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ABSTRACT
HORYU-IV is made to do laboratory experiments on
spacecraft charging in real space environments. The
experiment of high voltage solar arrays is the main
mission of this satellite. This mission uses oscilloscopes
and cameras on board the satellite in order to acquire the
same type of data as those on the ground including
waveforms and video images. The on-board
measurement instruments were developed in-house
Kyushu Institute of Technology to fit within the 30cm
cubic small satellite. The instruments worked and
captured solar array electrostatic discharge currents and
images the first time in space.
1.

INTRODUCTION

these solar arrays are captured by on-board video
cameras, and arc currents are measured by on-board
oscilloscopes. In such experiments, the oscilloscope is
an essential instrument to determine the type of arc and
its magnitude, and a relevant image is used to determine
the exact discharge position.
HORYU-IV has been successfully operated and has sent
experimental results to us. Flight data will not only be
used for confirmation of the new high voltage
technologies, but also for comparing results in space
and on the ground to evaluate and improve present
ground testing methods. This paper presents initial
results from this satellite in orbit including Electrostatic
Discharge (ESD) waveforms and pictures.

HORYU-IV is a 10kg 30cm cubic satellite, which
carries in-house developed experimental setup to
perform high voltage experiments in-orbit. Figure 1
shows HORYU-IV, which attached to the H-IIA rocket
[1]. The spacecraft was launched on 17th February 2016
by the rocket into an orbit with 575km altitude and 31
degrees inclination.
This is a successor spacecraft to HORYU-II, 7kg 30cm
cubic satellite, launched in 2012 to 680km altitude and
98.2 degrees inclination. The aim of these satellites is
contributing to developments of high voltage
technologies through demonstrations in real space
environment. HORYU-II successfully generated 350V
in-orbit, and this high voltage was used as the bias
source for other high voltage experiments including inhouse developed arc mitigated high voltage solar arrays
[2]. In-orbit, one of the experiments demonstrated
different result from testing on ground, in which several
arcs were unexpectedly (i.e. not occurred on ground)
observed on the arc mitigated solar array. However,
measurement
instruments
on-board
HORYU-II
provided insufficient data (i.e. only occurrence of
electrostatic discharge) to analyse the conditions of
these arcs, and we have not yet obtained a conclusive
proof.
The key concept of HORYU-IV is obtaining the same
amount and quality of measurement data as on the
ground using common laboratory equipment such as
oscilloscopes and video cameras. HORYU-IV carries 2
film wrapped solar array coupons, 1 semi-conductive
coated solar array coupon and 2conventional solar array
coupons -i.e. same as HORYU-2. Arc flash lights on

Figure 1: HORYU-IV (Front with Arrow) on the H-IIA
Rocket [1] Photo Credit JAXA
2.

SATELLITE OVERVIEW AND
EXPERIMENTAL SETUP

Detail description of the satellite exterior including test
samples is shown in Figure 2. The satellite does not
have active attitude control such as 3 axis stabilisation.
Instead, a permanent magnet is on-board the satellite to
fix X axis along the Earth’s magnetic field lines (i.e.,
+X panel points the north), in other words passive
attitude control. Currently, the satellite attitude
(including X axis) has not yet settled down and is
rotating.
This satellite carries coupons (i.e., 5 samples in total) as
follows:
• Nominal Triple Junction Solar Cell Array (nTJA)
on both +Z and –Z side
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•

•

Ethylene Tetrafluoroethylene (ETFE) Film Warped
Triple Junction Solar Cell Array (fTJA) on +Z and
–Z each
Semi-Conductive Coated Triple Junction Solar Cell
Array (cTJA) on +Z (back side of +X panel)

Both +Z and –Z samples are monitored by video
cameras. Because the satellite attitude is a matter of
chance, the sun-shade is used on +Z panel to reduce
possibility of the sunlight illumination to the test
coupons. The direct sunlight intensity may be stronger
than the arc flash light. In contrast to the +Z panel, the –
Z panel has no sun shade. The detail design can be
found in [3].

2

Following measurement instruments were used in this
test:
On-board Oscilloscope (OBO): The ESD current can be
measured at 2 locations, which are at the electron
collector (positive) side and at each sample coupon
(negative) side. These ESD currents are converted to
voltage by current transformers. In addition, the
capacitor voltage can be recorded by the OBO through
an isolated amplifier, and used as a trigger source and a
reference data. Only electron collector current was
measured during this experiment. The sampling speed
for electron collector current measurement is 6MHz.
The OBO electronic circuit is galvanically isolated from
the high voltage system including electrical ground
(GND).
Arc Counter: The arc counter also detests the ESD
occurrence by a rapid current change. The locations of
its current probe are the same as the OBO. Its
measurement circuit shares a microcontroller with the
high voltage distribution circuit. In addition, these
circuits are on the same GND, which called the high
voltage system ground.
Arc Vision Camera (AVC): A panchromatic video
camera is placed on +Z and –Z side, respectively. The
video signal fed into a capture board, which records
video frames before, during and/or after the ESD event.
Its shutter is synchronised with the OBO trigger signal.
Figure 3 shows flight version test samples including 3
test coupons, 3 secret ink samples and a Surface
Charging Monitor (SCM). These are monitored by the
AVC video camera.

Figure 2: HORYU-IV Exterior Configuration and
Instruments Locations
Figure 4 shows detail block diagram of high voltage
experiment system. During the experiment, one of the
sample coupons is connected to the high voltage bias
source. The bias voltage is generated by Sphelar solar
cells (same as HORYU-II), and it is called High Voltage
Solar Array (HVSA). The output voltage of the HVSA
is clamped to 350V by a Zener diode shunt regulator.
The maximum output current of the HVSA is 2mA.
Therefore, its energy is slowly stored in the capacitor,
which will be the source ESD (blow off) current. The
capacitance of 0.1µF was used in this experiment.

Figure 3: Test Samples and Camera on +Z Panel
3.

EXPERIMENTAL RESULTS

During the initial operation, the +Z nTJA was biased
twice, and each test duration was 30 minutes. During
the 1st experiment, the satellite entered eclipse, and the
high voltage was not supplied after 25 minutes from its
mission start. Table 1 shows observed ESDs by the
OBO. Here, the time stamps saved in the OBO and the
AVC are matched. The discharge locations are plotted
on the map in Figure 5.
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Figure 4: Experimental Setup

Table 1: List of Observed ESDs
Start Time [UTC]

Number

24 Feb 2016 02:01

1-1
1-2
eclipse
2-1
2-2
2-3

9th Mar 2016 00:06

Time of
occurrence
from the
start time [s]
550
834.5
1440
701.5
1326
1572

Figure 5: Discharge Locations

Figure 6: Temperature at 1st Experiment

Charge [C]

39.3
39.5

Figure 7: Bus Solar Array Current at 1st Experiment

39.2
38.9
8.6

Figure 8: Temperature at 2nd Experiment

Figure 9: Bus Solar Array Current at 2nd Experiment
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Figure 10: ESD Current Waveform #1-1

Figure 11: ESD Current Waveform #1-2 [4]
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Figure 13: ESD Current Waveform #2-2

Figure 14: ESD Current Waveform #2-3
Figure 6 and Figure 8 shows temperatures of the sample
coupon (i.e., the AVC video camera and the sunshade
panel) and the OBO (i.e., located inside the satellite).
This space craft does not carry active attitude control,
and whole axes have rotated with period of 25 seconds.
However, as can be seen from the bus solar array
currents (i.e., shown in Figure 7 and Figure 9) and
images taken by the AVC (i.e., shown in Figure 15,
Figure 16 and Figure 18), +Z panel (i.e., the
experimental side) pointed the Sun during the
experiments by a coincidence.

Figure 12: ESD Current Waveform #2-1
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Figure 17: Observed ESD Flashlight #1-2[4]

Figure 15: Picture Taken During ESD #1-1

Figure 18: Picture Taken During ESD #2-1

Figure 16: Picture Taken During ESD #1-2
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In this experiment, the AVC video camera used
interlace-video mode, and the frame rate was 120Hz.
The order of video frames is shown as “Frame 1a” (i.e.,
earliest), “Frame 1b”, “Frame 2a”, “Frame 2b” and
Frame 3a” (i.e., latest) in this paper. Figure 16 (enlarged
image is shown in Figure 17) shows a captured ESD
flash, which corresponds to discharge 1-2 -i.e., the
waveforms shown in Figure 11. This image was
regenerated on the ground by selecting and merging
only perfect data packets contain no error bit –i.e., no
distortion and noise from the communication. Each data
packet is ensured by a cyclic redundancy check (i.e.,
CRC-16-CCITT) functionality embedded in S-band
downlink, which tells whether each packet contains
error (even single bit error) or not (perfect).
ESD flash light could not be clearly observed except in
the discharge #2-1. This experiment used the video
camera in automatic mode, and the timing of the image
sensor may not be matched with these ESDs due to
narrowed image timing window by its Auto Exposure
Control (AEC) functionality. This AEC can be disabled
(i.e., manual mode) in the further operations.

Figure 19: Picture Taken During ESD #2-2

During the experiments, low speed data recorder (arc
counter) kept restarting and could not stably record data
including solar array voltage, surface charging monitor
value and occurrence of arc. Nevertheless, 350V bias
voltage was confirmed from recorded data fragment in
the arc counter as shown in Figure 21. Besides, it was
programmed to continuously supply 350V to a target
solar array even rebooted by anomaly.

Figure 21: HVSA Generation Voltage

Figure 20: Picture Taken During ESD #2-3

From Figure 10 to Figure 14, 3 different types of ESD
current waveforms were observed, which are simple
triangle shape short high peak current (i.e., 60A for 1µs
observed in discharges #1-1, #1-2 and #2-2), short high
peak current with oscillation (i.e., observed in discharge
#2-1) and multi peak long duration current (i.e., 8µs
observed in discharge #2-3). The discharges #1-1 to #22 discharged whole capacity stored in the capacitor (i.e.,
1µF with 350V). As can be seen from Figure 17, the
discharge #1-2 occurred in a narrow gap (i.e., the
electron collector bar and the solar cell edge), which
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translated to small plasma resistances, and it discharged
the capacitor completely. Besides, the maximum current
of discharge #2-3 was smaller than the others by one
order of magnitude and its consumed charge in
capacitor was also small –see Table 1. These indicate a
high likelihood of a long distance discharge such as
between the electrode and the interconnector.
These results are similar to [5] and [6] ground testing
results, when tested at low and high vacuum pressures.
4.

CONCLUSIONS

The high voltage experiment has been started on
HORYU-IV, and the first two experiments have been
successfully conducted. The results acquired are the
world’s first results waveforms and images) from
experiment in space.
The nTJA on +Z panel was biased and 3 different types
of discharges were found from this experiment. We will
obtain more results in space and conduct further
investigations through ground testing and simulations.
In other words, these results showed viability of this
experimental platform, and these instruments can be
used for other applications in the future.
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