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The results from an experimental investigation to assess arcing during operation of high-voltage solar arrays
in a plasma environment are presented. The experiments were part of an effort to develop systems that would
allow safe operation of Hall-effect thruster(s) in direct-drive mode. Arc discharges are generated when the array
is biased negative with respect to the plasma. If sustained for long periods of time between adjacent solar cells,
arcs can severely damage a solar array, thus significantly shortening its lifetime. Most often sustained arcs are
triggered by plasma produced during short-duration discharge arcs (~20 ms). These “trigger” arcs are sparked
between the semiconducting cell and the covering dielectric. Both trigger and sustained (>1-ms) arcs have been
captured during the tests. Current and voltage waveforms associated with the different arc events are presented.
The test results have defined operational limits (thresholds) for the various array concepts studied that minimize
the likelihood of damage from sustained arcs. Experimental trends regarding the effect of the solar-array substrate

on arc duration are also presented.

Introduction

GUIDING precept of spacecraft design is to seek out savings

in system mass as well as power system efficiency. Conse-
quently, work is being conducted in the aerospace industry to create
high-voltage low-current solar-array systems, which allow the use
of smaller current-carrying conductors in the power generation and
distribution systems. The usefulness of high-voltage solar arrays
has been further refined for the case of spacecraft that employ Hall-
effect thrusters (HET)."? In this case, considerable savings could be
realized by driving the thruster directly from a high-voltage array.’
Such a system would significantly reduce the weight and complex-
ity of the power processing unit, which is commonly used to step
up the array voltage.

Previous work suggested the operation of a Hall-effect thruster in
direct-drive mode is feasible.* However, no detailed tests were per-
formed to assess life-limiting issues, such as arcing, associated with
prolonged operation of such a high-voltage system in a Hall-effect-
thruster plasma environment. The present work is part of a larger
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effort that aims (in part) to identify requirements for the safe opera-
tion of a direct-drive Hall-effect thruster (D2HET) system. A more
specific objective of the D2HET program is to identify solar-array
technologies that are capable of operating at high voltages in the
charge-exchange plasma environment induced by the HET. Natu-
rally, technologies developed for this particular application will also
be relevant to other spacecraft that operate with high-voltage solar
arrays in a dense plasma environment (e.g., low-earth-orbit iono-
sphere). As NASA looks to high-power electric propulsion, lessons
learned from the D2HET program promise to elucidate many of the
serious interaction issues associated with high-voltage spacecraft
systems in a dense plasma environment.

Among others, the solar array must operate under two major re-
quirements: 1) minimal electron current collection, also known as
parasitic or leakage currents, by the solar array and 2) no prolonged
arcing across adjacent cells. Parasitic currents can degrade the per-
formance of the solar array and can become a significant design
obstacle if the collected electron current is a substantial fraction
(more than a few percent) of the array operating current. Sustained
arcing can lead to permanent electrical shorts and has been found to
occur only when parts of the array are at negative electric potentials
and can therefore attract ions. (No arc events were observed when
the array was biased positive.)

Our current understanding of the arc process is based on earlier ex-
periments conducted by Vaughn et al. in support of the International
Space Station.” Arcs were initiated on biased anodized aluminum
in a background plasma. The experiments confirmed that a trigger
arc releases a plasma that expands from the arc site and covers the
nearby surfaces with a low impedance plasma. If there is positive
charge on the surfaces, the plasma can conduct electrons from the arc
site to the surface, thereby discharging the effective capacitance of
the surface. This configuration occurs when a chassis is negative
with respect to a background plasma. For the D2HET system we
expect this to occur in low Earth orbit when the HET is off and the
arrays are generating 300 V, causing the system to float negative. In
geosynchronous orbit or higher orbits where magnetospheric envi-
ronments can induce inverted chassis voltages, then ion collection
will also occur.

Ground tests have been performed under conditions of both elec-
tron and ion collection. Results from the electron collection tests,
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Arc Damage

Fig. 1 Arc damage on a section of coupon 1.

as well as from modeling and simulation efforts, are presented by
Mikellides et al.® In this paper, we focus on results from arcing tests
using sample coupons that are based on two main solar-array tech-
nologies. During the tests, the coupons were biased to hundreds of
volts negative with respect to the plasma.

Arcing on solar arrays has been shown to result in significant
damage.” Arc events can damage not only individual photovoltaic
cells, but also entire strings of cells if the discharge leads to an
electrical short between strings.® Such arcs typically occur at large
negative voltage bias (<—100 V). Past work has exposed two main
types of arcs: 1) short-duration electrical discharges, termed in this
paper trigger arcs, and 2) long-duration arc discharges termed in this
paper sustained arcs.”~!2 A typical trigger arc current signal peaks
at high values (>20 amps) but lasts for only a short time (<50 us).
Trigger arcs are benign and most often do not cause permanent dam-
age. They can, however, lead to prolonged arcs, which as alluded to
earlier, can cause severe damage depending on the conditions under
which the discharge is sustained. Sustained arcs are characterized
by relatively low currents (<10 A) and very long duration (from
hundreds of microseconds to tens of seconds). Sustained arcs most
commonly occur when a potential difference exists between cells,
usually two cells adjacent to each other along a string. It has been
suggested that the dense plasma created by a trigger arc on one cell
bridges the gap between adjacent cells by providing a conductive
path between the differentially biased cells, which results in current
flow between the cells.!* Figure 1 shows a damaged section of a
solar-array coupon that occurred during testing reported in this ef-
fort. The damage was caused by an arc across adjacent cells that
lasted for 0.5 s. Additional examples of damage that have resulted
from sustained arc events are available in the literature.!'!-!4

The tests described in this paper have focused on determining the
conditions under which trigger arcs and sustained arcs occurred
on solar-array sample coupons that were negatively biased in a
plasma environment. Descriptions of the different solar-array sam-
ple configurations are provided, as well as examples of current and
voltage waveforms. In addition, the results are analyzed to identify
trends that can help guide future theoretical work and mitigation
techniques.

Experiment Description

A major goal in the development of a direct-drive electric propul-
sion system is to identify solar-array technologies that can be oper-
ated safely in a HET plasma environment. Three technologies have
been tested. The first technology is based on the design used for
the International Space Station (ISS). ISS solar arrays have been
designed to operate at relatively high voltage (160 V) and have
demonstrated continuous operation in space for years. An attrac-
tive feature of the ISS design is that interconnects are completely
covered by a dielectric film (Kapton). However, the cell (semicon-
ductor) edges are not insulated and are therefore exposed to the
plasma. The ISS array sample, which we will refer to as coupon 1
in this paper, is shown in Fig. 2. The solar array coupon consists of
three rows of cells with five cells in each row. Each individual cell
has the shape of a square with all four corners cut at approximately
45 deg. The primary dimensions of each cell are 0.08 x 0.08 m.
Each silicon solar cell is single junction.

Fig. 3 Top view of coupon 2.

In contrast to coupon 1, the second technology tested employs
exposed interconnects as shown in Fig. 3. The cells on the coupon
(termed coupon 2 in this paper) are mounted on top of a thin
Kapton film (a few thousandths of an inch). The film in turn
rests on top of a rigid structure formed from graphite sheets with
an aluminum honeycomb structure in the middle, as shown in
Fig. 4a. The solar cells of coupon 2 are representative of the newer,
more efficient advanced-triple-junction technologies that utilize in-
dium/gallium/arsenide/germanium semiconducting materials. Each
cell is rectangular in shape and has the dimensions 0.038 x 0.064 m.
A variant of this version (termed coupon 3 in this paper) that can
offer significant increase in solar-array output is the technology
with concentrators, as shown in Fig. 4b. The concentrator (the tri-
angular shape located between the two photovoltaic modules in
Fig. 4) is made of thin metallized dielectric film. The test results
presented here focus on the base technologies, namely, coupons
1 and 2; however, arc threshold voltages are also presented for
coupon 3.

Individual “mock cells,” not part of any of the designs just de-
scribed, have also been tested in various arrangements. The cells
are geometrically similar to the ISS cells. However, each cell is
made of copper instead of the semiconducting material used in the
ISS coupon. The main goal behind the mock cell tests was to assess
(with relative ease) the effects of different geometrical arrangements
of the cells on arcing.

Regardless of the particular test coupon used, each sample shared
some common characteristics as illustrated in Fig. 5. First, all sam-
ples shared the same Kapton film on top of their substrates (except
for the last case to be described later). Second, there was no en-
capsulation of the solar cells, that is, the semiconductor sides were
exposed to the plasma, and, third, silica-based dielectric material
(coverglass) was layered on top of all solar cells as shown in Fig. 5.
In coupon 1 and the test (or mock) cells the coverglass sheet over-
hung by a few mils (1 mil=1/1000 in.) beyond the cell material.
There was no coverglass overhang in coupons 2 or 3.

The vacuum chamber employed for the experiments is cylindrical
inshape with a 1.22 minside diameter and a useable length of 1.73 m.
The chamber is a diffusion pumped chamber with liquid-nitrogen
traps above each pump and typical base pressure of 5 x 1077 torr.
Mounted on one end of the chamber is a hollow cathode plasma
source that operated with argon gas. The “keeper” electrode on
the source was grounded to reduce the electric field interaction
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between the biased samples and the emitter in the source. At a typ-
ical operating pressure in the chamber of 8 x 107> torr, the plasma
source generated a plasma with particle density of 5-10 x 10° cm =3,
electron temperature 0.5—1 eV, and plasma potential of about —20 V.
All plasma parameters were measured with a gold-coated aluminum
spherical Langmuir probe, which was coplanar with the solar-array
samples. Figure 6 is a representative drawing of the chamber and
equipment used for the experiments.

Two basic electric circuits were produced for biasing the coupons
and diagnosing their interactions with the plasma. The first circuit
was configured to generate and measure trigger arcs; the second was
designed for sustained arcs. Figure 7 depicts a simplified picture of
the trigger arc circuit. A key component to this circuit is the capaci-
tor. Because of obvious vacuum chamber size constraints, it was not
possible to test full-size solar arrays, which have a significant self-
capacitance. Therefore, to appropriately simulate the capacitance
of a full array, while only using a small sample, an external capaci-
tance was added to the circuit. A value of 1 microfarad was chosen
based on the two sample missions referenced in the D2HET pro-
gram, namely, the Deep Space-1 (DS-1) and EXPRESS missions. "
The capacitor was connected to the charging power supply via a
large resistor (500,000 ohms). This resistor was placed to decouple
the power supply from the arc event. In this arrangement, once an
arc occurred, the power supply only contributed a very small cur-
rent to the arc. Energy to the arc was therefore fed strictly from the
capacitor (and the applied voltage), which closely simulates how
such an event would evolve on orbit.
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Fig. 4 Side view of coupon 3 showing concentrator.
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Figure 8 illustrates a simplified version of the sustained arc circuit.
The main distinction between the two circuits (Figs. 7 and 8) is the
addition of a second power supply in the second circuit (Fig. 8).
This power supply was a dc power supply (Sorensen DCR 300-6B).
This second power supply is added to provide a differential voltage
between adjacent cells. The voltage drop emulates the potential
difference that can exist in a flight solar array between adjacent

cells located along a string.
Cell A Cell B

PS2 Rb

— (%)
SN0

[l

Fig. 8 Schematic drawing of the basic components in the sustained-arc
circuit.

The data-acquisition methodology remained fairly unchanged
throughout all of the tests. A personal computer equipped with a
data-acquisition card and an IEEE-488 card was operated to facili-
tate the tests. A program was written to control the data-acquisition
system. The program set the power supply voltages, controlled all of
the switches in the circuit, detected the occurrence of an arc, shut off
the power supplies, and transferred the data from the digital storage
oscilloscopes. Figure 9 is a more detailed representation of the sus-
tained arc circuit and pertinent equipment employed during the tests.

Test Results

The first tests conducted on each of the array coupons aimed to
record trigger arcs and identify a regime of operation under which
the arc rate was significantly reduced. For these tests, all of the cells
on a sample were connected together and biased at the same voltage
using the trigger arc circuit just described. An example of a trigger-
arc voltage and current waveform is shown in Figs. 10 and 11 from
coupons 1 and 2, respectively. Although the individual waveforms
are of interest, the focus of the trigger-arc testing was to determine
the trigger-arc threshold voltage for each array sample. “Threshold”
in the present investigation is defined loosely as the bias voltage
below which the coupon in question did not arc for more than one
hour. It is therefore recognized that the trigger-arc threshold results
presented herein provide only a direction for significantly reducing
the arc rate; not to eliminate completely the possibility of arcing
under real space conditions. To determine the trigger-arc threshold,
the procedure shown in Fig. 12 was followed. The results of the
threshold testing for the different array samples are tabulated in
Tables 1-3.
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Fig. 9 Detailed schematic of the sustained-arc circuit.
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To simulate conditions under which sustained arcing could occur,
a differential voltage was applied between cells. The array wiring
was modified so that two cells (or strings) could be electrically sep-

Table 1 Trigger-arc threshold test
results for coupon 1

arated, as shown in Fig. 8. To generate the short discharges that é(ﬁg;dv bgglrzzipﬁ?n
typically trigger the prolonged discharges between cells, the ca- ’ ’
pacitor was charged to a voltage that is well above the trigger-arc Day I test
threshold voltage (typically less than —700 to —500 V). Initially, —igg (l)é;g
the differential power supply was set to a low voltage and then —400 24985
" : : : : -350 60
—360 60.001
. 30fF - —370 49.416
é Day 2 test
2 20F 1 —400 9.981
§ <— Arc Current —350 60.001
= - —360 60.001
= —370 10.979
5 0 —400 27.474
5 - T 1':'”: l| '| [T —350 60.001
2 "I ] —360 34.361
<
B
;30 —20 ™ ‘«—— Capacitor Voltage/10 7]
=3
>
-30 — Table 2 Trigger-arc threshold
test results for coupon 2
_ i I I 1
40 0 20 40 60 80 100 Applied Time elapsed
Time (microseconds) voltage, V before arc, min
— Capacitor Voltage/10 (volts)
— Arc Current (amps) Day 1 test
—400 1.059
Fig. 10 Typical trigger-arc waveforms associated with coupon 1. -350 0.507
—-300 19.618
40 , , . , ~250 28.504
—200 60.001
20 . 210 24.885
<«—— Arc Current Day 2 test
20 —250 12.636
—200 60.001
10 -210 54.448

Voltage and Current (volts and amps)

Fig.

<«—— Capacitor
20 Voltage/10

=30
Shot No. 040703140438

| | |
0 40 60 80 100
Time (microseconds)
— Capacitor Voltage/10 (volts)
— Arc Current (amps)

—40
0

|
2

11 Typical trigger-arc waveforms associated with coupon 2.

Table 3 Trigger-arc threshold

test results for coupon 3: day-1 test

Arc NOT detected

\ 4

Reduce PS1 voltage by 10V
(e.g. from 200V to -210V)

Applied Time elapsed
voltage, V before arc, min
—400 0.013
—350 0.024
—300 0.059
—250 0.266
—200 60.001
—-210 0.874
Set PS1 voltage at —-800V and | Arc detected
wait for 1 hr or until arc occurs
5 Y
Record time

A

Wait for 1 hr or until

Are NOT detected arc oceurs

elapsed before arc
occurred

Arec detected \
Increase PS1
voltage by S0V
(e.g. from —-800V

A4 t0—750V)

Reduce PS1
voltage by 10V
(e.g. from =210V

Record time elapsed
before arc occurred

to -220V)

A

Record threshold voltage

Fig. 12

Procedure used to determine the arc threshold voltage.
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Fig. 14 Typical sustained-arc waveforms associated with coupon 2.

increased until a sustained arc occurred. It is noted that a resistor R,
was placed in series with the differential power supply. This resistor
was used to control the maximum current available to the arc. The
resistance was changed based on the voltage level of the differential
power supply. In most cases the circuit was limited to less than
3 amps of current flow between cells. Typical current and voltage
waveforms associated with sustained arcs occurring on coupons 1
and 2 are shown in Figs. 13 and 14, respectively. (No sustained arcs
were generated on coupon 3. Presumably this is because of the large
separation between cells necessary to accommodate the triangular
reflector.) In both Figs. 13 and 14, the differential voltage stays
constant even during the arc event. This is because the measurement
of the voltage was made across the PS2 power supply and not across
the cell gap (see the schematic shown in Fig. 9). However, as is
described next, the arc voltage across the gap was determined based
on the measured arc current and the known resistance in the circuit.

By limiting the current and voltage in the differential circuit, it was
possible to examine sustained arc thresholds as a function of voltage,
current, and power (voltage x current). Specifically, to determine
the voltage drop V,, across, and the power available P,., in each
recorded arc the sustained current /; was averaged from the pulse
signal (e.g., Figs. 13 and 14), between the time that sustainment
began (i.e., upon end of the trigger arc) until the arc was abruptly
quenched. This steady-state value was then used to estimate V,, and
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Fig. 15 Results of sustained-arc testing on coupon 1. Limits on the
generation of a sustained arc are shown.
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Fig. 16 Results of sustained-arc testing on coupon 2. Limits on the
generation of a sustained arc are shown.

P, as follows:

Vp = Vpsz — IRy, Py = Isvp 1)
where Vps; is the voltage applied by power supply PS2 and R, is
the value of the current-limiting resistor (Fig. 9). Figures 15 and 16
summarize the results of the sustained-arc tests for coupons 1 and
2, respectively.

It is possible that material from solar-cell components can play a
significant role in the sustainment of the discharge across adjacent
cells. For example, itis possible that heating of the substrate material
leads to the release of neutral particles from the surface, through
evaporation or even ablation. Depending on the rate with which these
neutrals are released into the discharge, the local ionization rate,
and the rate with which electrons are released from the conducting
materials, the duration of the arc can change significantly. The role
of the substrate material in particular is not well understood. In
view of the relative ease with which different substrate materials
can be substituted, a simple test was conducted by using the mock
cells. A mock cell setup was constructed that had two cells mounted
“flat” against the Kapton substrate, similar to the cell arrangement of
coupon 1. In addition, two mock cells were elevated 5 cm above the
Kapton substrate to emulate a cell pair without a substrate. A side
view of this solar-array sample is shown in Fig. 17. Sustained-arc
tests were conducted on the samples, and the arc duration between
the flat cells and the elevated cells is compared in Fig. 18. In this
figure it is evident that the elevated cells sustained arcs for a longer
period of time than the flat cells. In some cases the elevated cells
(no substrate) maintained an arc for a time period that was more
than an order of magnitude longer than the flat cells. The results
provide an indication that it might be possible to minimize the arc
duration by choosing a substrate material that will “quench” the arc.
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Fig. 17 Picture of the mock array coupon.

40.5

141.5

(o]

44

Case
I
N
S

[ w/o Substrate - PS2 @ 200 V
[ ] w/oSubstrate - PS2 @ 225 V
[ ] w Substrate - PS2 @ 200 V
w/ Substrate - PS2 @ 225 V

0 10 20 30 40 50
Time sustained (msec)

Fig. 18 Results of sustained-arc tests using the mock array coupon.

The possibility of controlling arc duration by choice of substrate
materials would indeed be an attractive mitigation technique as it
would be relatively easy to implement and could therefore reduce
cost and risk for spacecraft manufacturers.

Conclusions

An experimental investigation has been conducted on solar-array
samples to identify existing technologies that are most promising for
direct-drive electric propulsion applications. The tests focused on
the response of the arrays under operating conditions that promote
arcing (negative bias). Hundreds of arc events were recorded during
the tests. The results have been used to compare the capacity of two
mainstream technologies to operate safely at high voltages, with sig-
nificantly reduced or nonexistent chance for damage by sustained
arcing. Voltage, current, and power limits have been identified. The
test results yielded relatively low arcing thresholds for both tech-
nologies. If adjacent cells are not designed to operate below the
sustained-arcing threshold, then arcs can lead to permanent damage
of the array. Encapsulation can be used to eliminate arcs, but at a
cost. Alternatively, it might be possible to decrease the likelihood of
an arc occurring simply by changing the geometric layout of the cells
in an existing solar array technology. Specifically, the cells could

be arranged to minimize the occurrence of large voltage differences
between cells in different strings. In addition, where large differ-
ential voltages do exist, the coverglass could be extended to cover
the gap between strings. The additional coverglass will provide a
physical barrier to the plasma particles. When plasma particles are
stopped from entering the gap, arc initiation is eliminated. Although
extending the coverglass has the same effect as encapsulation, with
proper cell layout it is only necessary to extend the cover glass in
specific areas and not over the entire array. The coverglass should be
extended only over gaps between cells that have a high differential
voltage and are therefore susceptible to sustained arcs.
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