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Abstract—This paper presents the results of flight
experiments carried out onboard HORYU-II, a 30-cm cubical
nanosatellite weighing 7.1 kg. HORYU-II was launched to a sunsynchronous orbit of 680-km altitude in May 2012. Two types of
experiments are reported, high voltage solar array arcing and
electron-emitting film. The satellite succeeded in generating 350
V of photovoltaic power via a specially designed solar array.
Using the generated voltage, experiments on arc inception on
various types of solar arrays were conducted by connecting them
to the negative end of the 350V solar array. Effectiveness of
transparent film over solar array and semi-conductive coating on
suppressing arc inception was demonstrated. An electronemitting film utilizes the electric field concentration near a triple
junction and emits electrons in a completely passive manner. The
emission current from the emitter and the surface potential of an
insulator were measured in orbit. The electron emission, as high
as 6 µA with 1 min duration, was confirmed from this emitter,
along with charging of the insulator from 1000–2000 V over the
aurora zone.

arrays because the end contains the most negative potential.
There have been several in-orbit experiments that
investigated high-voltage solar array technologies [3,4,5,6,7].
Each of them, except the Space Flyer Unit (SFU), employed a
DC/DC converter to expose test specimens to plasma with a
negative voltage of several hundred volts.
Generation of a high voltage by connecting many solar cells
in series requires a large experimental area. The SFU[6]
employed a deployable solar panel but it failed, as the cable
connector was accidentally separated. A DC/DC converter is
not ideal for experiments with high-voltage solar arrays. It
often fails (see Ref. 4), and the arc current path is not exactly
the same as one that would fly with solar cells only. To
perform a high-voltage experiment using a large- or mediumclass satellite that can provide the bias voltage with seriesconnected solar cells is often difficult due to safety concerns
raised from other experiments sharing the satellite. To do the
experiment on a small satellite is also difficult due to its size
limitation.

Keywords—High Voltage Solar Array; Arcing; Electron
Emission

I.

INTRODUCTION

High-voltage photovoltaic power generation becomes
necessary as the power consumed by spacecrafts increases.
Generally speaking, the voltage scales up with the square root
of the power to minimize cable mass or transmission loss.
Until 2012, the highest power generation voltage in orbit was
160 V onboard the International Space Station (ISS). It is
known that arcing occurs on solar arrays due to an interaction
with the surrounding plasma once the generation voltage
exceeds 200 V [1]. There is a growing need for a higher voltage
in the range of 300-400 V. At that level, a large megawattclass space platform becomes possible. Direct drive for
electric propulsion also becomes possible [2].
Arcing on high-voltage solar arrays is one of the limiting
factors to realization of high-power space systems. Arcing on
solar arrays occurs at the so-called triple junction where the
conductor, insulator and vacuum meet. Since the potential of
an insulator surface (e.g., a cover glass) is almost equal to the
ambient plasma, a strong electric field is formed between the
metallic surface and the dielectric surface near the triple
junction. Arcs tend to occur at the negative end of the solar

Fig. 1 HORYU-II flight model

The Kyushu Institute of Technology developed a
nanosatellite, “HORYU-II”, which has a cubic shape of
350×310×315 mm and a weight of 7.1 kg. Fig. 1 shows an
overview photograph of HORYU-II. Its main mission is to do
an in-orbit demonstration of high-voltage solar array
technologies developed at the Institute[8]. The satellite was
launched into a 680-km sun-synchronous orbit on May 18,
2012 (JST). HORYU-II uses series-connected micro-solar
cells instead of a DC/DC converter to negatively bias the test

1

Spacecraft Charging Technology Conference 2014 - 164 Paper

(Abstract No# (164)
specimen to plasma. In the present paper, these micro-cells are
called a High-Voltage Solar Array (HVSA). The satellite also
carried a charging sensor (Surface Charging Monitor; SCM),
to measure the potential of the experiment circuit ground with
respect to the plasma[9]. The experimental circuit was
electrically isolated from the rest of the satellite to prevent any
anomaly with the satellite bus system due to arcing. On July 8,
2012 (JST), the HVSA was turned on. It was confirmed that
350 V of photovoltaic power was generated. At the same time,
the negative end of the 350V solar array circuit had a negative
potential close to the generation voltage. That result has
already been reported in Ref. [10].
Using the high voltage generated by the HVSA, arcing
experiments were carried out in orbit. The satellite carried
three types of solar arrays made of GaAs/InGaP/Ge triplejunction solar cells. In the present paper, these solar arrays are
called TJAs. The TJAs were connected to the negative end of
the HVSA, one by one, exposing each to the surrounding
plasma at a maximum of -350 V. The satellite was equipped
with a circuit to connect each TJA to the negative end by
command and to detect any arcs. The experimental circuits
that succeeded in detecting arc inception in orbit and their
initial results have been described[11].
Even if when a satellite is not generating high voltage, there
is a risk of arcing when potential differences within a satellite,
especially on the exterior surface builds-up. There are
numerous insulating materials within a satellite and many of
them are exposed to space. When a satellite encounters
energetic electrons, such as aurora electrons or geomagnetic
substorm, its chassis potential can become highly negative
with respect to the ambient plasma. The potential of an
insulator can be different from that of the chassis. When the
potential difference between the insulator and the chassis (the
differential voltage) exceeds a certain threshold, an arc occurs.
There are many ways to suppress the occurrence of the arc.
One solution is to cancel the negative charging of the satellite
chassis. A device has been developed that emits electrons via
field emission from the so-called triple junction where the
interface of the insulator and the conductor is exposed to space
plasma. It is named as an ELectron-emitting Film for
Spacecraft CHARrging Mitigation (ELF'S CHARM: ELF).
An ELF is made of a thin metallic plate covered by an
insulator. The metallic plate is grounded to the satellite chassis.
The insulator is deliberately designed to expose the underlying
metallic surface so that the triple junction is exposed to space.
The charging of the insulator enhances the electric field at the
metallic surface and prompts field emission when the insulator
is more positively charged than the metallic plate, i.e., in an
IPG condition. By emitting electrons from a conductor
connected to the satellite chassis, the negative charging of the
chassis that is the cause of the IPG can be mitigated.

Fig. 2 Schematic of the temporal profile of insulator surface and the satellite
chassis potentials without ELF (top) and with ELF (bottom) in operation.
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were possible. Although every effort is being made to recover
the satellite, the results obtained so far should be organized
and presented.
This paper consists of six parts. The second part describes
the TJAs tested. One type of TJA employed a conventional
design and was used as a reference. Arcing at -350 V was
anticipated. The other types employed designs to mitigate arc
inceptions. The purpose of the arcing experiments was to
demonstrate the effectiveness of arc mitigation design in orbit
by comparing the number of arcs against the reference, the
conventional design. The third part describes the flight
hardware of the ELF experiment. The fourth part describes the
experimental results and discussion of arcing experiment. The
fifth part describes the experimental results and discussion of
ELF experiment. The sixth part concludes the paper with
suggestions for future work.

Various ideas of spacecraft charging mitigation by emitting
charged particles from the spacecraft body have been
reported[12,13,14]. However, ELF has many advantages over
other proposed methods. First of all, its operation is
completely passive. It does not require a power source, as the
power is provided by the electric field generated by the
surface charging, and the absolute capacitance due to the
charging of the spacecraft with respect to the ambient plasma.
It does not require a sensor to start the operation, as the
surface charging automatically starts the field emission. It
does not even require a wire harness. Thus, it is easy to install,
and no significant design changes are required to
accommodate ELF to any present satellites. Also, it requires
no gas to generate electrons. Since it is composed of a thin
film, the total mass increase for a satellite is of the order of
tens or hundreds of grams, depending on the satellite size.
Therefore, no significant satellite design changes are
necessary. The ELF principle of operation is described in
detail in Ref. [15].
Originally, ELFs were developed for use in
Geosynchronous Orbit (GEO) satellites. Unfortunately, there
are relatively few opportunities to do a flight demonstration
experiment in GEO; hence, the strategy has been changed.
Demonstration onboard a nanosatellite flying in Low Earth
Orbit (LEO) over the aurora zone was chosen, as there were
more flight opportunities. Energetic electrons are necessary
for an ELF to emit electrons. Aurora electrons in the polar
region can be used. When a satellite passes over the polar
region, it encounters aurora electrons, and the chassis may be
negatively charged if certain conditions are met[16]. The
surface insulator may be more positively charged than the
nearby conductor (connected to the chassis), due to secondary
electrons, ionospheric ions, or photo-electrons, that is, an IPG
condition. Fig. 2 shows a schematic of the temporal profile of
the insulator surface and satellite chassis potentials while an
ELF is in operation. If the ELF starts emitting electrons before
the differential voltage exceeds the threshold of ESD inception
at any location on the satellite exterior, the chassis potential
increases towards zero. Eventually, the chassis potential
reaches zero and the differential voltage plateaus below the
ESD threshold without ESD occurrence.
Although the high voltage solar array technology
demonstration was the main mission of HORYU-II, ELF
demonstration is an important auxiliary mission. Its design
and verification are described in detail in Ref. [17]. The
mission objective of the ELF experiment onboard HORYU-II
was to measure the electron emission current and the potential
difference between the insulator surface and the satellite
chassis. In other words, the experiment was intended to
demonstrate the early stage of ELF operation, the inception of
electron emission, as shown in Fig. 2.
The purpose of the present paper is to report the results of
arcing experiments and ELF experiments obtained between
July 2012 and December 2012. In December 2012, the
satellite went into anomaly mode and no further experiments

II.

SOLA ARRAY TESTED AND EXPERIMENTAL SEQUENCE

Fig. 3 shows the three TJAs mounted on HORYU-II. In the
present paper, they are called the “nominal array”, “film
array” and “coating array”, respectively. The nominal TJA
was mounted on the -X plane. The film and coating arrays
were mounted on the +X plane. All of them were made of
7x3.5-cm GaAs/InGaP/Ge triple junction solar cells. They
were laid down by professionals at a space solar panel
manufacturer on an aluminum plate covered by Kapton tape
using a standard procedure. The nominal TJA is no different
from solar arrays used for commercial satellites except for the
substrate. The film and coating arrays were made by adding
mitigation features to the nominal array.

Fig. 3 Solar arrays tested. Nominal (left), Film (center) and Coating (right)

The film array was made by covering the nominal array by
a 12.5-µm thick Ethylene-Tetra Fluoro Ethylene (ETFE) film.
The film can isolate ions and mitigate charging at the side
surface of a cover glass near the triple junction, as shown in
Fig. 4. The film alternately repeats expansion and shrinkage in
a thermal cycle environment. The film wraps around the solar
array plate. The film is attached at the back of the TJA using
adhesive penetrating through holes in the film to prevent the
film from being torn due to the thermal cycle. The details can
be found in Ref. [8]. A film of 12.5-µm thickness has a
transmittance of about 95% between a 400-nm and 1-µm
wavelength.
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array design. Scientific satellites sometimes employ ITO
coating to completely mitigate charging. It is, however, very
expensive, as each cover glass has to be grounded. Also, other
insulators, such as panel face sheets, adhesives or cable
harness jackets, remain. On the other hand, a semi-conductive
coating is intended to be sprayed all over the entire solar array
panel in the final stage of assembly. This has a significant cost
advantage and can make the entire panel semi-conductive.
The coating array was intended for use in GEO. In LEO, it
is expected that the coating will eventually be removed via
bombardment of heavy ions. Although this problem is well
known, the coating array was tested on HORYU-II, as it was a
rare opportunity to test in the space environment. The coating
method is still premature, as can be seen from the appearance
of the array in Fig. 3, though it was spray coated by a machine
(see Ref. [18] for details). The solar array I-V curve was
measured. Compared to the uncoated nominal TJA, the output
power was reduced by 35.5%.
When the satellite passed over the ground station located at
Kitakyushu, Japan, real-time housekeeping data was obtained.
After analyzing housekeeping data such as battery voltage,
whether the experiment should start or not was determined.
The experiment log was downloaded and checked to see
whether any other experiment was being conducted. Then the
experiment command was uplinked with a reservation time.
The command consisted of a test mode, a reservation time (the
time from command reception to the experiment start), and an
operation time (how long the experiment should continue).
The satellite commenced the experiment after the reservation
time had elapsed. The orbital positions of the satellite were
calculated by the orbit analysis tool Orbitron® from Two-Line
Elements (TLE). The maximum operation time was 1 h. In
the next path, over the ground station, housekeeping data was
analyzed and the experiment log was checked to confirm the
test had finished well. Finally, the experimental data was
downlinked.
Fig. 6 shows a schematic of the experimental circuit. There
were four switches in the circuit. By opening the normally
shorted switch parallel to the HVSA, a high voltage was
generated. An electron collector made of a 40x20-mm copper
plate kept the circuit ground (shown as 300-V system GND in
Fig. 6) a negative potential comparable to the generation
voltage. Switches below each TJA were turned on in each test
mode. Arc inception was detected by the voltage pulse
generated across the inductors, L1 and L2. The inductors sense
the voltage pulse associated with the arc current and send a
trigger signal to the detection circuit. Information regarding
the magnitude of the voltage pulse at the inductors is not
recorded. Details of the experimental circuit and its
verification by ground tests are found in Ref. [11].

Fig. 4 Principle of arc mitigation with the film array

The film array has two advantages. The first advantage is
that changing the conventional solar array design is
unnecessary. Arcing mitigation is realized by simply covering
the array with the film. The second advantage is that it is
strong against a thermal cycle, since the film does not stick to
the solar array. Other prototypes were thoroughly tested in
laboratory experiments and this mitigation design proved to
involve no arcing up to -800 V in a LEO-like plasma
environment[8]. An engineering model of the film array,
identical to the flight model shown in Fig. 3, was also tested in
the LEO-like plasma environment. In the tests, the HVSA was
illuminated by a Halogen lamp to generate the voltage. Two
experiments, each 1 h in duration, were performed. No arc
was detected on the film array.

Fig. 5 Principle of arc mitigation with the coating array

The coating array was made by spraying a semi-conductive
coating material over the whole TJA. The coating provides a
leakage path for charges stored on the front surface of the
cover glass to the 300-V system ground (Fig. 5). In addition,
the coating can prevent a concentration of an electric field at
the triple junctions. A coating that is made of Antimony Tin
Oxide (ATO) is transparent enough so that it leads to no
serious degradation of solar array performance. The surface
resistivity is of the order of 108Ω/square. The details for TJA
coating are given in Ref. [18]. One advantage of the coating is
that it is not necessary to change from the conventional solar
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before 1 h had passed, the experiment was supposed to end
once 30 arcs had been detected from the start of each test. But
such a case did not occur in orbit.
The satellite passed over the ground station around either
midday (roughly 1:30 PM) or around midnight (roughly 1:30
AM). Around midday, the experiment usually started 50 min
after the satellite passed and lasted for 1 h. Around midnight,
the experiment usually started 10 minutes after the satellite
passed and lasted for 1 h. The satellite locations for both cases
are shown in Fig. 7. The orbital positions of the satellite were
calculated by the orbit analysis tool Orbitron® from Two-Line
Elements (TLE). Any actual position error was approximately
1 min at maximum.
III. ELF EXPERIMENT FLIGHT HARDWARE AND PROCEDURE

Fig. 6 Experimental circuit

TABLE I.

The devices used to measure the electron emission current
(the ELF) and the surface potential (Surface Charging
Monitor: SCM) are different but both share the same circuit
board, which is named Circuitry for Measurement of Emission
and Charging (CMEC). The ELF and SCM onboard HORYUII are shown in Fig. 8. The size and mass of each head (one
ELF, one SCM) is 3cm × 3cm and 3g, respectively. The crosssectional structures of the ELF and SCM are shown in Fig. 9
schematically. ELF is made of a fluoropolymer coating on
beryllium copper substrate. Fluoropolymer has a high
resistance and a high secondary electron emission yield
compared to other insulators, such as polyimide. An etching
pattern is created on the copper plate such that the corner
edges are slightly exposed. Beryllium copper was selected due
to its abundant impurities[19], as the impurities are expected to
enhance field electron emission from the copper surface.

SOLAR ARRAY ARCING EXPERIMNT MODES

Mode
Solar array tested
1
None
2
HVSA only
3
HVSA + Nominal array
4
HVSA + Film array
5
HVSA + Coating array

Duration
25 seconds
Max. 1 hour or 30 arcs
Max. 1 hour or 30 arcs
Max. 1 hour or 30 arcs
Max. 1 hour or 30 arcs

(a) The satellite passes over the ground station aroud midday

Fig. 8 Flight model of the ELF and SCM

(b) The satellite passes over the ground station around midnight
Fig. 7 Typical satellite paths during the experiment

Table 1 lists the test modes. There were six test modes.
Mode 1 was to check whether the electronics were working
fine by obtaining the temperature and the potential measured
by SCM. Mode 1 ran for only 25 seconds. Mode 2 was to
generate a high voltage using only the HVSA. The arcing was
still monitored by L1. Modes 3, 4 and 5 biased a different type
of TJA. Nominally, modes 2 to 5 continued for 1 h. Even

Fig. 9 Cross-sectional view (schematic) of the ELF (left) and SCM (right)
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The mounting method of the ELF and SCM is shown in
Fig. 11. First, polyimide tape is attached around the mounting
position of the ELF and SCM (top left, marked as 1). The
polyimide tape is used for isolation between the copper plates
at the back of the ELF/SCM and the satellite panel. For
operational use, there is no need to isolate. However, for the
flight experiment, the copper plates had to be isolated to
measure the ELF current. In fact, the ELF and SCM were
mounted on the –Y panel of the satellite (see Fig. 8). The ±Y
satellite panels were coated by non-conductive black paint
(Z306). Therefore, isolation was just a precaution. The other
four panels, ±X and ±Z, were treated by chromate and were
conductive. Primer was applied on the polyimide tape and left
for 1 day to dry (top right, marked as 2). Then, the ELF/SCM
was glued by silicon non-conductive adhesive (RTV-S691) as
shown in left bottom schematic (Fig. 11.3). The cables were
soldered to the copper plate of the ELF/SCM. The soldering
points were also covered by RTV-S691 (Fig. 11. 4).
The satellite, HORYU-II, possesses a permanent magnet on
the +X axis shown in Fig. 8. It also has a hysteresis damper.
These are the only attitude control mechanisms onboard. The
purpose of the magnet is to align the satellite to the
geomagnetic field, while the hysteresis damper suppresses
rotations around the axes perpendicular to the magnetic field.
When the experiments were conducted, the rotations around
all three axes, including the one around the permanent magnet,
were less than 1º/sec, according to the telemetry data of the
gyro-sensors onboard. The minimum rotation speed
measurable by the gyro-sensors was 1º/sec. The satellite
carried no other sensor to detect its altitude. All the sensor
data, including temperature, solar panel current and voltage,
rotation speed and so on, were recorded every 10 min. During
the ELF experiment the sensor data acquisition was stopped,
as the onboard computer (OBC) was concentrating on directly
acquiring the ELF/SCM data. In full, while the ELF/SCM
experiments were carried out, the attitude of the satellite was
unknown. Therefore, the direction the ELF/SCM was facing is
unknown.

The SCM measures the surface potential of an insulator
with respect to the satellite chassis. It is a charging sensor
based on flight proven technology[9]. The SCM surface
potential measurement principle is shown in Fig. 10, where
the capacitor, C2, is connected to the SCM. When the SCM is
charged, C2 is also charged. Then, the capacitance of the SCM
is set to C1. Therefore, by measuring the voltage (Vsub) across
C2, the surface potential of the SCM can be calculated as
follows:

VSCM =

C1+ C2
C1+ C2 R2 + R1
Vsub =
Vin
C1
C1
R2

(1)

The SCM structure is very similar to the ELF structure. The
fluoropolymer coating over the SCM is approximately the
same as that over the ELF in terms of material and thickness.
When the insulator of the ELF is charged, so is the insulator of
the SCM. In the ground experiment[17], it was observed that
electron emission from the ELF coincided with positive
charging of the SCM insulator. By placing an ELF and SCM
side-by-side, the potential difference across the insulator over
the ELF can be inferred.

Fig. 10 Measurement principle of SCM surface potential
(VSCM), according to equation 1

Fig. 12 The flight model (FM) of Circuitry for Measurement
of Emission and Charging (CMEC).
Fig. 12 shows the flight electronics circuit board (CMEC)
which measures the emission current and surface potential of
ELF and SCM, respectively. Its dimensions are 101mm x

Fig. 11 Mounting method of the ELF and SCM
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82mm x 13 mm. The total power consumption during the
experiment was 50 mW. All the electronic parts in the circuit
are commercial off-the-shelf (COTS) products, easily
available in the market. The circuit board was put through
various environmental tests, such as those to evaluate the
satellite through vibration, shock and thermal vacuum, etc.
During the thermal vacuum test, it was confirmed that the
circuit board functioned between -20oC and +55oC. The
predicted temperature before the flight was between -4oC and
+42oC. The flight temperature obtained from the telemetry
was between -6oC and 27oC.

The block diagram of this circuit board is shown in Fig. 13.
When the power supply receives the ‘ON’ signal from the
onboard computer (OBC), the ELF/SCM circuit outputs the
field emission current from the ELF and the surface potential
of the SCM as analog voltages. An analog-to-digital converter
(ADC) converts the analog data into 12-bit digital data. The
experimental data are transmitted and saved on the OBC board.
The sampling rate was 0.25 samples/sec, i.e., 1 sample every 4
sec. A magnetic coupler isolated the other subsystems from
the ELF/SCM board. A multiplexer was used to create high
impedance on the circuit board seen from the OBC. It was
found, during the interface test, that the data of the other
subsystems could not be transferred and saved in the OBC
without a multiplexer. This was because the impedance of the
ELF/SCM board seen from the OBC side was very low. When
the ELF mission is not being carried out, the multiplexer
isolates the OBC board from the CMEC.
The analog measurement circuits of the ELF and SCM are
shown in Fig. 14 and Fig. 15. This circuit design is based on
Ref. [9]. These circuits convert the emission current from the
ELF and the surface potential of the SCM into analog output
voltages (Vout) of 0–5 V. The emission current from the ELF
(Ielf) is calculated using Eq. (2) and the surface potential of the
SCM (VSCM) is calculated using Eq. (3). The factors of 3.8 and
1.23 are the amplification factors of the operational amplifier
determined by the resistance values of 6.98 kΩ and 2.49 kΩ,
or 6.98 kΩ and 30.1 kΩ, respectively. A factor of 1050/1000
from Eq. (3) was obtained by the comparison of Vout and the
voltage applied to the surface of the SCM. In Ref. [17], the
SCM was charged by an electron beam. The validity of Eq. (3)
was checked by measuring VSCM with a non-contact
electrostatic voltmeter and comparing the results with those
obtained from Eq. (3) using Vout, the circuit output, and Voffset,
the offset value of the SCM circuit (1.15 V). The measurement
range of the ELF circuit emission current is 0–9 μA. Beyond 9
µA, the output is not linear to the emission current. The
measurement range of the SCM circuit surface potential is -0.8
to +1.9 kV; beyond those, Vout is not linear to VSCM.

Fig. 13 Block diagram of various signals from/to OBC. The
gray shaded area indicates the CMEC.

Vout
1
× 5 [A]
(2)
3.8 10
(V −Voffset ) (1GΩ + 510kΩ) 1050
= out
×
×
[V ]
1.23
510kΩ
1000

I elf =
Fig. 14 Emission current (Ielf, shown by arrow)
measurement circuits (analog part) of ELF

VSCM
(3)

IV.

SOLAR ARRAY ARCING EXPERIMENT RESULTS

Fig. 16 shows the results of the Mode 3 experiment where
the nominal array was biased. The potential in Fig. 16 was the
output of the SCM. Assuming the surface of the SCM, a
Teflon coating over a copper plate, was at the plasma potential,
the potential corresponds to the negative charging potential of
the experimental circuit ground, i.e., the negative end of the

Fig. 15 SCM’s surface potential measurement circuit
(analog part)
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HVSA (see Fig. 6). In this example, the potential varied from
0 to -300 V. Some arcs were detected during 350-V
generation at 15, 24 and 35 min. The time in Fig. 16 was
measured from the start of the experiment. At 24 min, the
generation voltage dropped suddenly. One plausible cause was
that the TJA and the electron collector were shortened via
plasma due to an arcing current flow. As the sampling rate
was one sample per sec, this drop was observed by
coincidence. For other arcs, this drop was not observed.

The Mode 3 experiment was carried out for 771 min,
excluding the experiment time in eclipse. The nominal array
suffered 28 arcs in total. Fig. 17 plots locations where arcs
were detected. More arcs occurred near the equator. On one
occasion, nine arcs were detected in 178 sec over Southeast
Asia. This concentration of arcs is reasonable, considering the
fact that the plasma density is the highest near the equator. Fig.
18 plots the plasma density measured by DMSP F18 satellites
on July 12. The data was taken from NOAA Data Center∗.
Because HORYU-II was not carrying any plasma
measurement device, the plasma density was taken from the
measurements of other satellites. DMSP F18 satellites
measure the density at an altitude of 840 km. During the
experiment on July 12, nine arcs were observed near the
equator.
Fig. 17 shows three types of arc detection. The points
denoted as “Arc” represent the arcs that were detected only at
L2 in Fig. 7. The points denoted as “Arc on HVSA” represent
the arcs that were detected only at L1 in Fig. 6. The points
denoted as “Arc on both” represent the arcs that were detected
both at L1 and L2 in Fig. 6. If an arc current to the TJA is large,
detecting at both of the inductors is possible. The arc current
can flow between the TJA and the electron collector through
not only the capacitance in Fig. 6 but also the HVSA. See Ref.
[11] for further details. The case of an “Arc on HVSA” will be
discussed later.

Fig. 16 Example of Mode 3 results where arcs were
detected. Arc events detected are shown in downward arrows
at the top.

Fig. 18 Distribution of plasma density on July 12 (JST)
measured by DMSP F18 satellite
Fig. 19 shows the results of the Mode 4 experiment, where
arcs were detected on the film array. Although the number of
arcs was much less than with the nominal TJA, some arcs
were observed even on the film array. The Mode 4 experiment
was carried out for 683 min, excluding the time in eclipse. In
total, the film array suffered six arcs. Fig. 20 plots the
locations where arcs were detected. All the arcs occurred near
the South Pole. There is a possibility that the arcs were caused
by energetic electrons in the polar region.
Fig. 21 plots the plasma density measured by DMSP F18
satellites on Sept. 8. The data was taken from NOAA Data
Fig. 17 Locations where arcs were detected with the
nominal array

∗

http://www.ngdc.noaa.gov/nndc/struts/results?op_0=eq&v_0=ssies&t=10
2827&s=1120&d=1001&d=1120&d=9
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generating electricity. In the case of Mode 2 (HVSA only), all
the events of PIC errors were associated with the start of highvoltage generation. For the case of Mode 3 (HVSA and the
nominal array), the PIC errors were mostly detected during
high-voltage generation. Their locations are shown in Fig. 17.
In the case of Mode 4 (HVSA and the film array), seven of the
PIC error events occurred at the start of high-voltage
generation. Three error events occurred during voltage
generation and were associated with three arcs within five
minutes. Their locations are shown in Fig. 20. For Mode 5, six
errors were detected. Four events were associated with the
start of high-voltage generation and two events occurred
during in the middle of high-voltage generation.

Center. During the experiment on Sept. 8, three arcs were
observed. The locations where the arcs were detected are
shown in the figure.

Fig. 19 Example of Mode 4 results where arcs were
detected. Arc events detected are shown in downward arrows
at the top.
Fig. 21 Distribution of plasma density on Sept. 8, measured by
DMSP F18 satellite

Fig. 20 Locations where arcs were detected on the film
array

Fig. 22 Example of PIC error detection during the Mode 2
experiment

During the experiments, the microprocessor (PIC)
sometimes went momentarily out of control. As the watchdog
timer had been implemented, the processor recovered
automatically. During the ground experiment, the error was
observed when voltage generation began or when a large-scale
discharge occurred. In orbit, many error events were observed
in the initial phase of high-voltage generation. Fig. 22 shows
an example observed in Mode 2, where only the HVSA started

Table II summarizes the experimental results. For Modes 2
and 5, no arc was detected, although PIC errors were observed.
Mode 3 gave the highest number of arcs compared to other
cases. Mode 4 gave some arcs, but their locations were
confined to near the polar region. By comparison among
Modes 3, 4 and 5, the effectiveness of arc mitigation by film
or semi-conductive coating is obvious.
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TABLE II.

SUMMARY OF SOLAR ARRAY EXPERIMENT RESULTS

Total
Number of arcs
Number of PIC errors
duration
exposed
Mode
Solar
Total
Detected at Beginning During
to high
array experiment voltage Detected HVSA of voltage voltage
tested time [Min] [Min] at TJA
only
generation generation
840
769
0
0
14
0
2 HVSA
only
3 HVSA
900
771
17
7
2
20
+
Nomin
al
array
4 HVSA
780
683
6
0
8
5
+
Film
array
5 HVSA
720
605
0
0
4
2
+
Coatin
g array

The film array suffered arcs in the polar region. In the
laboratory experiment, the film array suppressed arcing
completely in LEO-like dense plasma conditions, where the
typical plasma density was 1012 m-3 and the temperature was
1eV. No test was done to check arc inception due to charging
via energetic electrons. There are several possible reasons for
the arcs observed on the film array. One is charging of the
film surface due to energetic aurora electrons. In the
laboratory, we tested the flight spare film array. The film array
was charged to a negative potential by an electron beam, the
so-called normal potential gradient. The solar array was
grounded. ESD was observed when the film was charged to -8
kV or more negatively. Therefore, in orbit, the arc detection
circuit may have detected arcs on the film surface. The
question is whether it is possible to charge the film surface to 8 kV in the short time during aurora zone passage. If the film
surface is at the wake side of the body and exposed to an
intense precipitation of electrons, it may be possible. It is
difficult to identify the orientation of the satellite when the
arcs were observed in Mode 4. There is little correlation
between the aurora activity level and the Mode 4 results; after
all, there is insufficient evidence to attribute the arcs observed
on the film array to charging due to aurora electrons.
The edges of micro-solar cells on the HVSA were covered
extensively by an RTV adhesive to suppress arcing, as shown
in Fig. 1. The results of the Mode 2 experiment indicate that
arcing on the HVSA was completely suppressed. No arc was
detected on the HVSA also in the cases of Modes 4 and 5. The
seven arcs detected on the HVSA only in Mode 3, however,
contradict the results of Modes 2, 4 and 5. The reason for
those seven arcs is currently unknown.
Most of the PIC errors can be attributed to an instability in
the circuit at the start of photovoltaic power generation. The

same phenomena were observed in the ground test, where the
PIC errors were observed at the start of power generation.
Some of the PIC errors can be attributed to large arc current
pulses, especially the ones that occurred during the power
generation. There were 20 such events for Mode 3, which is
reasonable as the nominal array suffered from the most arcs.
However, only two PIC errors were observed in Mode 3, at
the start of photovoltaic power generation. If the PIC errors at
the beginning of power generation had really been due to arcs,
there may have been more PIC errors at the beginning of
voltage generation for Mode 3. If they were due to an initial
instability in the power generation of the HVSA, the PIC
errors should have occurred regardless of what type of TJA
had been connected. After all, the reason for PIC error
dependence on array type is currently unknown.
V.

ELF EXPERIMENT RESULTS

The ELF experiment was initiated from July 23, 2012. As
of December 2, 2012, the total number of experiments carried
was 24 and the cumulative experiment time was 441 minutes.
In three occasions among the 24 trials, electron emission from
the ELF was confirmed. The three cases are described in detail.

Fig. 23 High-energy electrons over Antarctica and satellite
orbit (Green arrow) on July 29, 2012.
Figure 23 shows a superposition of the satellite position
and the state of high-energy electrons acquired from National
Oceanic and Atmospheric Administration (NOAA) on July 29.
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Polar Orbiting Environmental Satellites (POES) measured the
NOAA data shown in Fig. 23 at 14:05 JST (Japan Standard
Time). The dotted lines in Fig. 23 indicate the energy of highenergy electrons. The longer the dotted line is, the higher the
energy of the electrons. The position of the satellite was
determined using JSatTrak®. Any actual position error was
approximately 1 min at maximum. The blue line in Fig. 23
shows the boundary of sunlight and eclipse as calculated by
Orbitron®. In Fig. 23, it is shown that the satellite was
exposed to high-energy electrons 3–4 min after the mission
started. The ELF and SCM were expected to show something
at that time. After 8 min, however, the satellite was exposed to
sunlight. In sunlight, the plasma density increases. The plasma
and photoelectrons dominate the charging. Therefore, negative
charging of the chassis is not likely, and it is less likely for the
ELF and SCM to be charged further after about 8 min from
the mission start.

emissions at time 02:03 and 02:08 were in sunlight. Therefore,
this observation suggests that ELF emission is possible in the
sunlit condition. Figure 28 shows the close-up near-zero
voltage and near-zero current value shown in Fig.26.
Intermittent positive charging of SCM took place, though the
values correspond to just one bit of the digital data, 33 V. The
emissions observed at 2:03 and 2:08 were separated from the
nearest positive charging of the SCM by two sampling
intervals, i.e., 8 sec.

Fig. 24 Temporal profiles of ELF emission current and
SCM potential on July 29, 2012
Fig. 25 High-energy electrons over Antarctica and satellite
orbit (Green arrow) on September 21, 2012

Temporal profiles of ELF emission current and SCM
potential on July 29 are shown in Fig. 24. ELF emission and
positive charging of the SCM were observed from 14:07 to
14:08 JST. The time window coincides with the time when the
satellite flew over the aurora region, as shown in Fig. 23. The
current was as high as 6 μA, and the positive potential was as
high as 2,000 V. In Fig. 24, it is shown that the ELF emission
and the SCM charging ceased after 14:08. This coincides with
the satellite position in sunlight. One anomalous finding in Fig.
24 is that the SCM was negatively charged while the ELF
emitted electrons between 14:03 and 14:04.
Figure 25 shows a superposition of satellite orbit and the
state of high-energy electrons acquired from NOAA on
September 21. The ELF emission current and the SCM surface
potential are shown in Fig. 26. In this trial, a time lag was
observed between the electron emission and the charging as
shown in Fig. 27. The time lag was also observed previously
in the ground tests[15], although SCM was not negatively
charged, which is different than the flight experiment data
shown in Fig. 27. It should be noted that the electron

Fig. 26 Temporal profiles of ELF emission current and
SCM potential on September 21, 2012

11

Spacecraft Charging Technology Conference 2014 - 164 Paper

(Abstract No# (164)

Fig. 27 Close-up view around the time 1:55:00 taken from
Fig. 26.

Fig. 29 High-energy electrons over Antarctica and satellite
orbit (Green arrow) on October 9, 2012
Fig. 28 Close-up view near-zero voltage (left y-axis, Blue
line) near-zero current (right y-axis, Red line) shown in Fig.26.
Figure 29 shows a superposition of the satellite position and
the state of high-energy electrons acquired from NOAA on
October 9, 2012. The ELF emission current and SCM surface
potential are shown in Fig. 30. The aurora on October 9 was
very active. The Kp index was 10 (maximum). Electron
emission and charging had already been seen when the
satellite was flying over South America. This time, the SCM
was positively charged after being slightly negatively charged
(see Fig. 31). Over the aurora region, only positive charging of
the SCM was observed. It should be noted that the charging at
14:24 was in the sunlight.

Fig. 30 Temporal profiles of SCM potential (left y-axis,
Blue line) and ELF emission current (right y-axis, red line) on
October 9, 2012.

Fig. 31 Close-up views around the time of 14:13:30 from
Fig.30.
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Kapton facesheet on top of an aluminum plate with a
conventional lay-down technique used for commercial
satellites. Then, mitigation techniques were applied to the two
solar arrays, one covered by a transparent film and the other
coated with a semi-conductive spray coating. The latter had no
mitigation technique and was used as a reference. The on-orbit
experimental results confirmed the effectiveness of the two
mitigation techniques. The nominal array experienced 28 arcs
in 771 min. The semi-conductive array suffered no arc in 605
min. The film array suffered six arcs in 683 min, but only over
the polar region.
In another experiment, a passive electron emission device
called, ELectron-emitting Film for Spacecraft CHARging
Mitigation (ELF’S CHARM: ELF) was tested. Of the 24 trials,
electron emission from this passive electron emitting film was
observed in three trials. Although the year 2012 corresponded
to the solar maximum, the space weather was much quieter
than in solar maximum periods of the past, resulting in
relatively weak aurora activity. The data around 14:07 on July
29, 2012 (Japan Standard Time) provide an ideal result that
met our expectations. Simultaneously, the SCM was positively
charged from 1000–2000 V and a current of 6 μA was emitted
from the ELF. These events match the result of ground tests.
However, a new phenomenon that had never been detected in
the ground was seen in orbit: the insulator became negatively
charged when the ELF was operating. To explain this
phenomenon, further studies on the ground, as well as more
flight data, are necessary.
Although the experiments were successful, several
observations remain unexplained. Unfortunately, the satellite
went into anomaly mode in December 2012, rendering further
experiments impossible. While a recovery effort is being made,
preparations for the next experiments are in progress. Due to
the limited resources available for HORYU-II, which weighed
only 7.1 kg, basic information to interpret the experimental
data, such as plasma density, precise satellite location and
orientation, was insufficient.
For the solar array arcing experiment, information related to
the polarity and magnitude of the current would have helped
clear up the ambiguities in the data analysis. The next
experiments are expected to measure the arc current waveform
and capture images of arcs on solar arrays. At the same time, a
thorough ground investigation into the cause of arcs on the
film array, as well as PIC errors, needs to be carried out.
In addition to HORYU-II, another flight experiment is
planned onboard a 50kg satellite flying over aurora zone to be
launched as early as June 2014. Actively biasing ELF to 300V or more negative potential by HVSA is planned as
another experiment onboard HORYU-IV that is scheduled to
be launched as early as summer 2015. These flight
opportunities will also help to accumulate more flight data.

Fig. 32 Close-up views around the time of 14:24:16 from
the Fig. 30.

Table 3 lists the number of cases where either an ELF
emission or SCM charging was observed. Before the flight
experiment it was anticipated that most cases would be ELF
emissions and positive charging. Two such cases were
observed, verifying the principle of ELF operation and the
ground experiment results. There were cases where only an
ELF emission or SCM charging was observed. Those cases
were also observed on the ground, because the ELF and SCM
were independent, which is also true for the flight experiment.
The ELF emission and negative charging is a phenomenon
observed for the first time. At this moment, the reason is
unknown. It was hoped to conduct more experiments in space
to further investigate this.

TABLE III.

Day

ELF

SUMMARY OF ELF EXPERIMENT RESULTS

Positive

Negative

emission + emission + emission

ELF

ELF

charging

charging only

Positive

Negative

only

charging

charging

only

7/29

1

1

0

0

0

9/21

0

1

2

0

1

10/9

1

0

0

1

0

Total

2

2

2

1

1

VI.

CONCLUSION

High-voltage solar array technologies were tested onboard a
satellite flying at a 680-km sun-synchronous orbit. In one
experiment, solar arrays made of two-series connected
GaAs/InGaP/Ge solar cells were attached to the negative end
of a high-voltage solar array that generated photovoltaic
power at 350 V. Three types of solar arrays were exposed to
the surrounding plasma with potentials as negative as -350 V.
Total exposure time was from 605 to 771 min, depending on
the array type. The three solar arrays were laid down on a
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ISO-11221
• ISO-11221, “Space systems - Space solar
panels - Spacecraft charging induced
electrostatic discharge test methods”
• Published on August 1st, 2011
• Result of international efforts since 2005 (9th
SCTC)
• ISO rule
– Systematic review every 5 years
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Effect of ISO-11221
• Due to advances of knowledge
and testing, power system failure
is decreasing
• But there are still failures
occurring
Satellite power system failure events
Launch year

3

Spacecraft Charging Technology Conference 2014 - 163 Viewgraph

Are we happy?
• At 12th SCTC (2012)
– Presentation by Japan, US, China and India clearly
show ISO-11221 is used
– Everybody was happy with the standard

• In the first version, several points were left for
future revision
–
–
–
–
–

How far the flashover current flow
Flashover simulator
Solar cell degradation
Testing of solar panel backside
others
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Revision procedure
• Around August 2016
– A ballot sheet and a comment sheet will be circulated to Pmember countries of ISO/TC20/SC14
– Choose one from
• Confirm: keep the current version for the next five years
• Revise
• Withdrawal: abolish the standard
– Questions
• Is the standard used in your country?
• Is the standard adopted to your domestic standard (with
or without change)?
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Criteria
• The criteria for confirmation
– The standard has been adopted with or without change or is
used in at least five countries (when this criteria is not met,
the standard should be withdrawn); and
– a simple majority of the P members of the committee voting
propose confirmation.
• If the voting is not obvious about “Confirm” nor “Withdrawal”
– SC14/WG1 will decide on the revision process. The revision
can start either from CD or DIS.
– The revision must be finished within three years.
– During the revision process, the current version will stay
effective.
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Discussion points
• This SCTC
– Are you using this standard or adopting in some
way (with modification)?
– Which point we should look at for revision, if any

• Next SCTC (2016, possibly)
– I will ask the community how each country intends
to vote.
– If the intention is “Revise”, I will ask what points
need to be revised.
– To clarify the revision points and at which stage we
should start
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