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Five-Kilowatt Arcjet Power Electronics

R. P. Gruber,* R. W. Gott,t and T. W. HaagJ
NASA Lewis Research Center, Cleveland, Ohio 44135

Future, large Earth orbital spacecraft could benefit from arcjet systems in the 2 to 5 kW power range for a
variety of applications including stationkeeping, orbit adjustments, and logistics. The arcjet power processor
represents the system element with the largest mass and system interfaces with the most impact. Described in
this paper is the initial design and evaluation of a 5-kW arcjet power electronics breadboard which has been
integrated with a modified 1-kW design laboratory arcjet. A single stage, 5-kW full bridge, pulse width modulated
(PWM), power converter was developed which was phase shift regulated. The converter used metal oxide
semiconductor field effect transistor (MOSFET) power switches and incorporated current mode control and an
integral arcjet pulse ignition circuit. The unoptimized power efficiency was 93.5% and 93.9% at 5 kW and 50
A output at input voltages of 130 and 150 V, respectively. Line and load current regulation at 50 A output was
within 1%. The converter provided up to 6.6 kW to the arcjet with simulated ammonia used as a propellant.

Nomenclature
A = Boolean algebra expression for half cycle pulse

width modulated signal A
B = Boolean algebra expression for half cycle pulse

width modulated signal B
Dc = constrictor diameter, mm
Lc = constrictor length, mm
(f)R = Boolean algebra expression for bridge reference

side Q! turn on signal
& = Boolean algebra expression for bridge phase shifted

side Q3 turn on signal

Introduction

R ENEWED interest in arcjets has led to the recent de-
velopment and life tests of both 1- and 30-kW arcjet

systems for application to North-South (N-S) stationkeeping
of geosynchronous satellites and prime propulsion, respec-
tively.1"4 Future high power geosynchronous satellites could
have significantly increased N-S and East-West stationkeeping
requirements due to increased mass and/or area to mass ra-
tios.5 Thrust levels of intermediate power (2 to 5 kW) arcjets
appear advantageous for these satellites. Earth-orbit missions
which require drag make up or orbit adjustments might find
the performance of a high specific impulse 2- to 5-kW arcjet
systems beneficial.

The power processor represents the most massive arcjet
system component.6 In addition, its interfaces impact the
spacecraft the most. Its design is therefore very sensitive to
the anticipated power system requirements of future satellites,
as well as thruster needs. Some of the power processor re-
quirements imposed by the spacecraft are the input voltage
range, input-output electrical isolation, electromagnetic in-
terference (EMI), high power efficiency, and low mass.
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Future arcjet systems in the 2- to 5-kW power range will
likely be energized from high voltage (>28 V) buses, since
high bus voltage results in low spacecraft power system mass.
In addition, a typical unregulated spacecraft battery bus will
require operation around ± 10% of the nominal input voltage.
Furthermore, the need to accommodate conventional space-
craft single-point power-grounding schemes will make input-
output isolation necessary to prevent the possibility of dis-
ruptive currents being initiated by the conductive plasma gen-
erated during arcjet operation. Spacecraft electromagnetic
interference (EMI) requirements are usually very conserva-
tive and specify reflected ripple limitations that result in the
need for power filters with significant mass. Finally, high power
efficiency is necessary to minimize the impact on the space-
craft thermal control system mass, since the power processor
temperature must be kept low to achieve maximum reliability.

During steady-state operation, the arcjet requires fast re-
sponse constant current regulation, as well as modest current
ripple for stable operation.7 Ignition is accomplished with a
high voltage pulse to breakdown the unionized gas. Start up
and transfer to steady-state operation must be accomplished
reliably without causing thruster damage or excessive wear.8
Therefore, maximum current must be limited during this tran-
sition.

For a high power thruster system operating from a high
voltage bus, a full bridge pulse width modulated (PWM) power
converter with transformer isolation was chosen for devel-
opment because it has advantages over the parallel converter
developed earlier.7 An integral thruster pulse ignition func-
tion using the output current averaging inductor8 was incor-
porated into the bridge converter.

The laboratory 5-kW radiation cooled arcjet used for this
work was an extension of the 1-K design detailed elsewhere.9
The primary purpose of this thruster was to provide a rep-
resentative dynamic load to the power electronics. Specific
differences from the 1-kW class laboratory arcjet were mod-
ifications to the constrictor, mixing chamber, and nozzle as
well as operation at markedly higher temperatures.

Described in this paper is the preliminary design, fabrica-
tion, and evaluation of a single power stage 5-kW PWM full-
bridge power converter used to start up and control a labo-
ratory arcjet operating on hydrogen nitrogen gas mixtures
which simulated hydrazine decomposition products and am-
monia. Power circuit waveforms and benchmark regulation,
load transient response, ripple, mass and power efficiency are
provided for the breadboard power electronics. System start
up transient and initial steady-state performance data are pre-
sented.
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Power Electronics Requirements
Since no specific, detailed spacecraft requirements yet exist

for 5-kW arcjet power electronics, certain assumptions based
upon previous experience must be made. For example, a nom-
inal input bus voltage must be chosen. For this initial bread-
board, many issues were not addressed either because they
are straightforward (e.g., internal ±15-V signal level power
supplies) or because detailed spacecraft or arcjet require-
ments will have a major impact on that part of power supply
(e.g., input EMI filter). In the absence of detailed specifi-
cations, initial breadboard efforts concentrated on the de-
velopment of a power circuit capable of high efficiency and
low mass. First efforts were directed towards proving 5-kW
power circuit viability, which accomplished thruster integra-
tion and achieved some of the first steps needed for high
power efficiency.

Spacecraft Interface
A dc voltage of 140 ± 10 V was chosen to represent future

higher power spacecraft buses. The nominal input voltage of
140 V was judged to represent a compromise between a high-
voltage, low-mass power distribution system and the need to
be concerned about potential Paschen breakdown. Critical
pressures might occur from the bleeding off of entrapped gas
or from outgasing as spacecraft surface temperatures rise. At
this writing, Space Station Freedom is now providing regu-
lated 120 V dc power to users. Voltage regulation and other
bus parameters are being determined. For this effort, an input
voltage variation of ± 10 V was chosen to demonstrate line
regulation capability. Wider variations of input voltage could
be accommodated if necessary, but power electronics mass
and/or power efficiency would be adversely affected.

High power efficiency is needed to minimize the impact on
the spacecraft thermal control system and to maximize pro-
pulsion system performance. Concentrated waste heat gen-
erated inside a single stage power supply might make smaller
multiple paralleled power stages thermally simpler, but mul-
tiple stages add circuit complexity. Therefore, a single power
stage was chosen for this work. This approach establishes a
building block of up to 5 kW should parallel power stages be
required later. Multiple phase staggered PWM power stages
have been used previously for a 30-kW arcjet3 and a 30 cm
ion thruster.10 It is judged that the paralleled stage arcjet
ignition pulser could be easily implemented by simultaneously
switching the primaries of the output averaging inductors/
pulse transformers. The conventional spacecraft single point
power ground connected to the spacecraft structure makes
input-output circuit isolation necessary. This prevents the pos-
sibility of disruptive currents from being initiated by the con-
ductive plasma generated by an arcjet.

Command and telemetry, as well as internal ± 15-V signal
level power converters, are straightforward and were, there-
fore, not included in this work. It was also judged that an
EMI filter could be added later when requirements are known.
Component derating and use of flight qualified parts were not
addressed in this initial effort.

Thruster Interface
Thruster interface issues, such as compatibility with the

negative resistance thruster volt-ampere characteristic and start-
up requirements, were resolved earlier for the 1-kW thrust-
er.718 Thruster arc current ripple was about ±15% average
to peak and had no significant impact on 1000 hr lifetimes.9
Performance effects of 10% peak-to-peak ripple amplitude
and frequency of 100 Hz to 100 KHz were found to be neg-
ligible.11 For this work, arc current ripple and current regu-
lation was arbitrarily chosen to be ±2% average to peak and
±1% at 50 A, respectively. Fast response constant current
regulation was required for arc stabilization, just as for the
1-kW thruster. In addition, active current overshoot limiting
at 55 A and short circuit protection were incorporated. Pro-

visions to operate at arc currents from 10 to 50 A were also
included.

The constrictor dimensions and the gap setting of the 5-kW
arcjet were larger than for the 1-kW arcjet, so the pulser was
designed to handle more energy and provide a higher voltage.
Peak pulser voltage was set at 4.5 kV and the maximum
current available at breakdown was adjusted to 12 A. Because
the initial breakdown current is a small fraction of the 50 A
operating current, and should remain low for future 5-kW
arcjets, the pulser design will remain straightforward.

Power Electronics Design

Circuit Selection
Earlier success at 1 kW with a PWM parallel converter

incorporating an output current averaging inductor/pulse start-
up transformer8 led to retention of this basic scheme for the
5-kW design. However, for this effort, a full bridge PWM
converter (Fig. la) was chosen over the parallel PWM con-
verter used in the 1-kW work for two principal reasons. First
the higher current levels in high power PWM converters result
in substantial energy storage in the transformer leakage in-
ductance during each half cycle. A parallel converter must
either dissipate this energy or transfer it to the source or load
using special circuits. A bridge converter can handle this high
energy each half cycle without the need for special circuits.
Secondly, in a full bridge circuit the power switches see only
input voltage when off, whereas parallel converter switches
operate at twice input voltage. Therefore, the bridge power
transistors voltage rating need only be slightly higher than the
maximum input voltage. The major disadvantage of a full
bridge is that four power switches, with their associated drive
circuits, are required instead of two. Power transistors are a
highly stressed component and usually the most likely com-
ponent to fail, so reliability is diminished when more power
transistors are needed. However, the potential full bridge
disadvantage of two cascaded switches is substantially less-
ened when power MOSFETs are used. Because, for a given
MOSFET die size, minimum ON resistance is roughly pro-
portional to OFF state breakdown voltage (e.g., IRF size 5
dice).12 Therefore, for adequately voltage rated switches, the
total power switch ON resistance will be nearly the same for
either a full bridge (two "ON" MOSFETs in series) or parallel
converter (one higher voltage "ON" MOSFET). Another ad-
vantage of a bridge converter is that the power transformer
is simpler and has less mass than the parallel converter power
transformer since only one primary winding is needed.

Three choices of full bridge drive techniques were consid-
ered. The conventional technique of simultaneously turning
ON and OFF diagonal pairs of switches was not chosen be-
cause leakage inductance energy is not well controlled.13 A
second technique, reported by Goldfarb14 appeared to control
leakage inductance energy and reduce switching losses by
using capacitors across the two switches that turn off reflected
load current. However, this concept was judged to be more
difficult to implement due to the more complicated logic and
extra current sensing than the phase shift control scheme fi-
nally chosen. Two high power phase shift controlled PWM
full-bridge power converters were found in the early litera-
ture. The first, in 1965, was reported by Ernsberger.15 Four
vintage, slow, silicon bipolar transistors were operated at 800
Hz in a single power circuit to provide 2 kW at 88% power
efficiency with an input voltage of 100 ± 10 V. Phase shift
was accomplished with a Ramey magnetic amplifier. The de-
sign comprised only about 220 components without using in-
tegrated circuits. In 1976, Ahrens and Cardwell13 described
a phase shift controlled PWM converter with which they were
able to achieve power efficiencies of 93% for a 0.6-kW single
stage, 45-V output supply, and 96% for a 2.4-kW four-stage,
1100-V output supply (0.6 kW per stage). For both supplies,
the input voltage range was 200 to 400 V and the converters
operated at 10 kHz with each converter stage phase staggered
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Fig. 1 Full bridge converter with voltage waveforms (Ref. 13).

to minimize input filter mass. The design was a difficult task
because the only fast, high-voltage medium-current bipolar
transistors available in the early 1970's were also fragile. The
2.4-kW converter had five power stages including one stage
used for standby redundancy. Elaborate power transistor drive
and protection, stagger phase operation with standby power
stage redundancy, and the performance and mass require-
ments led to a very complex power supply comprising an
estimated 1000 components.

The low switching losses and high power efficiency achieved
for the 0.6-kW power stage led to the choice of the phase
shift regulated full bridge for this 5-kW work. The power
circuit configuration with its simplified voltage waveforms is
shown in Fig. 1, which was taken from Ref. 13. In this circuit,
each side of the bridge (Ql9 Q2) or (Q3, Q4) is driven by a
square wave so each power switch is on for one half cycle
while the other switch in that side is off. Regulation is achieved
by shifting the phase of the (Q3, Q4) side from 0 to -180 deg
with respect to the reference side (Q1? Q2). There is no output
at 0 deg and full output at -180 deg. Idealized voltage wave-
forms for an intermediate output power are shown in Fig. Ib.
Current waveforms are more complex and will be discussed
later.

For this work, paralleled power MOSFETs were used as
switches instead of bipolar transistors. Power MOSFETs are
easier to drive and operate in parallel to reduce ON resistance.
MOSFETs are fast and free from second breakdown. In ad-
dition, a relatively new control method, current mode
control16'17 was used. Current mode control limits pulse by
pulse current so the power switches are protected from
overcurrents. Furthermore, initial arc jet start-up current over-
shoot can be controlled to a preset value by this control method.
Current mode control is usually used to control output volt-
age. Instead, for this 5-kW converter design, average output
current was the controlled parameter. Peak output current

SLOPE COMPENSATION
SIGNAL

INSTANTANEOUS TRANSISTOR CURRENT

ARCJET

Fig. 2 Power electronics functional diagram.
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Fig. 3 Synchronized waveforms from 30-W model converter. Qj through Q4 top traces are drain to source voltages (20 V/div); bottom traces
are drain currents (1 A/div). Transformer primary and transformer l/2 secondary top trace is voltage (20 V/div) and bottom trace is current
(1 A/div).

was used for convenience as the controlled parameter for the
1-kW power supply design.6 There is a small but variable
difference between peak and average output current. There-
fore, peak output current control results in less accurate cur-
rent regulation than the average output current control used
for the 5-kW converter.

Design Details
The initial control circuits incorporated the control circuit

board assembly previously designed and fabricated for a new
2-kW PWM arcjet power supply. The PWM power switch
drive was converted to a phase shifted power switch drive
having a reference side square wave drive and a 0 to -180°
phase shifted side drive and is shown in Fig. 2. This was done
instead of going directly from the current mode comparator
signal to the phase shift function in order to save design and
fabrication time. The conversion from PWM to phase shift
power switch drive was accomplished by developing a logic
circuit using a flip flop for the reference phase and combi-
national logic circuits to implement

= 4>R • (A + B) + fa • (A + B) (1)

For the condition where the PWM output is zero, all drive is
removed from the bridge.

The remainder of the functions shown in Fig. 2 describe
the conventional current mode control and pulser control logic
used earlier for the 1-kW supply.7 For current mode control,
the slope compensation function shown in Fig. 2 is necessary
to prevent unconditional instability for PWM duty ratios above
50%. Besides saving design time, this control approach al-
lowed the use of a current mode PWM controller integrated
circuit which incorporates most of the necessary circuit func-
tions for current mode control. However, for future designs
it may be advantageous to go directly from the current mode
comparator signal into a phase shift controller, that would
eliminate the intermediate PWM logic with its associated time
delay.

The authors found no descriptive power switch or trans-
former current waveforms in the literature. In addition, there
was a need to verify the control and logic circuit designed for
the 5-kW converter. Therefore, a 30-W model of the converter
was fabricated and tested using the scheme shown in Fig. 2.

The bridge was configured as shown in Fig. la except that
IRF250 power MOSFETs instead of bipolar transistors were
used for Ql through Q4. Synchronized drain-source switch
voltages for Ql through Q4 and transformer primary and sec-
ondary voltages are shown together with switch drain and
transformer currents in Fig. 3. The phase shifted side current
waveforms, Q3, Q4 are quite different from the reference side
waveforms, Q17 Q2. The reference side, Q1 or Q2 turns on
the total current reflected by the load and the transformer
magnetizing current. Rectifier diode reverse recovery current
is limited by the transformer leakage and parasitic circuit
inductances. The reference side turns off only transformer
magnetizing and leakage inductance currents. The phase shifted
side, Q3 or Q4, turns on, in the reverse direction, part of the
load current as well as transformer leakage inductance and
magnetizing current, but turns off reflected load current and
transformer magnetizing current in the forward direction. The
phase shifted side, Q3 or Q4 conducts reverse current through
the power MOSFET source-drain with the intrinsic antipar-
allel diode not conducting. This property may not be widely
known because the antiparallel diodes are conventionally used
to conduct reverse currents as the MOSFETs are turned off.
So during steady state operation of this type bridge, the power
MOSFET intrinsic antiparallel diodes do not conduct as long
as the source drain voltage is below about 0.7 V. For the 30-
W model, source-drain voltage measured about 0.1 V. This
is significant because switch drop is well below the 0.7-V diode
forward voltage drop. Therefore, power efficiency need not
be reduced by accepting the 0.7-V diode drop and operation
at low input voltage (e.g., 50 V) at high power should be
practical with a phase controlled full bridge PWM converter
using lower voltage, lower ON resistance power MOSFETs.
There may be some diode conduction time on the order of 1
jus, but drain-source voltage waveforms show that the power
MOSFET and not the intrinsic diode quickly conducts vir-
tually all the reverse current.

A detailed circuit description for the initial design 5-kW
power supply, as well as circuit schematic diagrams and mag-
netic component data are given in the original paper. A pho-
tograph of the 5-kW power electronics breadboard appears
in Fig. 4. The photograph shows the control electronics and
logic circuit boards enclosed in an aluminum chassis shield.
The smaller covered aluminum chassis houses the ± 15- and
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Fig. 4 Power electronics 5-kW breadboard.
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Fig. 5 Cutaway view of arcjet thruster with anode dimensions de-
scribed.

24-V control circuit power supplies which are powered from
115 V ac. The output diode heat sink, a drive transformer,
main power transformer, current sensing transformer, and
output averaging inductor/pulse transformer can be seen in
larger assembly. Two cooling fans were also included in the
power supply.

Tests
The 5-kW power electronics breadboard was tested with a

resistive load and with a laboratory thruster load. The labo-
ratory arcjet thruster used for initial 5-kW testing was identical
to a 1-kW design used in a 1000-hr cycled life test9 except
that the constrictor diameter in the anode was enlarged to
accommodate high gas flow rates. A cut away view of the
arcjet is shown in Fig. 5. The upstream converging conical
half angle was 30 deg and the downstream diverging half angle
was 20 deg. The original 0.64 mm diameter by 0.41 mm long
constrictor was increased to 0.89 mm diameter and 0.89 mm

in length. The cathode used was a 3.18 mm diameter thoriated
tungsten rod, 20 cm in length. The electron emitting end of
the cathode rod was ground to a conical tip with a 30 deg half
angle. The arc gap was set by withdrawing the cathode 0.76
mm from contact with the anode.

Loadbank Tests
Resistive load tests were performed to obtain typical steady

state converter operating waveforms, and to establish bench-
mark pulser voltage, regulation, load transient response, rip-
ple and power efficiency.

Converter waveforms. Bridge converter power switch drain
to source voltage waveforms for Q2 and Q4 (circuit location
is given in Fig. 1) are synchronized with and shown with the
transformer primary current in Fig. 6 for a 5-kW resistive
load. Qj and Q3 waveforms are not shown since voltage wave-
forms for each transistor in the reference side of the bridge,
Q! and Q2 look the same, but are 180 deg out of phase. The
same is true for Q3 and Q4. The reference side, Ch or Q2 turns
on into transformer magnetizing current, the reflected load
current, and the reverse recovery current of one output rec-
tifier diode pair. Current rise is limited by the power trans-
former leakage inductance and a small current limiting in-
ductor. The reference side, Q: or Q2 also turns off residual
current flowing in the transformer leakage inductance and
current limiting inductor, as well as the transformer magnet-
izing current. This residual current decays slowly for this high
power circuit, mainly because the ratio of current limiting
inductance and leakage inductances to switch resistance is
high. The phase shifted side of the bridge (Q3 or Q4) turns
off reflected load current and transformer magnetizing current
and is already turned on when load current is switched on by
the reference side. Due to ringing at switch transitions, the
power switches which are rated for 200 V see about 170 V at
an input voltage of 150 V and an output power of 5 kW. The
transformer primary current reaches nearly 60 A peak. The
rms transformer primary current value remains close to 50 A
even though the duty ratio is near two-thirds. Primary rms
current changes little with duty ratio.

Occasionally, at initial turn on into a 5-kW load, the bridge
would start up with a nondestructive, stable current imbalance
where the main transformer core would begin to saturate once

REFERENCE SIDE
(Q2) SWITCH
VOLTAGE

TRANSFORMER
PRIMARY
CURRENT

PHASE SHIFTED

SWITCH VOLTAGE

TRANSFORMER
PRIMARY
CURRENT

-20 MSEC/DIV

Fig. 6 MOSFET voltage and transformer primary current for 150
V input, 96 V, 50 A output.
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each cycle. Although the small current limiting inductor re-
duced the transformer primary applied volt-seconds during
the saturating half cycle and would be expected to correct the
imbalance, the next half cycle showed a notch on the leading
edge of the transformer voltage. This condition only occurred
with a resistive load and never happened during thruster in-
tegration. This stable imbalance did not occur when a mo-
lybdenum-permalloy powder (MPP) power transformer core
with a markedly less pronounced saturation characteristic was
used with no current limiting inductor. In addition, the switch
current feedback signal contained no dc information in this
first design. This stable condition was not investigated at this
time because further circuit modifications were being planned
to improve power efficiency.

Pulser output. The pulser produces a high voltage pulse
every half second until arc current is sensed. This is the same
scheme described in Refs. 7 and 8. The pulser transformer/
current averaging inductor primary current is allowed to reach
about 120 A before the primary power MOSFETs are switched
off. Since the pulser transformer/current averaging inductor
turns ratio is about 10:1, the maximum current available at
arcjet ignition is near 12 A. Open circuit pulser voltage reaches
4.6 kV in about 3 fjus and is shown in Fig. 7.

Regulation. Current regulation data are given in Table 1
for 10 and 50 A reference setpoints with input voltages of 130
and 150 V at each setpoint. Static current regulation was
within 1% of the 50 A setpoint once the load resistance was
set low enough to pass sufficient current. Accurate static load
current regulation was expected since a shunt was used to
sense average load current which was fed back to an integral
current control loop.

——- 2 MSEC/DIV

Fig. 7 Open circuit pulser voltage with main converter turned off.

Transient response. Figure 8 shows load current transient
response measured at 50 A output for step load changes from
1 to 2 H and from 2 to 1 & using a solid state switch. Voltage
waveforms resulting from the load transients exhibit the ef-
fects of parasitic series inductance in the 30-kW loadbank and
its connections. Resultant load current overshoot and under-
shoot were about 10% and of nearly 300 jus duration.

Ripple. Load current ripple at an output current of 50 A
can be seen in Fig. 8. Ripple measured approximately 2 A

LOAD

1 0

100 pSEC/DIV

Fig. 8 Power supply transient response to step load changes from 1
to 2 O and from 2 to 1 fi at 150-V input.

Table 1 Power supply static load characteristics

50 A
130

Voltage,
V

184.8
130.1
129.3
128.3
127.6
127.0
126.3
125.7
124.9
122.4
120.1
118.0
96.2
87.6
80.6
72.8
61.0
46.9
20.4

1.35

setpoint
V input

Current,
A
0.0
1.1
2.2
5.3
7.5
9.6

11.7
13.8
16.7
24.7
32.4
39.8
50.1
50.1
50.1
50.2
50.2
50.1
50.2
50.3

50 A
150

Voltage,
V

206
150.1
148.9
147.7
146.9
146.2
145.5
144.8
143.8
141.1
138.6
136.2
95.8
87.3
80.3
72.5
60.7
46.8
20.3
1.36

setpoint
V input

Current,
A
0
1.3
2.5
6.1
8.6

11.1
13.5
15.9
19.2
28.5
37.6
46.2
50.1

> '

10 A
130

Voltage,
V

184.5
130.6
129.8
128.7
128.0
127.3
109.6
91.2
75.0
49.8
37.3
29.9
19.2
17.7
16.3
14.7
12.27
9.47
4.18
—

setpoint
V input

Current,
A
0.0
1.2
2.3
5.3
7.5
9.6

10.1
10.0
10.0
10.0
10.1

10.2

10 A
150

Voltage,
V .

205
150.0
149.1
148.0
147.2
131.3
106.7
90.3
74.4
49.3
37.0
29.6
19.0
17.4
16.0
14.4
12.03
9.26
4.06
—

setpoint
V input

Current,
A
0.0
1.3
2.6
6.1
8.6

10.0
9.9

1
10.0

9.9

I
..
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Fig. 9 Thruster startup current and voltage at the vacuum tank
flange for a) 50 A, b) 30 A, and c) 10 A setpoints under conditions of
2.5 SLM N2, 5.0 SLM H2 and 135 V input to power supply.
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peak-to-peak at 16.7 kHz. If desired, ripple could be increased
by lowering the operating frequency or by decreasing the
averaging inductance. Reflected input current ripple mea-
sured about 3 A peak-to-peak at 16.7 kHz and the oscilloscope
trace appeared to contain no spikes and no significant high
frequency components. The 5-kW power electronics bread-
board input filter was a large capacitor and no input filter
inductors were used.

Power efficiency. At 5-kW power efficiency measured 92.2%
with 150.6 V input and 92.0% at 130.1V input. Current shunts
matched to 0.25% were used to measure input and output
currents. The same digital voltmeter at the same polarity was
used to measure input and output shunt and converter volt-
ages. Measurements were made with and without a 100 /^F
low equivalent series resistance capacitor across the output.
Power efficiency measured 0.1% higher without the capacitor.
A large capacitor to reduce ripple for the power efficiency
measurement reported for the 1-kW supply7 had the effect of
reducing the measured 1-kW supply power efficiency by about
1-3% from the measurement without the capacitor. However,
the percentage current ripple for the 1-kW power supply was
an order of magnitude more than that of the 5-kW power
supply. For the 1-kW work an RC filter used to filter the
current signal from the shunt resulted in sufficiently accurate
measurements (within 0.5%) without resorting to the use of
a large capacitor across the output. For the 5-kW measure-
ments an RC filter was used across the input shunt to reduce
ripple effects. This reduced the measured power efficiency by
about 1.5%. The power efficiency reported here is estimated
to be accurate within ±1%. It is judged that a power effi-
ciency nearly 95% at 5 kW could be achieved with this type
converter. An efficiency increase of 2% is available by re-
ducing the switch transistor (four parallel IRF250 MOSFETs
for each switch) conduction losses which are about 110 W in
the present design. Transistor conduction losses could be re-
duced to 20 W by using hybrid MOSFET switches containing
24 IRF 250 dice. Optimizing the output inductor and power
transformer to reduce copper and core losses and decreasing
switching losses by eliminating the current limiting inductor
and improving the drive circuits could add another 1 or 2%
to the power efficiency. However, about 0.5% power effi-
ciency would be lost by adding inductors to the input filter to
meet typical EMI requirements.

Subsequent to all the tests described in this report, the
power circuit was modified and the power MOSFETs were
replaced with four power hybrids containing 24 parallel tran-

ARC
CURRENT

2 3 3 3 34 3 5
MINUTES AFTER STARTUP

Fig. 10 Typical thruster startup and steady-state current, voltage, and thrust under conditions of 2.5 SLM N2 and 5.0 SLM H2.
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ARC CURRENT
RIPPLE

5 A/DIV

2 V/DIV

Fig. 11 Thruster steady-state arc current and voltage at the vacuum
tank flange ripple under conditions of 2.5 SLM N2, 5.0 SLM H2, 150-
V input, and 100 V, 50-A output.

sistor dice similar or equal to IRF250 dice. Power efficiency
was remeasured under the conditions stated earlier and at 5-
kW input and 96 V, 50 A output, was 93.5% at 130 V in.,
and 93.9% at 150 V in. At 2.5-kW input and 93 V, 25-A
output, power efficiency was 94.6% at 130 V in. and 94.4%
at 150 V in.

Mass. The two heaviest breadboard components were the
1-mH output choke/pulse transformer, which weighed 2.7 kG
and the power transformer weighed 2.9 kG. This 5.6-kG mass
is the largest fraction of the total component mass and rep-
resents only a starting point towards the development of an
engineering model. Choke inductance and size can be reduced
if operating frequency is increased and output ripple is allowed
to increase. Choice of operating frequency, power efficiency,
and thermal design will impact transformer mass. Further-
more, a flight type transformer design at this power level may
require thermal shunts to minimize internal temperatures and
extend operating life.

Electronics-Thruster Tests
Start-up transient and steady-state data were taken for the

initial design laboratory arcjet and breadboard power elec-
tronics. Propellants for these first tests were hydrogen-nitro-
gen gas mixtures simulating decomposed hydrazine or am-
monia. All tests were conducted in the Tank 8 vacuum facility
described elsewhere.18 Diffusion pumps were turned off and
the tank pressure was on the order of 1 torr.

Starting and Steady-State Tests
Thruster/power electronics start-up current and voltage

transients were recorded using an oscilloscope camera and
strip chart recorder. Propellant flow was maintained at 2.5
SLM N2 and 5.0 SLM H2 which simulated decomposed hy-
drazine, for these tests. The conventional techniques and
equipment used are detailed in an earlier paper.7 Figure 9
shows initial current and voltage transients for current control
setpoints of 50, 30, and 10 A with 135-V input to the power
supply. Thruster transient voltage was measured at the vac-
uum chamber flange and includes any effects of inductance
in the leads to the thruster. Initial current at breakdown was
always near 11 A. For all three starts shown, the current
increased to about 55 A in approximately 1 ms and remained
there for 5 ms where it was being limited by the pulse-by-
pulse current mode controller preset maximum current limit.
Then the integral control loop gradually reduced the current
to the selected control reference setpoint.

Evidently, this thruster can start at currents much lower
than steady-state operating current levels. If this characteristic
remains after further thruster development, then the inductor/
pulse transformer charging circuit need supply only i> of the
energy stored in the inductor at the 50-A operating current.

Typical longer duration voltage, current, and thrust tran-
sients are shown in Fig. 10 for a 50-A setpoint and 5-kW
operation. There were no significant events between 3 and
32 min after start up, so that portion of the recording was
omitted from Fig. 11. Immediately after ignition, the arc cur-
rent reaches 50 A and remains constant. Thruster voltage

starts at 93 V and climbs to 100 V in about 35 s, finally reaching
103 V after 34 min. Thrust measured 0.40 N after 35 s and
0.42 N after 34 min. For this test, the thruster anode was
coated with CrO2 to increase emissivity which limited the
anode surface maximum temperature to about 1400°C mea-
sured with an optical pyrometer. Previously, the uncoated
anode surface temperature reached about 1870°C under these
conditions.

During thruster steady-state operation at 100 V, 50 A, 2.5
SLM N2 and 5.0 SLM H2, simulating hydrazine, arc current
ripple and thruster voltage ripple were measured at the vac-
uum tank flange. An arc current ripple of 2 A peak-to-peak
resulted in thruster voltage ripple of about 1 V peak-to-peak,
1800 out of phase with arc current ripple are recorded in Fig.
12. This same negative resistance characteristic was observed
with a 1-kW system tested earlier.7

Maximum steady-state thruster power achieved was 6.56
kW for 3.7 SLM N2 and 11.2 SLM H2, simulated ammonia.
Thruster voltage was 131.2 at 50.0 A arc current with a power
supply input voltage of about 150 V. Thrust was 0.645 N.

Conclusions
A single stage, 5-kW arcjet power converter was designed

fabricated and evaluated on both resistive and arcjet loads.
The circuit was a full-bridge pulse width modulated converter
that was phase shift regulated to provide constant arc current.
The converter design employed MOSFET power switches,
current mode control, and included an integral high voltage
pulse ignitor. Arcjet start up and operation was verified over
a wide range of flow rates with hydrogen/nitrogen mixtures
simulating both ammonia and hydrazine.

Resistive load power efficiency at 5 kW and 50 A output
was 93.5 and 93.9% for input voltages of 130 and 150 V,
respectively. It is judged that power efficiency can be in-
creased to at least 95% by reducing the inductance and copper
losses of the output inductor/pulse transformer, by reducing
the core and copper losses in the power transformer, and by
improving the power circuit to reduce switching losses.

Current mode control limited the initial start-up current
overshoot to about 55 A. Initial start-up current was about
11A and this low start-up current will permit the pulser design
and packaging to remain straightforward, with no need to
have semiconductors placed in a high voltage assembly.

The power stage with power MOSFETs is a high efficiency,
low mass approach for circuits requiring low input voltage
and high input currents. The major features of this approach
are: the transformer leakage inductance energy is well con-
trolled; ON resistance of cascaded switches can be almost the
same as for parallel converter single switch-ON resistance;
and the intrinsic antiparallel diodes do not conduct during
normal operation if ON resistance is kept low by paralleling
enough transistor dice.
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