
CONSTANT ALPAAL=Ue35901=-Te0875
CONSTANT ALFRAZ2=0e35922==3e7625
CUNSTANT ALPHA3=0435y B83==Te0895
CUMMENT HEATER RcSISTANCE=CONST ur
CUNSTANT R=2e465
CummeinT DIsSCRARLL CAAMBER CAARACTERISTICS
CUNSTANT VARCR=57eu
CUMMENT MASO OF Mo acuny
CUNSTANT MRO=3e0c=¢D
COMMENT prAm CunrbixT
CUNSTANT IDKEFU=1le3
CuiMENT GAILN
COUNSTANT GAINIR=leUsGAINE==11Ce090AIN3R=1HU
CUMMENT COUNTROL PUINT
CONSTANT C1ll=uUebs Tl2=0e5y (13=0edDy C21=7eUy T22=2s09 (23=240
COMMENT nCuixALIZER KcZPER CURKENT
CUNSTANT iinar=0e0
CumimeNi NouTRAL I K-EPoik vOLTAOSE
CUNSTANT VisAR=1Z e D
CurmbinT Livviadivditied TamPe<xATURE
CONSTANT TEl=13evu
CUNSTANRY TEZ=15eU
CUNSTANT Tc3=13e0
CoMMenT Maln FLOW AT TchnuAaTi1ION
CONSTANT K=Uel3?
CONSTANT Gl=le6 -19
UNSTANIT YUU=£Q—9
CUNSTANT YULl=5e5
CALL MAIN
SECMENT MAIN
INtTIAL
PAoE EJECT
firLt (T9VARCyID s iACCELIVINNIYETAU
1ITLe oMmCeoMMyoiMineIlelldel3
TITLE TCileTC21loFLARCYMT oMCyIARC
NiI=leU
COMMENT ASSiuN CATm VAP REATZR INITTAL CURRENT
I11IC=1el o 111l=1led
COMMENT ASSIGN MAIin VAF ncAlcx INITIAL CURRENT
[21C=Ueb $ [21=0e0
CUMMLNT AoSIGN Noul VAP HZATER INITIAL LURRENT
[31C=Ue0 3 [31=0e0n
|ARCRU=T745
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GAIN3=GAIN3R

ACCN=U eV

END

DYNAMIC

VARIABLE i=0e0

COMMENT AU CHANGE "IN ARC CURRENT IN ThIS CAStE

ABRARC=Ueu

IARCR=IAKLRU=-ASKAKRC

lEREF=loKErV

COMMENT CATHUDE var GAIN CRANGET

ABRGL=STEP(200e0Us i)

ABRGZ2=5STEP(4UUeUs 1)

ABrG5>=STEF (ouledsl )
ARKGO4=STEF(3UC0etsT)

AERGS5=STEFP(1C00CeCsT)

GAINLI=GAINIR+ADRGI+ABRGZ+ALRGS eee
ABKU4 +ABRGS

CuMMENT CALCULATE cAlr VAP HEATER CURRENT

MACKRU MALRU HEATEKR @

MACRU RELAbclL Llslé

lF(U(‘O)OGh.Z.O) GO TO L1

QE1)=GI(5) » Wleg)=UL6) 3 wl3)=a(T)

GO TU L<Z

Lleew(1)=G(8) o Wlg)=wl9) 3 G(3)=G(10)
L2ee LONTINUE

MACKU END

HeATER 1191deI3elnleIliCelciCel3[Crnece
[ilesidlelosil

NISR*]17%Z2 3 Wi=nx®]g¥%2 3 W3=R*[3%%2
STOLI=Tuwiwl) 3 oTLL=Tuw(n2)  STD3=TOWIw3)
[FINleOGteleU) GO iU L3

TOX1=5T0L » TDXe=5Tuve » TOAI=STDD

GU Tu L&

L3eelUXIU=TUX1 » TuX2U=TOAe 5 TOX30=TDX3
Tui=5101 » T0ec=3Tue $ TLa=5TD?

CALL INI1LTOX1uesTORCOU»iOX2U9TD1eTO29TUS9T0OALITUACIDNRS)

L4eeluUNT IiNUL

CuribuivD pusimy IndcomAl LUN

vERIVATIVeE uvui

SOUM=IRTEG(VelsLel)

CINTERVAL Ci=Celd

=ND

(UmmEen T VAPurlZer TeMreRATURE
fCear=TUX1+IEL

[Czl=T1DA2Z2+TE2

TC31=TuX3+lcs

CUMMENT MASS Fuuwn rATLC

SMC=cAP(Bl)*exP (ALFRALRTC L1

SMMZCAF LB2 ) FEXP LALFAAZ#TCZL )

SMN=EXF{E3) L AP (ALFHiAINTC3L)

CUMMENT DEAD TIFe (1 RANSPURTAITLIN Laul
IFINleuUEeldoeU) WO TU LUL

Y11=5MC » Yel1=5niC F Y3i=8MC

Y41=SMC % Yol=oML
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Y61=SMC $ Y71=SiHMC % Yal=5MC
Y91l=SMC $ Y1l01l=5MC

Y12=SMM » Y22=51im o Y32=5MM
Y42=5MM $ YD2=5MM

Y13=SMN > YZ23=5mN 3 Yo3=5MN
Y43=S5MN $ YD3=0Miv

YEL=SMC % YeZ=SwHr d» YE3=oMAN

SSMC=YE]l % SoMim=YEc & SSMN=YL3

GO TO oD2

DD1le e CUNTINUE

MACKU MACRU LELL U

MACRQ KcDEFINE YALsY31sYClseYDlyYEL
MACRU REDEFINE YF1lsYGlaYhisYilyrJl
YAL=U(L1) % Ygdl=ulz) $ YCl=U(3)
YDLl=U(&) » YELl=u(D)

YF1i=U(o) » YG1l=u(T7) % YHiI=U(3)
YIl=UlY) % YJl=ullu)

utiir=yel

Ulti)=u(l2) » UlZ)=YAL 3 U(3)=You
Ul4)=YCl % U(5)=YDIL

UlB)=YEL % U(T7)=YF1 % U(8)=YG!
UlY)=YHl % U(l19)=YIl

MACRO END

MACRU MACRO DELZ WU

MACRU KeDEFINE YAZ2 9Y2297CcyYD2eYEZ
YA2=UU(Ll) ¥ YbBZ=uUlg) b TCe=UUl 3)
YD2=UUl4) > YEc=ULUI(D)

UU(6)=YE2

YUC1)=0ul(T7) » Uull)=YAc ® UU(3)=YDc
Uu(4)=YC2 % JU(5)=YD2

MACRO END

MACRO MACRU DEL3 UWU

MACKU ReDEFINE YA39YD39YC39YD3,YESD
YA3=UUU(1l) % YB3=UUU(Z2) $ YC3=UUul(3)
YD3=UUUIl4) $ YE3=uLul()b)

UUuU(6)=YES

LUL(1)=UlU(T) & VULI2)=YA3 » UUJ(2)=YB3
UUULSG)=YC3 % Uuul(b)=YVUS

MACRU END

DELY Y1loYeloY31loYllaYDlaYOLleYT71leYELloY91lsYLI01lsoSMCesinC
DEILLZ Y1Z9Y229Y329Y4L29YD2955MMeoM
DEL3 Y159Y239Y339Y43,Y229SSMiNySMIN
DD2e e CONTINUL

MC=SSMC+K*55MM

MT=8SSMC+5SMM

MN=SSMN

CCOMMENT TABLE OF VAPORIZER TeMPERATURE ChHANGe CORRLSFONUING TO
TABLE TDWelsbs eee

UVeslebs 3¢5y 6609 YeUs 1Ueby oee
CelCsleUs He¢59 10e591T7e592300

COMMENT ARC CHAvribtk CHARACTERISTICS
TABLE ARCMC9297979 e
le789le79leuUBoles9lebrler7D93aD0000
3-\495.'./0 ‘:.\)’ Vck‘/’ 1100913.0)1500,00.
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37eU913e593e090elsveNsleurlelrese

6105’37009£605’20.U!150C91005’5050'.o
T6eJ952e0937a00920e 3235910009190 50 00

90eUs67e0948e0937e0U9%003925099210e0%000

102eU9 7T /aU95B8e29454C 9374093067 27e0%000
111eUs80euU9bTeU953e794365937qU232e0%00-
116.0993009?£009600099005’Qi.)937.0

COMMENT scAd CHARACTEKRISTICS

TAbLE lonl9e2922973%eee

DeUs4eUsDeU90e0970Us8a09 70l 9 0eNsile0slle0s00e
13.0’140G’1500’16-;’l70@9150091;OJQZOOODZIOOQAZQOOQQQ

23e09c4eUsace
111eU9140e09185e0U92422e092¢5%:397276e09333e05000

OeUsUe3T9UeadT9UebC3s0ebb3UellyC T490e7590e749007 19000

Debb639Ue0090e229Ue2590e2%500. 59 "Nel59=0et4T 9= e6T7s=Ua95940e
leZ239=1e5Cra0s

CelsUeld4290e7490e63930eT490e8c9.00D9Ue729%e¢7791e070s000

CoeTI9L e 7690 e9190e0490e061Cu 1190354001390 elb3s=0e30900s
DebUs=UebB59%000

UeloUea4l9Ue259Ueb790e00 7127191000910 05910l391lel89000
lel2Usleloslel3riaUd90 . 70)-Ue043047330e649062903C 0359000

Us co29UelDre e
UeOsUed4D9UeD790e¢70900039Ue7791eG0sleloy 'actbsled3s00e
le379led4lsletsldsledlslerTslesdslechbslelbslelo90ev9%000
Deb5sLe b gane
Delslatl9uablslealbsRabdyCear7ylelldsloctbyglesdsgledssene
leD1351e5591e6091e6lsle639le0lsled531e95591e50351043%000
le3591elbrane

JelUslL el lsLe0lsUe b490a009JeYlslellsledbsle’bylebsIsene
loOL!loUV’loiO’L.OD!lo’b’loib’chﬁ’LoU“’Z.DO’Z.CQ’..o
2¢1U92e¢U%%0 00
JeUsUe4790Ueblslei490e0390e779leldglecTsle4lysleSdroans

lebbysleT79iea%09le779c0lU92e62U3203032e409ceDL52e61%000

2ellslein

COMMENT Noul Keboerx CRARACTERISTICS

TACLE NRMN9Zsb9s4s ees

Neb69Ce790e0y De>s 1e0s lals eee

0e2190e369Ce84]190eb4by oo
13e5913e5913e5913eD0910e5913e59 eeoe
13eUs13eC913eCs13eUs1l3e¢091i3e09 oo

1299120591265 912eD91265901ce59 evoe
12eu9ileUsl2e09ileuslceusliel

NEG=1levy

[IF(NECeLTeO0e0) GO TO LNEG

COMMENT NeuTl Puwbr SUPPLY CHARCTERISTICS

YOIARC=T74U

SLUPMC=6e0L

[TARC=IMFLI{YUIARCsCoUDLls20srLARCY JARCR+*0e 00
(VARCK=ARCMC (ML TARC) ) /5LUFPMCY0e01)

LNEGe e CONTINUE

VARC=ARCMC (MCy IARC) 3 rPARCEVARCU*]IARC

[IE=1oMT (MT s PARC)

YOINK=Ueb5

SLUPNK=3UeU
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INK=AMPLIYOINK9UeUULly2UsFLNKy INRK+oo o
(VAKR=INKAMING TINK e MiN) ) Z5L0HINK VeV ] )
VNK=NKRMING INK 9 pIN )
CUMMENT CATRUDE VAFPURIZER CUNTRULLER
V1=(Cil=-C21)/(2eU*GAIN]L)+VARCR
Ve=(Cz21-Cll)/(Ze0*OAINL)+VARCR
PRUCEVURALLI1i=V1eVZaVARCIVARCRIC119C219GAlND)
IF(VARCeLTeV]1) 111=Cil
IF((VARCeGEeV]1) eANUe (VARCaLEaV2)) 1l1l=00e
GAINL1*VARC-GCAIN1*VARCR+(C11+C21)72.0
IF(VARKCeGTev2) 11l1=C21
eND
COmMMENT MAIN VAPORIzienr CUNTROLLER
Dlo=ilb-1BReF
DIb2=({12-Ccc)/GAiNc
PRUCCUURAL( [cl=ulodsl1loysCleaCecsGAINL)
IF((VlEeCLeUe0) eANve{UlBeLTedivd)) 121=ese
CAINg*DIb+L22
IF(DIBelLTeCel) 12l=Cd2
IF(UulbevEevin2) 1£1=Cl2
LN
COMMENT NEUTRALIZtx VAPURIZeor CUNTROULLEKR
VNKLI=(CL13-Cec3)/ {ceU*TALINI)TVNAK
VNK2=(C23-C1l3)/tceU*GALNS) TVNAR
PROCLUURALIISLI=VAR S VAR L sViNRe 9C133C2590miNIsvNAR)
[F(VivKeLTeViNRL) 131=C1>
[IF{(VNRoeUGCoeVNKL) e ANUe (VNRebLTeaVAKZ)) 131=0ses
GAIN3*VNK=GAINS*#VNAR+(C12+4Cc3) /240
IF(VNKeVOL e VANKE) 131=Cs3
ENV
COMMENT ALCLL CurrenT INTerRUPTION
1O=G1*#MT/MHO*1eUE-3/300Ce0 » YL TAU=IO/I0
TAELE ACYCETAslsluseee
Dels(els0e290ae430e2950e690e/9Ce090e99 1600000
0el259Ue019990e0U1l530eUl1dsUeC086 9000
CeDU6OIUUCD90eCC379CeaC02Y99Ce0D2¢c
IACCEL=ACYETA(YCIAU)*iD
IF(IALCCLeGLeVeU10) GU TU ACTLL
IF(1ALCELeGLeUoUubenNLelAC Lol ToCe0ileninveAliNoeLweleD) VU TU oo
ACI1
IF(IACCELoeGE eDeClO0 ANV AL ELeLT 0 )eCi1UenNDeACCNeEweUe() Gu T cee
ACI3
IF(IACCELeLT&0e0CO) wuU TC ACIZ
AClleel21=0e0C » ACCN=1eU
GC TU ACI3
HCIZ..ACCN=U.O
ACI3e e CUNTINUE
IF(TeLTe2UaU) GU TU LWZ
IF(TeObeiB0eUeANUeTeLTe200e0U) 0O TU LWZ
IF(TeGre300eleAlNveTelLioe4U0eu) VWU TU LW2
[IF(TeObe2BUe0eANDaTaLTeolleU) GU Tu LW
IF(T.GCO]OU-Q.ANJ;].L].OOJ.O) LO TU Lw/Z
IF(TeUL o900 eUeANDe " o TelU0UC) GO TUu Lwe
[F(TeObelloVeDeANDeT eLTel200e0) wu Tu LWZ
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WDUM=1eC % CO TO LWI
LW2e e CUNT INUE
OUT ToeVARC ISsIACCELyVNKsYETAUs LI
OQUT SMCaSMMeSMNelllslclyl31lsCl
OUT TCLlLleTC2leFLARCeMI oMUy IARCY UL
PAGE SKIPslsCl
LwWleeCUNTINUE
IF(IBeLEeUeU) GU TU LD
IF(TeGLesvOel) GU TO LD
N1=240U
END
TERMINAL
L5es CUNTINUE
END
END
COMMENT FIRKOST ORuErR LAG TrRAnSrex FuncTION
SEGMENT INT(TOX1IUP s 1DXcUP 9 TOX2UFP s TULP sTLErsTUIF seee
TOX1P s TOXZP s TDX 2P) g
INITIAL
NN=Uve0
V=0Uel.
TOX1Q=TOX1IP v TLXeW=TuXiF 3 TUX3uw=TUA3F
TOD1Q=TOiP 3 TDLuw=TudP 1 [usu=iuo¥Y
TOX1UW=TDX10OP > TOXZ2U=TUARZUP D TOX3DW=TUXIOF
END
DYNAMIC
VARIAGLZ V=260
IF(VeGEeUa2) GU TO LE
DERIVATIVE SINT
TOXIu=REALPL:TAUlylulueTOX11Q)
TOX2U=KEALFLITAUZ2s1u2UWs TuXCUQ)
TOX3uw=REALPL(TAU3sTU3uwsTUX30Q)
CINTERVAL CIP=0e2
NN=1e0
END
END
TERMINAL
L6e e CONTINJE
TOX1IP=TOX1Q » TUXZP=TDXzu $ TDXZ2P=TDX3Q
TD1P=TD1Q % TDZP=TDLQ » 1D03P=TD3Q
TDX1UP=TDX10G 3 TODXcCP=TUX<CQ » TLX50P=TDX30Q
ENU
END
END
-FIN NIF-
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