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Laboratory Tests on 110-Volt Solar Arrays in Simulated
Geosynchronous Orbit Environment
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Engineering Test Satellite VIII will be the � rst Japanese geosynchronousorbit satellite to have110-V satellite bus
voltage, and its solar arrays will generate the electricity at 110 V once it is launched in 2004. Laboratory tests on
chargingandarcing of theEngineeringTest SatelliteVIII solararraysare carried outina simulatedgeosynchronous
orbit environment irradiating a solar array test coupon with an electron beam in a vacuum chamber. The concept
of inverted potential gradient between the coverglass and the interconnector is veri� ed experimentally. Arcs are
observed once the potential difference exceeds approximately 400 V. It is con� rmed that the sustained arc does not
occur between the adjacent array strings as long as silicon rubber grouts the gap between the strings. Another type
of sustained arc is observed between the array strings and the aluminum honeycomb substrate through defect on
the Kapton®® sheet. Based on the test results, modi� cation of the array design is possible.

Nomenclature
C = capacitance,F
IB = current to string B, A
IG = current to string G, A
Imax = maximum current provided by � oating power supply, A
I p = negative peak value of langmuir probe signal, A
IR = current to string R, A
R = resistance,Ä
Va = bias voltage by � oating power supply, V
Vb = array bias voltage with respect to the chamber ground, V
1V = differential voltage between coverglass and

interconnector,V
Áa = array potential, V
Ácg = coverglass potential, V
Áic = interconnectorpotential, V

Introduction

S INCE the past decade, the power level of geosynchronous
Earth orbit (GEO) satelliteshas increaseddramaticallyto nearly

10kW to respondto the demand for carryingmore transponderswith
one satellite. To manage the large amount of power ef� ciently, the
satellite bus voltage has increased to 100 V. Nowadays many U.S.
commercial satellites employ solar arrays that generate electricity
at 100 V. The National Space Development Agency (NASDA) of
Japan plans to launch Engineering Test Satellite VIII (ETS-VIII)
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in 2004. Figure 1 shows an overview of ETS-VIII in orbit. ETS-
VIII is a 3-ton class GEO satellite, and the lifetime is 10 years. In
ETS-VIII, new technologies such as high-voltage bus technology
(110 V) and large-scale deployable re� ector (LDR) made of gold
mesh are introduced to establish and verify the technology for fu-
ture large-scale spacecraft systems. The development of ETS-VIII
solar arrays demands careful considerationof the issue of differen-
tial charging caused by geomagnetic substorm. Arcing on the solar
arrays of ETS-VIII must be studied at the design stage of arrays
both theoretically and experimentally.

Arcing on a high-voltagesolar array has been studied extensively
in the low-Earth-orbit(LEO) environment(Refs. 1–3 and references
therein). In LEO, the negativeend of a solar arraysusuallyhas a neg-
ative potential, comparable to the array output voltage,with respect
to the surrounding plasma. Once the array becomes negative to the
plasma, its coverglass is charged by positive ions. The � eld inten-
si� cation at the so-called triple junction, where vacuum, conductor
(interconnector), and insulator (coverglass) meet, leads to arcing.
In GEO, the issue of arcing on a high-voltage solar array has been
neglected because the plasma density is lower than LEO by � ve or
six orders of magnitude. In GEO, when a satellite receives sunlight,
its charging is dominatedby photoelectrons.As long as the satellite
surface is well illuminatedunder the quiet condition, the photoelec-
trons keep the satellite potential within a few electron volts from
the plasma potential. The insulator surface, such as coverglass, has
the similar potential. Because the negative end of the solar array
is connected to the satellite body that works as the circuit ground,
solar array interconnectorshave positive potentials with respect to
the surrounding plasma.

When a part of the insulator surface is shadowed, its insulator
surface can have highly negative potential of approximately 10 kV
(Ref. 4), and a large potential difference between the satellite body
and the insulator surface can lead to electrostatic discharge. This
phenomenon is known as differentialcharging,and mitigation tech-
niques were developed and implemented in the 1980s (Ref. 5). For
the case of differentialcharging, the insulator surface is more nega-
tive than the satellitepotential.For the case of the solar array arcing,
however, the coverglass potential is less negative than the nearby
conductor (interconnector) potential. This potential gradient does
not occur under the normal condition.Therefore, this potential gra-
dient is sometimes called an inverted potential gradient.

Even though it is rare, the inverted potential gradient can oc-
cur if certain conditions are met. When a satellite encounters a
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Fig. 1 ETS-VIII satellite in orbit.

geomagnetic substorm, the current due to high-energy electrons in-
creases and sometimes exceeds the current due to photoelectrons.6

Then the potentialsof the satellitebodyand the insulatorsurfacecan
become negative. Because of the difference of the secondary elec-
tron emission coef� cients, the insulator potential may drop more
slowly than the satellite body. During that process, the inverted po-
tential gradient may occur at some parts of solar array surface. As
the potential difference builds up between the coverglass and the
interconnector, an arc may occur. Because a substorm is a natural
phenomenon, arcs due to an inverted potential gradient on a solar
array probablyhave occurredthroughthe past decades.The arcs just
have been unnoticed or mixed with other electrostatic discharges.
Even if an arc occurs, as long as it ends as a single pulse with a
small amount of the total energy release, it causes little harm. In this
paper, we call this single pulse of arc the trigger arc. The trigger
arc on a GEO satellite has attracted little attention while the power
generated by each array string is low. However, the risk of one trig-
ger arc growing to a catastrophic arc receiving the energy from the
array itself has increased recently as the power level of solar array
has increased.

TEMPO-2 satellite experienced the permanent loss of a signi� -
cant fraction (20%) of solar array output power when a severe sub-
storm hits the satellite in 1997. Katz et al.6 attributed the failure to
an arc on solar array under the invertedpotentialgradient condition.
First, an arc occurred between adjacent array strings with different
potential and short circuited the two strings. Then, the array output
power of the two strings fed the energy to the arc plasma. The arc
current kept � owing, and the underlying Kapton® insulation layer
was thermally broken, leading to the short circuit between the array
strings and the substrate. In the present paper, we call this type of
sustained arc an interstring sustained arc.

Another anomaly probably related with an arc under the inverted
potential gradient condition is a sustained arc between the inter-
connectors and the panel structure, possibly through a insulation
defect in the Kapton substrateon which the solar cells are mounted.
MARCES-A and ECS-1 experienced partial loss of power, which
was attributed to the short circuit between the array and the panel
structure through a damaged Kapton sheet.7 There are several ways
for Kapton to be damaged, such as accidentalscars caused by work-
manship during cell repairing process on the ground or the impact
by meteoroids and debris in orbit. Once an arc occurred at the in-
terconnector of the array near the damaged Kapton, a current path
may havebeen formed between the interconnectorand the substrate
through the damaged portionof the Kapton and led to a short circuit
between the interconnector and the substrate and the resultant loss
of the power system.7 We call this type of sustained arc a string–
substrate sustained arc in this paper.

Intensive tests were carried out to reproduce the string–substrate
sustained arc in laboratory tests. Bogus et al.7 applied a voltage
between 40 and 80 V on 25 ¹m of a punctured Kapton and carbon
� ber sheet and observed the sustained arc. In Ref. 7, the voltage
across the Kapton sheetwas applied externally,probablyby a pairof
electrodes.Levy et al.8 tried to cause the sustainedarc by constantly

irradiating a solar array coupon with an electron beam. They used
a test coupon with no intentional damage in� icted. Trigger arcs
were observed, but with the potential difference of as high as 60 V
between the string and substrate, the series of trigger arcs did not
provoke the string–substrate sustained arc. In the present study, we
use a test coupon on which damages are made intentionally and a
coupon without any damage. Also the string–substrate voltage is
110 V, considering the maximum potential difference for ETS-VIII
employinga 110-V bus voltage compared to the European satellites
employing 50-V bus voltage.

The analysis of the surface potentials of the insulating coverglass
and the spacecraft body at different positions in GEO orbit such
as dawn, noon, midnight (at eclipse), and at the exit of eclipse has
been carried out using NASCAP/GEO.9 The results indicate that
at the local morning (0600 hr) the potential difference between the
coverglass and the conductive body is as high as 1.2 kV. At noon,
the absolute potential of the spacecraft body becomes very close
to the space plasma potential, and the charging on the coverglass
is very low because the photoemission current from LDR is very
large. At midnight, a maximum potentialdifferenceof about 2.9 kV
is possiblebetween the surface of the coverglassand the conductive
body of the satellite. At the exit of the eclipse, the potential of the
satellite body is very close to 0 V. The analysis by NASCAP/GEO
strongly depends on the secondary electron coef� cient of the cov-
erglass. Reducing the maximum secondary electron yield by half
results in the potential difference of 500 V, instead of 1.2 kV, at the
local morning. To avoid the uncertainty associated with the mate-
rial property data, the secondary electron yield of ZrO2 , the coating
material of coverglass, was measured by Kawakita et al.10

In this report, we present the experimental studies on the test of
solar arrays of the ETS-VIII in a simulated GEO environmentwith
electron beam exposure on the array surface. We focus our tests on
the inverted potential gradient condition. First, we verify whether
the inverted potential gradient is possible by irradiating solar array
by an electronbeam, where the array is completely� oating from the
chamber ground.Then, we carry out the experiment by creating the
invertedpotentialgradientby biasing the array to a high negativepo-
tential (of the order of magnitude of kilovolts) using a high-voltage
power supply and making the potentialof the coverglassof the array
less negative.We examine the triggerarc inceptionon the solar array
at the inverted potential gradient and � nd the threshold voltage for
the trigger arc initiation.

We also examine whether the interstring sustained arc occurs
between adjacent cells of the array at the potential difference of
55 V with a current capability of 2.64 A, which is the maximum
conditionof ETS-VIII. In the ground-basedexperiments,we cannot
test the full string of solar array of the satellite.Therefore,we insert
the additionalcapacitanceinto the test system to increase the energy
release and to examine whether that condition leads to the sustained
arc. To study the string–substrate sustained arc, we intentionally
damage the Kapton insulating� lm on which solar cells are mounted
and examine whether the string–substrate sustained arc occurs or
not. We also test a healthycouponand examinewhether the repeated
trigger arcs lead to the damage to the Kapton sheet and the string–
substrate sustained arc. Finally, we propose the modi� cation of the
array design.

We � rst describe the laboratory experiments, which simulate the
interactionof solar arraywith the chargingenvironmentofGEO. We
then present the results of the laboratory tests. Finally, we conclude
with suggestions of future work.

Experiment
Vacuum Chamber and Electron Beam

Figure 2 shows the diagramof the experimentalsetup. The length
and diameter of the stainless-steelvacuumchamber are 1.2 and 1 m,
respectively.The subchamber of 0.4-m length and diameter is con-
nected to the main chamber through a gate valve. To simulate the
operational temperature of 40±C at GEO, we use infrared lamps in-
side the chamber. The solar array test coupon is placed inside the
chamber so that its face is parallel to the chamber axis. The provi-
sion is made to connect the different stringsof the array to the � ange
of the chamber, through which all of the electrical connections to



CHO ET AL. 213

Fig. 2 Schematic of experimental setup.

Fig. 3 Distribution of potential on the solar array surface.

the array are made. The thermocoupleis attached at the backsideof
the array to monitor the temperature of the array, and it is also con-
nected to the � ange. The background neutral density during the ex-
periment is between 4:0 £ 1016 and 1:4 £ 1017 m¡3. In other words,
the backgroundpressure is between 1:2 £ 10¡6 and 4:3 £ 10¡6 torr.
The neutral density is higher than the values expected for typical
on-orbit (GEO) conditions,At the extremely worst condition, how-
ever, the neutral density near the ETS-VIII array increases to on the
orderof magnitudeof 1018 m¡3, when the solar array is downstream
of the 22-N thruster for east–west control at an angle of 45 deg.

Electron beam irradiation on the solar array surface to study the
charging phenomenon is a well-known technique to simulate GEO
conditions in ground-basedexperiments, for example, Refs. 11–13.
The electron gun, which is capable of producing electron beam of
energy up to 30 kV, is � xed at the vacuum chamber. The electron
beam has a half-width of approximately 5 cm at the array position.
At an energy of 2.5 kV, the beam current density is in the range of
30 ¹A/m2 and is about 3 mA/m2 at 15 kV at the array potion.

The potential at the surface of the array is measured using a non-
contacting surface potential probe. The probe is capableof measur-
ing the potential in the range of §20 kV. To measure the accurate
value of the surface potentialof the coverglass, the gap between the
solar array surface and the surface potentialprobe surface is � xed at
5 mm. Every time before starting the experiments,we align the dis-
tancebetweenthe array and the surfacepotentialprobesurfaceusing
an He–Ne laser beam. In Fig. 3, we show an example of potential
distribution along the solar array surface, when the beam energy is
2.5 kV and the sample is biased to ¡2.0 kV. The potentialprobe was
scanned along string B. Typical errors associated with the surface
potential measurement are less than 30 V. This measurement was
made when arcing occurrencewas relativelyquiet. It is seen that the
surface is uniformly charged within §100 V over the distance of
15 cm. The output of the surface potentialprobe is connected to the
chart recorder to record the time dependencyof surface potentialof
the coverglass on the chart paper. We place an aluminum langmuir
probe of 3-cm diam inside the chamber to measure the scale of dis-
charge current by measuring the voltage across the 10-kÄ resistor
using a passive probe (10:1). Once an arc occurs at the array, the

Fig. 4 Layout of ETS-VIII solar array strings.

Fig. 5 Photograph of solar array coupon used in experiment.

electrons are ejected and collected by the langmuir probe. Arc po-
sitions on the solar arrays are identi� ed using the images taken by
a digital video camera.

Solar Array Coupon
The ETS-VIII has 88 strings (two wings), each with 262 Si inte-

grated bypass function solar cells. Each string produces the output
voltage of 110 V and is placed as 4 rows of 66 cells. Two parallel
stringsare connectedin the harnesswith a blockdiodeat the positive
end in the power control unit. The gaps between adjacent cells are
potted with nonconductiveroom temperature vulcanization (RTV)
silicon adhesive. Each string will produce approximately 1.32-A
current in the predicted maximum conditions such as noon, begin-
ning of life, and others.The ETS-VIII array layouthas adjacentcells
with 55-V maximum potential difference with the maximum cur-
rent capability of 2.64 A. The layout of two array strings is shown
in Fig. 4. The cover glass will be made of blue red re� ection (BRR)/
s-0213 with the thickness of 100 ¹m, and the coating of oxidized
zirconium (ZrO2). The capacitance value of the coverglass and the
adhesive of one string (262 cells) of the solar array is 180 nF. ETS-
VIII consists of two wings of solar arrays. Each wing has 44 array
strings and 8-¹F coverglass capacitance.

A photographof the solar array couponused for the presentstudy
is shown in Fig. 5. The test couponshave been made using the same
procedureas the � ight product.We have made 11 such test coupons.
Five coupons represent pre-1997 design, where no RTV grouting
betweenstringswas made. Six couponsrepresentafter-1997design,
where RTV grouting was made. In the present paper, we report
the tests only on the coupons with RTV grouting. In another test
in plasma environment,14 the coupons without RTV grouting have
been also used.
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Table 1 Experimental parameters

Beam Array External Neutral
energy, bias, capacitance, density,

Case no Purpose kV kV nF 1017 m¡3

1 Inverted potential 15 NA NA 1.1
gradient

2 Arc inception 2.5–4.5 ¡2– ¡3 1 0.54
threshold

3 Arc current 3–5 ¡0.95 20 0.99
4 Interstring 2.4–3.5 ¡1.4 180–1800 0.87–1.4

sustained arc
5 String–substrate 4–5 ¡3 200 1.1

sustained arc

Fig. 6 Cross-sectional view of the array used in the experiments and
thickness of each component.

The solar array coupon contains three strings, and we call the
stringsR, B and G, respectively.Each stringconsistedof � ve Si cells
(3:5 £ 7 cm each) of thicknessof 100 ¹m. The cells are mounted on
the Kapton substrate of thickness of 50 ¹m having the capacitance
of 60 pF per cell. The Kapton � lm is mounted on a carbon � ber-
reinforcedplastic (CFRP) face sheet substrate (0.1 mm thick) on the
top of aluminum honeycomb plate (2.5 cm thick).

The solar array string terminals are connected to the cables
through the bus bars, which are coated with RTV. The cable of each
string is shortenedand connectedto the high-voltagefeed throughat
the chamber wall. Figure 6 shows a schematic of the cross-sectional
view of an array string. The thicknessof the each component is also
given in Fig. 6.

No special treatment on the array surface is done after the ar-
ray coupons have been shipped from the factory to the laboratory.
Each time an array coupon is exposed to atmosphere, the coupon
is baked at a constant temperature of 70 § 1±C at least for 2 h
in vacuum (<10¡4 torr). Then, to remove the residual charge on
the array surface, Xe plasma of density »1011 m¡3 made by the
plasma source placed at the subchamber is introducedinto the main
chamber. The insulator surface potential quickly reaches near zero
potential < §30 V within 10 s. The array temperature during the
experiment is kept at 40 § 1±C.

Experimental Setup
In Table 1, we list the parameters and setting of each case of the

experiment. In Fig. 7, we show the diagram of experimental circuit
used for each case. The purpose of the � rst case is to verify the con-
cept of the inverted potential gradient on the solar array, where the
entire array coupon is � oating from the chamber ground. We con-
nect strings R, B, and G of the array and the substrate to the same
potentialÁic, as shown in Fig. 7a. We measure the structurepotential
Áic and the potentialat the surfaceof the coverglass,Ácg. In this case,
the structure potential is the same as that of potential of the inter-
connector. In real spacecraft, the exposed conductingsurface that is
usuallyconnectedto the satellitebodyhasa largeareacomparableor
larger than the total area of the solar array coverglass. The exposed
conductingsurface consists not only of exposed interconnectorsbut
also of much larger radiator, thermal blanket, or antenna. To give a
large collection area to the interconnectorand the structure, we at-
tach a copper plate of 23.6-cm length and 6 cm-width to the side
of the solar array, so that it makes contact with the substrate of the
array.

a) Case 1

b) Case 2: R = 10 MÄ, Vb = ¡2 »¡3 kV, and C = 1 nF

c) Case 3: R = 100 kÄ, Vb = ¡950 V, and C = 20 nF

d) Case 4: R = 10 MÄ, Vb = ¡1.4 kV, and Va = 55 V

e) Case 5: R = 10 MÄ, Vb = ¡3 kV, Va = 110 V, and
C = 200 nF

Fig. 7 Circuit setup for each case listed in Table 1.
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Fig. 8 Photograph of solar array attached with copper plate to in-
crease conductive area simulating spacecraft body for case 1 experi-
ment.

A photographof the solar array with the copper plate is shown in
Fig. 8. The copperplateand the substrateare � oating from thecham-
ber ground. The center of electron beam (15 kV) and the position
of surface potential probe are also shown in Fig. 8. The structure
potential Áic and the surface potential of the coverglass, Ácg, are
measured by the surface potential probe at the copper plate and the
array surface, respectively.We irradiated the array coupon using an
electron beam, so that the beam spot falls on both the copper plate
and the array surface as also shown in Fig. 8. The surface potential
probe is placed at one particular place in front of the copper plate,
that is, 4 cm from the edge of the copper plate, to measure the po-
tential of the body surface. The surface potential of the coverglass
is measured by placing the surface potential probe in front of string
G at 2.5 cm from the edge of the string. The output of the sur-
face potential probe is connected to the chart recorder to record the
time-varyingpotentialof the structureand the coverglass.Through-
out the experiment case 1, the surface probe is always operating,
even before the electron beam is turned on and while the beam is
running.

The threshold potential difference for arc initiation between the
coverglassand the interconnectoris measured in case 2. The circuit
setup is shown in Fig. 7b. We place the surface potentialprobe at the
center of string R of the array.We bias the solar array to a high nega-
tive potential from ¡2 to ¡3 kV using a high-voltagepower supply,
connected through a 10-MÄ resistor. We use 1 nF as the external
circuit because the voltage limit of this capacitor is very high (up
to 50 kV), for the same reason we use 10-MÄ resistor. To identify
the arc position, the video images of array surface is recorded by
a digital video camera. The array potential Áa is measured using
a high-voltage (HV) probe. The HV probe and output of the sur-
face potential probe are connected to a four-channel oscilloscope
(100 MHz) that is triggered by the rise of the HV signal. During
the measurement, the surface potential probe is mostly � xed over a
coverglassat the center of the array coupon. The probe might block
some fraction (approximately10%) of the electronbeam coming to
the surface. Because the beam hits the surface obliquely, however,
the beam should be able to charge the coverglass surface. We have
scanned the array surface moving the probe and con� rmed that the
array surface has been uniformly charged as shown in Fig. 3.

The circuit setup for the arc inception phenomenon (case 3) is
shown in Fig. 7c. We bias the solar array sample at a negative bias
voltage of ¡950 V using a power supply connected to the array
through 100-kÄ resistor. We measure the currents to strings R, B,
and G, IR , IB , and IG , of the array using current probes. The array
potential Áa is monitored using the HV probe. The current probes
and the HV probe are connected to the oscilloscopethat is triggered
by the rise of HV probe signal. We use an external capacitance of
20 nF to give enough energy to each arc so that its optical signature
can be recorded by the video camera to identify the positionof each
arc.

Fig. 9 Interconnectors and °, positions of damage made on array
coupon.

Fig. 10 Magni� cation of sustained arc site before the experiment; po-
sition on array coupon shown in Fig. 9.

The circuit setup for the test of the interstring sustained arc phe-
nomenon (case 4) is shown in Fig. 7d. To simulate the potential
difference between the adjacent strings, we apply the potential dif-
ference Va of 55 V between the strings R and B using a � oating
power supply at the external circuit. The maximum current Imax to
� ow is limited to 2.64 A. The power supply works as a constant
voltage supply. However, at the time of a short circuit such as the
sustained arc, it works as a constant current supply with the maxi-
mum current limited to a preset value, 2.64 A for the present case.
We bias the solar array strings at ¡1.4 kV, Vb , using an HV power
supply. The bias voltage of ¡1.4 kV is chosen because the voltage
limit of each capacitance is 1.6 kV.

We insert an additionalcapacitance in the external circuit to sim-
ulate the capacitancevalue of several strings of the array, where the
energyreleaseof each arc is as high as 1.8 J. The arraypotentialÁa is
measured using an HV probe. We measure the scale of each arc via
the signal received by the langmuir probe and the video image. The
HV probe and the passive probe connected to the langmuir probe
are connected to the oscilloscope, which is triggered by the rise of
the HV probe signal.

In case 5, we study the string–substrate sustained arc formation
through the damaged Kapton insulator. We test two coupons. One
coupon has no obvious physical damage on the Kapton sheet. The
other has the damage on the Kapton substrate near the intercon-
nectors of strings B and R. The damage is made by scratching the
Kapton surfacefouror � ve times with a penknife.The pointsof dam-
age on the Kapton are shown in Fig. 9 and a magni� ed photograph
is shown in Fig. 10. The experimentalcircuit for the measurement is
shown in Fig. 7e.ETS-VIII arrayhas an outputvoltageof 110 V. The
interconnectorat the positive end of the array has a positive poten-
tial of 110 V with respect to the substrate, whose potential is equal
to the satellite body potential. To simulate the potential difference
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between the substrate and the positive end of the solar array string,
we apply the potentialdifferenceVa of 110 V between the substrate
and the three strings using the � oating power supply at the external
circuit. The maximum current Imax to � ow is limited to 2.64 A. We
bias the solar array strings to ¡3 kV, Vb using the HV power supply.
Bias voltage of ¡3 kV has been selected to give enough energy to
each arc. Because the voltage limit of the capacitor was ¡1.6 kV,
we used two pairs of 200-nF capacitance connected in series, and
one pair contains two capacitors connected in parallel.

Results and Discussion
Inverted Potential Gradient

Figure 11 shows the chart recorderdrawing of the potential mea-
sured using the surface potentialprobe at the coverglass surface and
the copper plate at the beam energy of 15 kV at the neutral density
of 1:1 £ 1017 m¡3 . Before the emission of the electron beam, the
potential at the surface of the copper plate was nearly 0 V. Once
we switched on the electron beam and the beam was emitted on
both the body and the coverglass, the potential of the body dropped
suddenly to about ¡9.0 kV within a second. This potential further
decreased gradually to ¡9.6 kV within 10 s after the beam was on,
and the potential remained almost the same up to 20 s. In this short
time, there were many trigger arcs on the array surface. The trigger
arcs appear as downward spikes in Fig. 11. When we moved the
surface potential probe in front of the coverglass of string G of
the array, the potential increased from ¡9.6 to ¡8.6 kV. Therefore,
the coverglasspotentialwas less negative than the interconnectorby
about 1 kV. This result is the � rst experimental veri� cation made in
a simulated GEO environment that the inverted potential gradient
condition really occurs if certain conditions are met.

Trigger Arc Inception
Producing the inverted potential gradient only by the electron

beam requires the array circuit to be � oating, which makes the mea-
surementdif� cult and dangerous.Therefore, for the rest of the paper
we produce the invertedpotentialgradientby biasing the solar array
circuit at a highly negative potential using an HV power supply at
the external circuit and irradiating the electron beam on the cov-
erglass surface so that it will emit secondary electrons and be less
negatively charged than the interconnector.

In Table 2 we list the differential voltagesbetween the coverglass
and interconnector when arcs occurred under various conditions.
Arcs were observed at the edge of solar cell, mostly interconnec-
tors, and theirpositionwere identi� edby thevideoimages.Although
arcs occurred on any edge of solar cell, in Table 2 we list only the
cases where the arc position was within 8 cm from the surface po-
tential probe, considering the small nonuniformity of the potential
distribution over the array surface. Arcs occurred when the differ-
ential voltage between the coverglass and interconnector reached
approximately 400 V. In Fig. 12, we show the transient of surface
potential probe signal and the array potential. For this example, the
arc occurred 8 cm away from the surface potential probe. It is clear
that, before the arc, there is potential difference of 380 V and that
the difference quickly decreases within 10 ¹s after arc onset. The

Fig. 11 Chart recorder of surface potential of the array and copper
plate measured using surface potential probe in case 1; electron beam
energy is 15 kV.

Table 2 List of differential voltages at the arc inception

Differential Distance from
Beam Array Coverglass voltage the surface
energy, potential Áa , potential Ácg , 1V D Ácg ¡ Áa , potential probe,
kV kV V V cm

2.5 ¡2 ¡1649 351 6.5
2.5 ¡2 ¡1639 361 7.0
2.5 ¡2 ¡1616 384 8.0
3.5 ¡2.5 ¡1235 1265 6.0
3.5 ¡2.5 ¡1730 770 7.0
2.5 ¡3 ¡660 2340 3.5
2.5 ¡3 ¡1000 2000 7.0
4.5 ¡3 ¡742 2258 7.0

Fig. 12 Example of waveforms of coverglass surface potential and ar-
ray potential at arc inception measured in the case 2 experiment.

NASCAP simulation9 predicted 2.9 kV during eclipse and 1.2 kV
during local morning as the maximum differentialvoltageunder the
worst substorm condition. The simulation, however, did not take
into account the trigger arc that could nullify the potential differ-
ence. When the large area of the real solar array, approximately
60 m2, compared to the test coupon, 0.037 m2 is considered, it is
possiblethat a triggerarcoccursat somepoint on thearraybefore the
potentialdifferencebuilds up to such a large value, larger than 1 kV.

Figure 13 shows the typical waveforms measured in the oscil-
loscope. In this case, the arc occurred at B string. Once an arc
occurs, the array potential increases due to the voltage drop across
the 100-kÄ resistance as shown in Fig. 13d. At the string where
the arc occurs, a positive current � ows from the string toward the
ground,which is calleddischargecurrent IB , the waveformof which
is shown in Fig. 13a. At the same time, negative currents IR and IG

are � owing from strings R and G of the array, which are called as
neutralizationcurrents, and those are shown in Figs. 13b and 13c.

Note fromFig. 13 that, once the arc occursat string B of the array,
the coverglassesof strings R and G are supplying energy to the arc
point. There is a current path between the arc point on string B and
the coverglasses on strings R and G through the arc plasma and
the external circuit. It is essentially RC discharge, where R is the
resistanceof arc plasma and C is the capacitance of the coverglass.
The charges stored in the coverglass before the arc is released and
supplied as a discharge current. The total charge � own in the arc
at string B shown in Fig. 13 is about 1:0 £ 10¡6 C. For an arc at
string B, the capacitance of the coverglass of the strings R and G
are supplying the energy. If both strings R and G are fully charged,
they can provide 6:5 £ 10¡6 C.

The coupling between the arc point and the coverglass capaci-
tance was previously observed in LEO plasma environment,15¡17

where the plasma and neutral densities were of the order of magni-
tude of 1011 and 1019 m¡3 , respectively.The current � ow shown in
Fig. 13 indicates that, even at low neutral density of 9:9 £ 1016 m¡3

and in the absence of ambient plasma environment, the coupling
between the arc site and the nearby coverglass occurs and that the
coverglasssupplies its energy to the arc. The electrical conductivity
of the ambient plasma is much lower than LEO environmentfor the
present case. Once an arc occurs, the arc plasma provides the neces-
sary conductivity.Therefore, once an arc occurs due to the inverted
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a)

b)

c)

d)

Fig. 13 Measurement at arc inception in case 3 experiment example
of typical waveforms: a) discharge current, b) string R neutralization
current, c) string G neutralization current, and d) array potential.

potential gradient, the growth mechanism of the arc plasma is the
same as in LEO environment,although its extentmight be different.
A similar phenomenon has been also observed recently in Ref. 13
in a simulated GEO environment.

Interstring Sustained Arc
A pulse of the arc discussed in the preceding section may trigger

the sustained arc between the solar cells at a large potential differ-
ence. As noted earlier, the arc plasma � rst grows by receiving the
energy stored on the coverglass as electrostatic energy. For a given
set of the potential difference and the distance between two strings,
whether a triggerarc plasma makes the transitionto the sustainedarc
probablydependson the initial conductivitywhen it bridges the two
strings.That conductivityis determinedby the energy,which the arc
plasma receives from the coverglass capacitance. Before we carry
out the test on the sustained arc, how many coverglasses contribute
to the growth of arc must be known to de� ne adequateexperimental
conditions. In a laboratory experiment, the coverglass capacitance
is usually simulated by inserting capacitance into the external cir-
cuit because the size of a vacuum chamber limits the number of
solar cells placed inside the vacuum. The amount of capacitance,
however, is still a topic of ongoing controversy,mostly because no
one has yet demonstrated experimentally how many coverglasses
are involved in one trigger arc in a GEO environment. In a LEO en-
vironment, an experimentby Cho et al.17 has shown that one trigger
arc in� uences the coverglass within a 4-m distance. However, in a
GEO environment,where the ambient plasma conductivity is many
orders of magnitude smaller than a LEO environment, the number
derived in Ref. 17 only serves as a reference regarding the upper
bound on the capacitance value.

In the present study, we have chosen to increase the external
capacitance from 180 to 1800 nF step-by-stepuntil we see the sus-

a)

b)

c)

Fig. 14 Arc inception measured in case 4 experiment exampleof wave-
forms of a) current to the lagmuirprobe, b) coverglass surface potential,
and c) array potential.

tained arc. The value of 180 nF has been chosen because one string
of the ETS-VIII solar array has a capacitance of 180 nF. We biased
the array to ¡1.4 kV. Then the capacitance of 1800 nF can provide
an arc energy of 1.8 J. From the result of the case 2 experiment, a
trigger arc can occur when the differential voltage of 400 V is built
up between the coverglass and the cell. ETS-VIII has two wings of
solar arraywith a capacitanceof 8 ¹F per wing. If the two full wings
supplies energy to the arc at the differential potential 1V of 400 V
between the body and the coverglass, the energy release is about
1.3 J. Therefore, if we do not see the sustained arc up to 1800 nF,
we can conclude that the sustained arc will not occur even at worst
case in orbit.

Figure 14 shows the typical waveforms measured in the case
4 experiment at the external capacitance of 360 nF at the neutral
density of 1:1 £ 1017 m¡3 . In Fig. 14, the beam energy is 3.2 kV. The
probe current measured as the voltage across the 10-kÄ resistor is
shown in Fig. 14a. Once an arc occurs at the array surface, electrons
are ejected and are collected by the probe, showing the negative
signal. Surface potential of the coverglass Ácg measured using the
surface potential probe over the second cell from the right of string
B is shown in Fig. 14b. The bias potential Áa is shown in Fig. 14c.
The probe signal and the video images are used to infer the scale
of each arc. The langmuir probe output indicates that a signi� cant
number of electrons is ejected. The probe is located approximately
40 cm from the array surface. When it is assumed that electrons are
ejected semispherically from the arc point, the cross-sectionalarea
of the 3-cm-diam probe occupies only 0.07% of the semisphere of
radius 40 cm.

Figure 15 shows the probe negative peak signal measured by the
langmuir probe during the arc on the solar array surface at various
valuesof the externalcapacitance.Each point is an averageof at least
4 measurements and a maximum of 11 measurements. Error bars
indicate the standard deviation. The probe negative peak signal is
seen to increase with the increase in the capacitance,indicatingthat
the scale of the arc is increasing with the increase in the additional
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Fig. 15 Dependence of the probe signal peak Ip on external capaci-
tance.

Fig. 16 Model of formation mechanism of string–substrate sustained
arc between interconnector and substrate through damage in Kapton.

capacitance, which supplies the energy to the arc. The brightness
also increases as the external capacitance increases. Note that, at
higher capacitance values, for example, at 1800 nF, and at the bias
voltage of ¡1.4 kV, the maximum probe current is 0.025 A, which
corresponds to approximately 36 A of the arc current.

We observed 42 trigger arcs during the experiment of about 4 h.
Among those, 13 arcs were with 1440-nF capacitance and 4 arcs
were with 1800-nF capacitance. Even with the energy exceeding
1.3 J, we did not observe sustained arc. The test coupon had RTV
silicon grouting between strings. Probably the grouting worked by
making the distance between the trigger arc spot and the nearest
exposed conductor of a different string longer than the necessary
distance.The minimum distance between the exposed conductorof
two different strings is 2 cm for the present case. In conclusion,
the solar array design tested in the present experiment can prevent
the interstring sustained arc when it is operated at the maximum
interstringpotential differenceof 55 V and the current capabilityof
2.64 A.

String–Substrate Sustained Arc
A model for the string–substrate sustainedarc formationbetween

an interconnectorand the substrateis shown in Fig. 16. The potential
difference between the interconnectorof the most positive end and
the CFRP substrate is 110 V with current capability of 2.64 A.
Because of the developmentof an inverted potentialgradienton the
array, an arc occurs at the interconnector.Once a trigger arc occurs,
it receivesits energyfrom the nearbycoverglass,whose currentpath
is denotedas path 1 in Fig. 16. The arc currentalso � ows throughthe
capacitanceconnectedin theexternalcircuit to thechamberwall and
closes the current path. This path is path 2. Dense plasma is created
at the arc site and is in contact with the CFRP substrate through the

a)

b)

Fig. 17 Video images of a) arc occurring at an interconnector with
damage nearby and b) an interconnector without damage.

defect in the Kapton insulatoron which the cells are mounted. Then
the current path will be formed between the interconnectorand the
CFRP substrate. The arc is sustained by the power supply and leads
to the destruction of the array circuit. This current path is shown as
path 3.

The test on the string–substratearc was carried out by biasing the
array coupon at ¡3 kV instead of ¡1.4 kV because we wanted to
increase the arc rate by increasing the beam current that increased
with the beamenergy.At the same time, theexternalcapacitancewas
lowered to 200 nF so that theenergystored in the systemcapacitance
stays at 0.9 J, correspondingto the energy of one wing of solar array.
We increased the beam energy to 4–5 kV, and the bias voltage
had to be changed to produce the inverted potential gradient due
to the secondary electron emission from the coverglass. During the
experiment, the beam energy was tuned so that arcs occurred more
often.

Before we carried out the test with the array coupon shown in
Fig. 9, the test was done with only two cracks on the Kapton sheet.
We observed total 43 trigger arcs with ¡3-kV bias, but there was
no sustained arc. Then we increased the number of cracks to 27, as
shown in Fig. 9, and carried out the second test. There were total 54
arcsduring100 min of the secondtest.Figure17 showsvideo images
of a trigger arc occurring at an interconnector with a crack nearby
(Fig. 17a) and a trigger arc at an interconnector without a crack
(Fig. 17b). Some of the trigger arcs occurred at the interconnectors
without a crack nearby. When the trigger arc occurred at such a
place, the intensity of the � ash associated with the arc was always
much lower than that associated with the arc that occurred at the
interconnectorswith crack nearby. This result suggests that an arc
near the crack actually short circuited the string and the substrate
for a short period of time and extracted the energy from the external
power supply but failed to maintain itself.

The sustained arc between string B and the substrate � nally oc-
curred as the 54th arc. The power supply between the string and
substrate acted as a constant voltage (110 V) source before the
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Fig. 18 Video image of string–substrate sustained arc (� ash 1) ob-
served in case 5 experiment.

sustainedarc. Once the sustainedarc occurred, its voltage collapsed
and it became a constant current source of 2.64 A. The arc was not
steady though. It repeated on and off during 19 s with an approx-
imately 1-s interval until the � oating power supply was switched
off. The reason why the arc was unsteady is probably because the
current of 2.64 A was not suf� cient to maintain the steady dc arc
current.The sustainedarc is shown in Fig. 18. The sustainedarc was
formed between the string B and the CFRP substrate through the
crack intentionallymade on Kapton � lm. The electronbeam energy
was 4.1 kV, and the bias voltagewas ¡3 kV at the neutral density of
1:1 £ 1017 m¡3. From Fig. 18, it is seen that a sustainedarc occurred
between the interconnectorand the CFRP substrate (� ash 1) and an
arc also occurredbetween the CFRP substrateand the chamber wall
(� ash 2).

Among the 54 arcs observed in the secondtest of case 5, � ash 2 at
the edge of the substratewas always accompaniedwhen bright � ash
such as that in Fig. 17a occurred at the interconnectorwith a nearby
crack. Flash 2, however, never occurred alone nor accompanied
smaller � ashes as in Fig. 17b. Inspection of the site of � ash 2 after
the experiment revealed that � ash 2 was due to arcs at the edge of
the Kapton sheet and the substrate. Because the substrate also had a
negative potential of ¡3 kV, once dense plasma was generated due
to the arc near the Kapton damage and released to the chamber, the
array was surrounded by the relatively dense plasma. Then, if the
substratevoltage recovered to the order of magnitudeof ¡100 V, an
arc could occur at the edge of the Kapton sheet like an arc in LEO
plasma environment.Therefore, � ash 2 is the result of an arc at the
array interconnector,not the cause of it.

Observation by an optical microscope of the the sustained arc
site after the experiment has revealed that the arc has damaged the
interconnector,solar cell material, and the Kapton � lm on the CFRP
substrate. The interconnector had two legs to connect the adjacent
cells, but one leg has been completely blown off. The cells and
the coverglass near the arc site have been melted. The array open-
circuit voltage after the experiment has decreased to 2.6 V from
the 3.1 V that was measured before the experiment. The difference
corresponds to the output voltage of one cell, which means that
the damaged cell has short circuited within the cell. The resistance
between the damaged string and the substrate is only 2 kÄ. This
resistance cannot sustain even 10 V. When it is considered that the
string–substrate sustainedarc is likely to occur near the positive end
of array stringwhere a voltageof 100 V is appliedbetweenthe string
and substrate, the damaged string cannot provide its power once the
sustained arc occurs in orbit.

Withoutdamagemadebeforethe experiment,the string–substrate
arc will not occur under the worst condition for ETS-VIII. As sus-
pected in Ref. 8, it had been originally thought that repeated trigger
arcs might lead to the damageon the Kapton sheet near the intercon-
nector. We analyzed the test coupon used in the case 4 experiment,
where many arcs occurred with a large amount of energy »1 J.
Although signi� cant darkening of the Kapton sheet near arc spots
was observed, an electron microscope picture of 600£ resolution

Fig. 19 Cross-sectional view of the modi� ed array and thickness of
each component.

revealed no damage on the Kapton surface. Also, the inspection by
an infrared microscope (BIO-RAD F45RD-UMA30A) showed no
change in the molecular structure of the Kapton sheet.

To con� rm that the string–substrate sustained arc does not occur
with healthy Kapton sheet, we tested a coupon with no obvious
physicaldamage on the Kapton sheet. Before the test, all of the area
around the cells was inspected by a 60£ microscope, and no defect
on the Kapton sheet was found. We irradiated an electron beam on
the test coupon for 10 h with the circuit setup of Fig. 7e. Although
we observed 194 trigger arcs, the string–substrate sustained arc did
not occur.

The fact that string–substrate arc occurred only when Kapton
was already damaged suggests that if care is taken not to damage
the Kapton sheet on the ground, we can reduce the risk of string–
substrate sustained arc signi� cantly. The cause of damage in orbit
is probably only the impact by debris or micrometeoroids.The hy-
pervelocity impact probability for a GEO satellite is very dif� cult
to calculate because reliable data for the population of meteoroids
and debris, especially of small sizes less than a centimeter is neces-
sary. See Ref. 18, where the impact probabilitydue to annualmeteor
showers (debris not included) was calculated.

Proposal of Modi� ed Design
It is most likely that the damage to the Kapton sheet occurs when

attached cells are removed for repair or exchange. Therefore, the
damage can be detected by thorough inspectionnear the repairedor
exchanged cells. As one additional mitigation against the possible
damage to the Kapton sheet, we propose a design shown in Fig. 19.
The array design that we have used in the present study for the tests
has a RTV layer of thickness of 50 ¹m between the cell and the
Kapton substrate and no RTV below the interconnector (Fig. 6).
In the modi� ed design, the Kapton layer under the interconnectors
is also coated by RTV, which leaks out from the bottom of the
cell. To leak RTV, its thickness has been increased to 100 ¹m at
maximum. Increasingthe thicknessof RTV from50 to 100 ¹m gives
the additional mass of approximately 40 kg. In addition, extensive
coating by RTV around the bus bars is carried out to suppress the
trigger arcs. The coating around bus bars is much easier compared
to the coating of interconnector, because the requirement for the
stress relief against the thermal cycle at a bus bar is not as severe as
that at an interconnector.

Conclusions
Laboratory tests on 110-V solar arrays to be used onboard ETS-

VIII have been carried out in a simulated GEO environment. We
have focused our tests on the inverted potential gradient concept,
that is, the potential of the coverglassof the array less negative than
the conductivebody. We have tested solar array coupons with RTV
grouting between the strings and the bus bars coated with RTV.
We have veri� ed the inverted potential gradient by irradiating the
solar array coupon via an electron beam, where the array is com-
pletely � oating from the chamber ground. The maximum potential
difference of approximately 1 kV has been observed between the
coverglass and the cell, and we have observed many arcs at this
potential difference.
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We have carried out the experiment by creating the inverted po-
tential gradient on the solar array by biasing the array to a highly
negative potential (of the order of magnitude of 1 kV) with an HV
power supply and by making the potential of the cover glass less
negative than that of the cell. An arc has occurred on the solar array
once the potential difference of about 400 V has built up between
the coverglass and the conductor. Measurement of the arc current
has revealed that the arc inception in the inverted potential gradi-
ent is similar to arc inception in a LEO environment, where the arc
plasma grows by extracting the charge stored on the nearby cover-
glass surface.

We have tested whether a sustained arc occurs between adjacent
cells of the solar array with a potential difference of 55 V and a
current capability of 2.64 A. The arc plasma has been given energy
as high as 1.8 J, but it has never become a sustained arc between the
strings.

A different type of sustained arc phenomenonhas been observed
between the interconnector and the CFRP substrate through the
intentionallydamagedKaptoninsulatorwith thepotentialdifference
of 110 V and the current capabilityof 2.64 A. This sustainedarc has
short circuited,between the interconnectorof the positive end of the
array and the CFRP substrate and led to the destructionof the solar
array circuit. We have proposed an array design to mitagate against
the damage to the Kapton insulator, where RTV is leaked out from
the bottom of cell to cover the Kapton sheet near the interconnector.
To implement the mitigation plan, the thickness of RTV grouting
between the cell and the Kapton sheet has been increased from 50
to 70–100 ¹m.

During the present study, many problems surfaced regarding
studying arcing in a GEO environment. The adequate value of the
external capacitancesimulating the coverglass giving the energy to
the arc plasma must be determined. For that purpose, the growth
process of the arc plasma in a GEO environment should be studied
in future. The concept of the inverted potential gradient has been
veri� ed in the present laboratory experiment. To verify the inverted
potential gradient in the orbital environment, it has been decided
to mount a potential monitor (POM) on ETS-VIII. The POM will
carry three typicalcoverglassmaterialsas chargingsamples,BRR/s-
0213, CMX-BRR, and CMG-AR, and measure the differentialvolt-
age between the insulator surface potential and the satellite ground.
Analysisof the � ight data correlatingwith the ambient GEO plasma
environmentwill provide the data helpful to design future satellites.
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