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Abstract

The Advanced Land Observing Satellite (ALOS) that was launched by the Japan Aerospace Exploration Agency
in 2006 carries a large solar array paddle of 22m x 3m in polar orbit. The wake side of the solar paddle can be
charged to a negative value exceeding -1000V. Numerical simulations and laboratory experiments are carried out
to investigate charging and arcing phenomena on the backside of the solar paddle that has exposed bypass diode
boards and Silver-Teflon® thermal film. Possibility of secondary arc and surge voltage between hot and return
ends of power circuit has been investigated. We irradiate solar panel coupons with an electron beam to simulate
charging situation near the North Pole. Surface flashover is observed once the insulator potential exceeds -7000V.
We have also tested charging situation near the South Pole, where Carbon Fiber-Reinforced Plastics (CFRP)
surface facing dense ionospheric plasma may arc easily once a satellite potential drops to -80 or -90V. The solar
paddle design has been modified to increase the safety margin against arcing and tests have been carried out to

identify the strength limit under extremely harsh test environment.

l. Introduction

Loss of ADEOS-II (Midori-I1) due to power failure [1] resulted from spacecraft charging in the aurora zone

has made us reinvestigate strength of polar orbiting spacecraft against spacecraft charging. The risk of charging is
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indeed increasing for recent polar orbiting satellites that demand more power for spacecraft operation. The
increased power means increased risk of catastrophic failure in power distribution system that was demonstrated
unfortunately by the loss of ADEOS-II. The increased power also means increased size of solar array paddle. The
polar orbit is a peculiar orbit where low energy but dense ionospheric plasma and high energy but dilute aurora
particles coexist. As a satellite passes by the aurora zone, combination of plasma wake, non-conductive surface,
and aurora particles may lead to severe surface charging of the wake side of the solar paddle. Also if the aurora
electron current surpasses the current due to ionosphereic ions, the satellite body itself may be charged to a
negative potential.

The Japan Aerospace Exploration Agency (JAXA) launched ALOS (Advanced Land Observing Satellite) in
January 2006 to a sun-synchronous orbit of 690km altitude with the inclination of 98.2° and the 10:30 local
sun-time of descending node. Aurora charging has been discussed previously for Freja and Defense
Meteorological Satellite Program (DMSP) satellites[2], [3]. Severe negative charging of satellite body was
observed for those satellites when the satellites crossed the aurora zone between 65 and 75 degrees of the magnetic
latitude and ionospheric ion density decreased as low as the order of 10°m™. The orbital altitude of ALOS is not as
high as Freja or DMSP. Therefore, ion density would not be as low as Freja or DMSP, which makes it unlikely for
a satellite at the same altitude of ALOS to suffer charging similar to Freja or DMSP. ALOS, however, will carry a
large solar paddle whose size is 22m x 3m, that is one of the largest solar paddles ever flown in Low Earth Orbit
(LEO) except International Space Station (ISS). Figure 1 shows an illustration of the satellite.

Many of recent satellite failures are attributed to malfunction of power system. This is partly because the
satellite power has recently increased, often exceeding 10kW. Nowadays, satellite power system designers must
consider secondary arc phenomena. When severe spacecraft charging occurs, an electrostatic discharge may occur
mostly at a junction of exposed metallic parts and insulator surface. One example of such junction is solar cell
electrode and coverglass. A pulse of discharge current flows between the spacecraft and surrounding space plasma.
The current is concentrated to a small spot on the metallic surface, which resembles vacuum arc. The discharge
current is finite because its energy source is electrical charge stored on external insulator surface of spacecraft. If
the discharge ends as a pulse current between the spacecraft and the surrounding plasma, we call it “primary arc”.
When a primary arc occurs between two metallic points that are connected to the power circuit and have different
potentials, the arc plasma may short-circuit the power circuit. Then the spacecraft power supply, i.e., solar array,
provides energy to the arc plasma. If a primary arc leads to short-circuit, we call it “secondary arc”. The secondary

arc is divided into three stages as illustrated in Fig. 2. The first is “non-sustained arc” where the short-circuit



current flows through the arc plasma only while the primary arc current exists. The second is “temporary
sustained arc” where the short-circuit current flows even after the primary arc current stops, though it does not
continue indefinitely. The third is ““permanent sustained arc” where the short-circuit current keeps flowing until
the power supply is terminated. The permanent sustained arc produces low resistance arc tracks and often leads to
complete loss of the electrical output from the power circuit.

Near the North and South Poles, the ALOS solar paddle surface is almost perpendicular to the flight direction
so that the paddle faces directly to the sun. Plasma wake is formed behind the paddle, where ionospheric ions that
flow supersonically relative to the satellite cannot enter easily. On the other hand, aurora electrons can enter the
wake relatively freely because of their high energy of the order of keV or higher. If the wake side has
non-conductive surface, the surface can be charged to a highly negative potential, which was pointed out
previously via a numerical study by Wang et al [4]. Unless the aurora electron flux becomes extremely high, the
satellite body is well grounded to the ionospheric plasma. In this case, the satellite body connected to the negative
end of solar array circuit has a negative potential of the solar array output voltage [5]. Therefore, at the wake side
severe differential charging is possible between non-conductive surface and conductive surface that is connected
to the satellite ground. Solar paddle has many parts of hon-conductive surface, such as coverglass, insulator sheet
underneath solar cells and thermal film. For the case of ALOS orbit as shown in Fig.3, the differential charging is
more severe near the North Pole where the solar paddle back surface that receives no sunlight is in the wake side.
Near the South Pole, the front surface (i.e., surface with solar cells) is in the wake side. Therefore, photoelectrons
relax the negative charging of the non-conductive surface (i.e., solar cell coverglass) compared to the situation in
the North Pole, though differential charging still occurs if the aurora electron flux becomes very high.

There are four possible cases of severe surface charging for ALOS. We list each case in Table 1. In the table,
the normal potential gradient means that insulator potential is more negative than satellite potential. On the other
hand, the inverted potential gradient means that insulator potential is more positive than satellite potential. Also in
the table, the test environment indicates a method used to charge insulator to produce each potential gradient
condition in our laboratory tests. Near the North Pole, the backside insulator (e.g., thermal film) can have normal
potential gradient in the wake side. The plasma density and neutral density are much lower than the ram side. At
the same time, the front side insulator (e.g., coverglass) can have inverted potential gradient because the
ionospheric ions can easily keep the charging potential of the coverglass nearly equal to the plasma potential while

excessive aurora electrons drive the satellite potential to a negative potential. Near the South Pole, the backside



now facing the ram direction can have inverted potential gradient and the front side can have inverted potential
gradient.

The ALOS solar paddle consists of nine panels that generate a total of 7kW at End-Of-Life (EOL) condition
[6]. Each panel has 8 array circuits. Each array circuit has 159 series cells x2 parallel cells and shares blocking
diodes and bypass diodes. There are 72 array circuits for the entire paddle and the total number of cells is
approximately 23000. One solar array circuit generates 56 to 58V and 2.7A. (For simplicity, in this paper we
approximate the solar array output voltage by 60V.) Solar cells are 69mm x 36mm Si cells that have no integrated
bypass function. The bypass diodes are inserted at every 27 cells. The power control unit regulates the power at
55V in the dayside. Between solar cell strings, there is Room Temperature Vulcanizing (RTV) silicon grouting to
prevent intra-string or inter-string secondary arc. The solar paddle is made of 25mm thick CFRP/Aluminum
honeycomb substrate. The backside has Silver-Teflon® (Ag-TF for the rest of the present paper) thermal control
film on the CFRP/Aluminum substrate to alleviate the effect of the Earth’s albedo. In addition, there are bypass
diode boards at the backside. When the ADEOS-II failure occurred, the ALOS solar paddle was already
assembled in a factory. We call this stage of panel design the baseline design in this paper. Coupons were made
using the same process and material as the flight solar paddle based on the baseline design. A photograph of a
solar array test coupon representative of ALOS solar panel is shown in Fig.4. The bypass diode board and nearby
thermal film is shown at the center. This coupon is used in the laboratory experiment that will be discussed later in
detail. Electrical wires, Raychem Spec55/AWG(American Wire Gauge)24, run all over the paddle back surface.
The wires are attached to CFRP via Silicon adhesive through holes in Ag-TF film.

Reexamination of the baseline design raised several surface charging issues that required simulations and
laboratory tests [6]. The backside of the baseline design panel has several potential problems. It is mostly covered
with 200mm x 100mm Ag-TF thermal control films and is partially covered with 8 bypass diode boards and wire
harness cables transmitting power and signals. Figure 4 shows a test coupon used in the Electrostatic Discharge
(ESD) tests. The patches of Ag-TF have the thickness of 51um and are separated from one another in 2mm
spacing. About 3000 films are used for the entire paddle. Since the Ag-TF film used for the ALOS paddle does not
have conductive film for its exposed side and its silver-coated side is attached to the CFRP substrate by RTV
insulator adhesive, the Ag-TF films pose charging problems of insulator surfaces with significant areas and
floating conductors with exposed silver edges as shown in Fig.4. Each bypass diode board has 6 diodes on a
glass-polyimide substrate and a pattern of heat sink below the diodes. Silicon white paint mostly covers the

surface of the diode board. The diode terminals made of copper, which are exposed to space, are connected to the



ends of the array strings and create the potential differences of up to 60V directly connected to power line on the
board. The conductive heat sink is not grounded. As for the bypass diode board, the diode terminals and the heat
sink form a potential arcing risk. Secondary arc may occur between the exposed conductive parts of diodes in a
similar way to secondary arc between solar array strings [9]. The six diodes are arranged in a zigzag shape of 2 x
3 and the maximum potential difference between two diodes facing each other is 40V.

The major purposes of the ESD tests on the baseline design are to verify that permanent sustained arc would
not occur between diode terminals and the surge voltage between power harness lines caused by a primary arc is
within an acceptable limit. The surge voltage emerged as a concern because we can no longer ignore inductance
and resistance associated with solar paddle power harness considering the paddle length, 22m. The injection of a
fast current pulse into power circuit gives rise to a large voltage pulse in the harness line. The surge voltage might
exceed the voltage limit across various power electronics devices, such as transistor, diode and others.

We carried out ESD tests for both sides of the ALOS solar paddle shown in Fig.4. In the present report,
however, we report only the result of ESD tests carried out for the back side. The front side has a design very
similar to ETS8 solar paddle except the amount of additional RTV Silicon adhesive used to encapsulate solar cell
edges. Although we also carried out ESD tests for the front side, the results are more or less similar to the ESD
tests for ETS8 that was described in detail in [7] and [8] for both the test environments, plasma and electron beam.

In the second section of this paper, we describe the experimental facilities used for the ESD tests. From the
third to sixth sections, we describe our investigation of a situation over the North Pole that was simulated by an
electron beam in a vacuum chamber to produce the normal potential gradient on the backside of test coupons. The
third section describes the experimental results to identify threshold of primary arc inception under the normal
potential gradient. In the fourth section we describe numerical simulation carried out to identify the aurora
environment that produces the charging level exceeding the primary arc inception threshold. In the fifth section
we estimate the number of primary arcs expected in orbit. In the sixth section we describe the experimental results
on the secondary arc and the surge voltage. The seventh section deals with a situation over the South Pole that was
simulated by low-temperature plasma to produce the inverted potential gradient. In the eighth section, we present
experimental results for modified design and describe how we determined the final flight design. In the ninth
section, we give overall evaluation of the back-side of the baseline design paddle in terms of insulation strength

against aurora charging.



1. Experimental System

For the ESD tests, we used a vacuum chamber of 0.6m diameter and 0.9m length shown in Fig.5. The coupon
panel was placed horizontally over an acrylic plate with spacers of 20mm height. Experiments are carried out at
room temperature, 20°C, approximately. The chamber is equipped with an electron gun that can generate an
electron beam with energy as high as 30keV. The gun is vertically mounted at the center top of the chamber.
Typical beam current density at the coupon surface is 10mA/m? at maximum with 90mm half width. The electron
gun is equipped with a shutter system. We can open or close a shutter by sending a pulse signal. The chamber is
also equipped with a DC glow discharge plasma source that generates Ar plasma with a density of
2x10"m>~1x10"m™ and a temperature of 1eV near the coupon. The chamber is equipped with a turbo molecular
pump and a rotary pump. Typical chamber pressure is from 2x10Pa ~ 2x107°Pa while we use the electron gun and
3x10% Pa ~ 4x10Pa while we use the plasma source.

In Fig.5, we can see a Trek® surface probe mounted on a PC-controlled x-y stage that can scan the area of
90mm x 70mm at every 10mm interval in one minute. Also in the figure, we can see a spherical Langmuir probe
(LP) of 30mm diameter. The direct distance to the coupon surface from LP is 1220mm. The LP was used to give an
extra energy to arc plasma during the normal gradient experiment with the electron beam and to measure the Ar
plasma properties during the inverted potential gradient experiment with the plasma source. The distance of
120mm was rather dictated by the need to measure the plasma properties so that no interference would occur
between the sheath from the probe and the coupon. The distance should have been shorter to give the energy more
efficiently to the arc plasma but we fixed at one point to give the dual purposes to one probe while keeping
consistency among the test results. During the tests, we recorded video image of the coupon surface to a PC using
an infrared camera. We can identify all the primary arc locations using self-developed video analysis software on
the PC. Current and voltage waveforms were recorded to another PC by a high-speed data acquisition board that
can store all the waveform data as long as the arc frequency is less than 30 arcs/s, which usually applied to the
present cases. Before and after the coupons were placed in the chamber, the coupon surface was scanned by an
optical microscope with 60x magnification. Photographs of entire surface were recorded to a PC with their
coordinate.

Table 2 lists combination of circuit diagrams and purpose of each test case. In Figs.6, 7, 8 and 9, we show
circuit diagrams labeled in Table 2. The Shunt-OFF circuits (Figs.6 and 8) correspond to solar array circuit that is
closest to the satellite body. The purpose of shunt-off configuration is to test secondary arc. The circuit simulates

the innermost solar array circuit that is closest to the satellite body. Therefore, inductance, resistance and



capacitance associated with power line of solar array are smallest. The Shunt-ON circuit corresponds to solar
array circuit at the far end of the solar paddle. The purpose is to test surge voltage between hot and return lines of
the array circuit and power electronics devices such as a shunt transistor. The circuit simulates the outermost solar
array circuit that is the most distant from the satellite body. The inductance, resistance and capacitance associated
with power and ground lines are the largest. The additional inductance, resistance and capacitance correspond to
22m harness lines. For each solar array string, there are two pairs of hot and return lines. Therefore, we used a pair
of 11m parallel lines made of AWG 22 wire (Rpn, Lpn, Rpr, Lpr and C, in the figures). The resistance, inductance
and capacitance labeled R4, L4, Rry, Lry and Cs correspond to harness lines between the paddle drive motor and
the shunting device. We used a pair of 0.8m parallel lines made of AWG 22 wire. The resistance, Rpg, and the
inductance, Lpg, correspond to resistance and self-inductance associated with the paddle grounding wire harness.
From the measurement of the flight solar paddle, those values are Rpg=0.74Q2 and Lpe=10.7uH. We modeled
these resistance and inductance by 11m AWG 22 wire. The resistance of AWG 22 wire is 50mQ/m. Threshold
measurement of case 1 was carried out by switching off all the power supplies connected to the external circuit to
avoid the risk of discharge between the Trek® probe head and one of the diodes. The shunt switch used in the test
circuits are made from electronic parts equivalent, but not identical, to the flight model. They are composed of a
NPN transistor, a Zener diode, an inductance and a resistance. The transistor, Tr, is turned on and off by current
regulated by another NPN transistor driven by a DC power supply.

The power supply V; and V, are E4351B solar array simulators that simulate the solar cells connected by the
bypass diodes. Strictly speaking, we should connect a solar array simulator to each bypass diode. The main
purpose is, however, to investigate the possibility of secondary arc between diodes that has the highest potential
difference (40V). Therefore, for simplicity, we used only two solar array simulators. The voltages of power supply
V, and V, are set to 20V and 40V, respectively. The power supply Vs simulates other solar array circuits and
operates at 53V with the maximum current of 2.7A. The resistance Rp_ simulates the satellite load and the
capacitance Cgc (=18000uF) simulates the bus capacitance. The value of Ry, was adjusted so that the voltages at
V1 and Vo, are 20V and 40V respectively while a current of 2.7A flows Rp, in the shunt-off configuration. Once
secondary arc occurs for significant duration, the voltage between the hot and return lines collapses. Then, the
diode D, is turned on to keep the voltage across the load resistance constant. On the other hand, the diode D;
works to prevent the current supplied by the power sources V, and V, from flowing to the load resistance. The

diodes D, and D, are used to protect the power supply. The capacitance C;, C, and C; simulate the capacitance



between solar cells in one string and capacitance between cells and substrate. The values are C;=C;=80nF and
C,=800nF, respectively. The roles of the diodes and the capacitances are discussed in [10].

When an arc occurs, the energy is supplied by electrostatic energy accumulated on insulator surface such as
Ag-TF or white paint over the diode board. The coupon size was too small to account for all the insulator surface
of solar paddle that could contribute to an arc. The total capacitance of Ag-TF films on the paddle back side is
11uF approximately. In cases 2 and 3, we put the spherical probe as shown in Fig.5. The probe was connected to
a high voltage power supply, V,(=-7000V), and a capacitance, Ce(=160nF). The resistance R,(=10MQ) was to
protect the power supply. Once an arc occurred and developed as surface flashover, the arc plasma sometimes
reached the probe producing conductive path between the coupon surface and the probe. Then, the energy stored
in the external circuit, Cgy, was discharged to the arc plasma. The value of C,,, was determined to give total energy
of 4J, which was determined by assuming one-third of the panel would be charged [4] to threshold value of
primary arc inception, -1500V. The inductance and resistance connected to the capacitance was to limit and slow
down the current from the probe by considering the fact that the energy is released by surface flashover that
propagates with a finite velocity. We used Re,=4Q and L¢,=270uH based on previous works [11].

In cases 4, 5 and 6, the external capacitance was attached to the return line, which is a usual practice for solar
array ESD tests investigating an inverted potential gradient situation. The values of Re,; and Ly attached to Cey
were also Reg=4Q and Le,=270uH. In cases 5 and 6 we biased the coupon panel to V,(=-300V) with R,(=100kQ).
The external capacitance Cey; for cases 5 and 6 is 5uF that gives 0.2J of energy. This was determined from the total
capacitance of satellite external surface including solar paddle, 70uF, and the threshold of primary arc inception,
-80V.

In the experiment under electron beam environment, the current measured at C,;, which was the total current
inside the external circuit, triggered oscilloscopes. In the experiment under plasma environment, the rise of
coupon potential measured by Vs triggered oscilloscopes. The current probes, Cp1, Cpz, Cps and Cpy can measure
current from DC to 10MHz. The current probes, Cys, Cps and C,; can measure between 1kHz and 120MHz. The
voltage probes, Vy, Vp, and Vg are 50x differential probes. The voltage probes, V4, was a Trek® surface
potential probe that monitored the floating heat sink potential. A cable connected to the heat sink was extracted
outside the vacuum chamber through a high voltage feed-through and connected to a copper plate. The Trek®
probe measured the potential of the copper plate outside the vacuum chamber. The voltage probes, Vs, was a

2000x high voltage probe. The voltage probes, V6 and V7, were 1000x and 100x high voltage probes.



I11. Primary Arc Threshold under Normal Potential Gradient

Figure 10 shows position of primary arc that occurred during threshold measurement. The peak current was
25mA and the pulse width was 2ps. In this case, the electron beam energy was 3keV. After irradiating the coupon
for 10 minutes the insulator surface was scanned with the Trek® probe. The surface potential marked in Fig.10 was
charged to —1500V. For other electron beam energies the insulator surface was mostly charged to a negative value
of the electron beam energy —1500V. When the beam energy was low, arcs appear as single flashes originated
from individual points. A typical peak value of the arc current measured at C,7 in Fig.6 was less than 0.1A with
duration of a few ps. Arcs occur mostly along the edge of Ag-TF insulator. As the beam energy is increased to
9keV, we observe surface flashover that covers extensive area of coupon surface as shown in Fig.11. The surface
flashover accompanies much brighter flashes than those arcs at low electron beam energy of 3keV and often ends
at the edge of Ag-TF or electrical wires on the surface. From these measurements, we have concluded that arc
threshold is —1500V for a small arc and —7000V for surface flashover.

Figure 12 shows arc positions observed for one coupon. More than 2000 arcs were recorded for this coupon
with the beam energy of 8keV. The most negative insulator surface potential is approximately —7000V. Arcs
occurred at the edge of Ag-TF insulator, diode board and electrical wire, where insulator forms triple junction
with nearby conductor. In Figs.13 and 14, we show arc spots observed at edge of Ag-TF and the diode board.
Because silver layer of Ag-TF is not grounded, once Teflon surface is charged to a negative value, the silver layer
also has a negative value almost half the potential of Teflon surface. The side edge of Ag-TF is occasionally
shielded by RTV adhesive that displace from the bottom of Ag-TF. But, unless we intentionally shield the side by
RTV adhesive, the side edge has exposed silver layer. The silver layer is adjacent to CFRP that is grounded and
distance is only 100um or so. Therefore, once Silver layer acquires a negative potential close to —1000V, a small
arc occurs between the silver layer and CFRP. If the charging potential is large, the small arc may evolve to

surface flashover that absorbs charge of one or more patches of Ag-TF.

IV. Numerical Simulation

After the launch in early 2006, ALOS is in a sun-synchronous orbit at 690km altitude. The worst charging
condition can be identified based on the satellite trajectory. It is known that charging due to aurora particles
mainly occur between 60 and 75 degrees of the magnetic latitude. The longer the satellite stays in the aurora zone,

the more negatively it is charged. In addition, if the satellite enters the dayside just after the exit from the aurora



zone, the combination of the most negative potential and the beginning of power generation makes the situation
the worst case. Therefore, we looked for the case when the satellite stays the longest time in the aurora zone in the
night side and enter the dayside just after the exit from the aurora zone.

Figurel5 shows an example of satellite trajectory that meets the above-mentioned conditions. This trajectory
occurs on January 30th, 2006. At 6:10UT denoted by the closed circle in Fig.15, the satellite exits the aurora zone
and enters the dayside at the same time. ALOS stays 1200s inside the aurora zone. As we look at 46 days from
December 23rd, 2005, there are five such paths over the North Pole where it stays 1200s before it enters the
dayside. The example shown in Fig.15 has the highest geographical latitude when the satellite enters the dayside,
68° latitude and 86° longitude, which probably leads to the most severe charging because the plasma density is the
lowest. The year 2006 is also near the bottom of 11-year period solar activity, giving the lowest plasma density at
the altitude of 690km. Once we know the satellite position where the worst charging condition is expected, we can
obtain the plasma conditions from known models of ionosphere. In Table 3, we list the plasma conditions at 68°
latitude and 86° longitude at 6:10 UT on January 30th, 2006 that are taken from International Reference
lonosphere [12]. We use the plasma conditions listed in Table 3 as the reference values for the numerical
simulation.

In the numerical simulation, we calculate the charging potential of Ag-TF thermal film at the solar paddle back
surface. We use a Particle-in-Cell (PIC) scheme to calculate structure of plasma sheath surrounding the paddle
and a particle tracking scheme to calculate current density to dielectric part of the paddle. The basics of the
simulation method are the same as Ref.[13]. Because the solar paddle is very long in one direction (3m x 22m), we
assume uniformity along the direction parallel to the paddle and consider in a two-dimensional plane that crosses
the paddle. Figure 16 illustrates the computational domain. The cross section of solar paddle is given as a
rectangular of 3.08m x 0.04m. The domain size is either 20.48m x 10.24m or 20.48m x 20.48m. In both cases, the
paddle is placed at the center in y direction and 7 m from the left boundary in x direction. The paddle location and
the size of the computational domain were chosen so that the sheath would not overlap with the boundaries and
enough space was provided to the wake structure while complying with requirement of computational memory.
At the back- and top-sides, there are dielectric surfaces. The dielectric surface at the backside corresponds to
Ag-TF thermal film. The dielectric at the topside corresponds to Kapton® tape that insulates the side of aluminum
honeycomb substrate. Both the dielectric parts have capacitance of 1.7x107F/m? per unit area. The front side has
solar cells. We assume sheath from exposed conductor such as an interconnector overlaps and forms one large

sheath of —60V that is the solar array generation voltage. The bottom side has deployment synchronization wire
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that is grounded to the satellite body. Therefore, the bottom side is also assumed to be —60V. At the backside, there
is a small part of conductor that corresponds to CFRP substrate exposed near the paddle edge. Because the
substrate is grounded to the satellite body, the exposed CFRP has —-60V. At all the four boundaries potential is zero
and we assume uniform density (2x10"°m™) Maxwellian plasma with a drift velocity of 7.2km/s and temperature
of 0.2eV. The computational domain is divided into rectangular meshes of 0.02m x 0.02m.

In the simulation, we calculated temporal evolution of the insulator potential in the following manner:

1. Initial plasma conditions are calculated assuming that all the paddle surfaces have —60V. This corresponds to
the situation when the satellite has —60V potential before it enters an aurora zone.

2. lon current density to each dielectric part is calculated by tracking trajectories of ions from the boundaries.
From each grid at the boundary, we inject 1000 test ions. During the particle tracking, electric field
distribution inside the domain is fixed assuming that the variation of the field distribution takes much longer
time scale than travel time of ions inside the domain.

3. Charge accumulated by aurora electrons at each dielectric part is calculated. We assume, for simplicity, that
the current density to each dielectric part is uniform and constant regardless of its position.

4. Surface potential of each dielectric part is calculated from its capacitance and accumulated charge.

5. Field distribution surrounding the paddle is updated using the renewed dielectric potential. The PIC scheme is
used to include effects of space charge due to ionospheric plasma. The PIC scheme is run for one ion plasma
oscillation period so that the plasma around the paddle adjusts itself to the renewed dielectric potential.

6. The steps 2,3,4 and 5 are repeated until predetermined time expires.

In the above steps, the time steps to update the dielectric surface potential, denoted as dt,, is taken from 0.1 to
20s depending on the aurora current density that determines the time constant of charging. Table 4 lists the
parameters of each simulation. We consider 3.2x10A/m? as the nominal value of aurora current density based on
analysis of DMSP observation data [14]. The aurora current density, however, has a wide range of variation. The
maximum current density can be 5000 times the nominal value, i.e., 1.6x10*A/m?[14]. We define the aurora flux

coefficient a by the ratio of a given aurora current density to the nominal electron current density, 3.2x10°A/m?.
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where j, is the aurora electron current density in A/m%
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The energy distribution of aurora electrons is also highly variable. It is very difficult to define a typical energy
distribution of aurora electrons. Therefore, we simply assume that the aurora electrons have infinite energy so that
they can reach the dielectric surface regardless its potential. This assumption is valid as long as the charging
potential is relatively small, of the order of thousand volts.

Figure 17 shows the electric potential distribution around the solar paddle at 880s for case 1 where the aurora
current density is the nominal value. The potential of the paddle back surface is zero everywhere, assuring that if
the aurora current density remains this low value we can safely ignore the wake charging. The aurora current
density is about one-thousandth of the ion ram current density. For such a small amount of electron current, slight
amount of ions deflected by the sheath at the side edge of the paddle is enough to cancel the negative charge on the
back surface insulator. Therefore, for the nominal conditions of ALOS, arcing on the paddle back-surface in the
aurora zone over the North Pole will not occur.

Figure 18 shows the result of case 6 where the aurora current density is assumed the worst. The figure shows
the distributions of electric potential and ion density at 9s. The potential of the paddle back surface exceeds
-7000V, threshold of surface flashover. lons form arch-shaped distribution around the paddle as they are attracted
from the front side to the back side and rotate along the circular potential structure to conserve their angular
momentum. The ions that enter the sheath from the top side of the paddle go to the bottom-side and vice versa.
Figure 19 shows temporal variation of the distributions of potential and ion current density along the paddle back
surface. Near the top and bottom of the paddle the ion current exceeds the aurora current and locally slows down
the charging processes. The ion current at the center, however, is far from canceling the aurora current. Therefore,
the paddle back surface potential reaches the surface flashover threshold within 10s for the worst case.

By varying the aurora current density, we looked for the cases where the potential of the paddle back surface
reaches —7000V, threshold of surface flashover inception, within 1200s. Figure 20 shows how the paddle back
surface potential varies in time for different values of the aurora current density. The bottom and top of the figure
correspond to the bottom and top of the paddle back surface, respectively. Initially, the center part attracts ions
more than the aurora electrons and reaches zero potential quickly. The bottom and top parts become negative. As
time goes on, the negative part moves toward center, because the positions where the incoming ions focus shift in
time as the sheath structure near the paddle edges changes. For cases 2 (a=10), the maximum negative potential
keeps increasing, though it reaches only -600V at 1200s, therefore, no arcing would occur. For case 3 (a=50), the
back potential exceeds —1000V. The charging does not develop infinitely for this case, because sufficient number

of ions is attracted eventually to balance the current against the aurora electrons. As far as the aurora current is
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small, the back side potential repeats periodic variation as shown in Fig.20. We observed the periodic variation up
to case 4 (a=200).

For case 5 (a=500), however, the periodic variation does not appear. The maximum negative potential keeps
increasing as shown in Fig.20. In this case, the maximum potential reaches -7000V at 160s. Therefore, we
conclude that the threshold aurora current density to cause surface flashover is 1.6x10°A/m? 500 times the

nominal value.

V. Number of arcs expected in orbit

We now estimate the number of arcs expected in orbit based on the results of numerical simulation. The

Teflon surface potential at time t after ALOS enters the aurora zone near the North Pole is given by

d¢. 1 ,. . Orr
= Ji - .Ia - ¢T (2)
dt CTF ( ) 5T,: F

where j; is the ion current density deflected to the wake region, Crris the capacitance per unit area, ¢ is dielectric

coefficientand o is bulk conductivity of Ag-TF thermal insulator including the adhesive layer between Ag and

CFRP. Assuming C_ =18 x10"F/m*,¢e_=2x885x10"F/m and o, =1x10"1/Q/m, we have

ddre

1B~ -0.182 5.6 x 10°¢.. 3)

where we neglected the ion current density compared to the aurora current density. We can also neglect the
contribution of conduction current because the conductivity of Teflon is very small. When the aurora current
density is so large that the Teflon surface potential reaches the surface flashover threshold, the Teflon surface

potential becomes negative monotonically as given by
¢ (1) =-0.18at 4

for the cases such as a>500. The time to reach the flashover threshold value is given by
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Those cases of aurora flux with a>500 occur in reality, a few times a year based on data analysis of DMSP
SSJ/4 observation [14]. We have estimated a probability density function of the aurora flux value. Table 5 lists the
frequency that a satellite encounters the aurora flux higher than each listed value. We define the probability, F(a),

that the aurora flux coefficient is less than a by the following equation:

F(a)= [ p(a’)da’ ©®)

The probability density function p(a)da denotes probability that the flux coefficient is between a and a+da.
The function p(a) is given by differentiating F(a) by a. Using the values listed in Table 3, we plot F(a) and its
approximation in Fig. 21. By differentiating the approximation formula for F(a), we can approximate the

probability density function by the following equation:
1
p(a) =1.04 —exp(-1.04Ina) 7
a

The number of expected surface flashover in five years is given by

i T R 1200 x 0.18a ?
N, = [ p@a)—"N,,da= [ p(a) =— = 27000da = 830 [ ap(a)da=1800  (9)

500 arc 500 500

where Ty, is the time spent in each path in the aurora zone near the North Pole, which is assumed to be 1200s and
Nparn is the number of satellite paths that cross the aurora zone, which is assumed to be 27000 (=15path per day and
Syears). In Eq.8, the integration was carried out up to 10,000. Because ALOS does not spend 1200s in every path
inside the aurora zone, the number given here is the worst possible number. Given the method to obtain the

probability distribution function, p(a), the number estimated here contains a wide range of uncertainty. The
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number, however, is necessary to carry out the ESD test to check strength of the given solar paddle design against
repeated arcs. Assuming T s 1200s for every orbit would give sufficient margin to cover the upper bound of
the uncertainty. This number is used as a reference value when we carry out the tests regarding secondary arc and

surge voltage.

VI. Experiment on secondary arc and surge voltage

Figure 22 shows waveform observed when the surface flashover absorbed charge stored in the external circuit.
The external capacitance provided current as much as 300A into the solar array circuit for 15us. The arc plasma
momentarily short-circuited the power supply V,. The current from the power supplies V; and V,, that was
measured by C,3, decreased and the currents to the diodes that were measured by C; and C,, increased, though the
currents at C; and C,, were not fully equivalent to the current, 2.7A, supplied by the power supplies V; and V5.
Although the voltage of the solar array simulators measured by V, and V, were relatively normal, the current
waveforms suggest a temporary sustained arc occurred between diodes. Although we had nearly 1000 arcs with
the Shunt-OFF configuration, we had no permanent sustained arc. Only temporary (less than 10us) sustained arcs
similar to the ones shown here were observed.

When a large arc that absorbed charge stored in the external circuit occurred near CFRP substrate under the
shunt-on condition, the voltage drop across the ground resistance produced substantial surge voltage inside the
array string circuit. The array string circuit and the paddle ground were coupled through capacitance of adhesive
and polyimide sheet below solar cells. Nine solar panels of ALOS are grounded to the satellite body via ground
wires that has equivalent resistance and inductance of 0.74Q and 10.7uH, respectively. Figure 23 shows the
waveforms measured in various points in the circuit. The charge stored in the external capacitance, Cex(=160nF),
was discharged in less than 10us. A part of the charge was discharged directly to the chamber wall and the rest was
discharged through the power circuit to the ground. The current measured at the common ground, C,,, had a peak
value of 150A, of which 120A flowed the ground wire, Cp,. The current flowing the ground wire produced a
significant voltage drop across the impedance, V6. Then, voltage across the capacitance, Vys-Vy7, was as large as
1000V. Between the hot and return ends of the bypass diodes, the surge voltage, Vs, was between +120V and
—40V and oscillated with a few MHz. Among more than 100 measured waveforms, the maximum value of the

surge voltage was +180V/-140V. Because voltage between the hot and return ends is divided by the six diodes
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connected in series, each diode can withstand this level of surge voltage. We need to study, however, influence of

the surge voltage on other power devices such as shunt transistors.

VI1I. ESD tests for situation over the South Pole

To test the situation over the South Pole, we used low-temperature plasma environment, because the solar
paddle back surface is facing to the ram direction where dense ionospheric plasma exists. A coupon was placed
inside a vacuum chamber filled with Ar plasma. The coupon was biased to a negative potential by an external
circuit as shown in Figs. 8 and 9.

First, we tested the nominal condition where the satellite has a negative potential nearly equal to the solar array
generating voltage with respect to the plasma. We biased a coupon to -60V and exposed it to Ar plasma of 1leV
temperature and 5x10*'m density for 65 minutes corresponding to power generation time in orbit. We carried out
this test twice but observed no arc. Therefore, under the nominal condition, there would be no primary arc on the
solar paddle back surface. When the aurora electron current density is high, however, the satellite potential may
drop to a negative value as it was observed for DMSP and Freja. Because the Ag-TF insulator surface is faced to
the ram direction, its surface potential can be assumed to near zero potential as it accumulates ion positive charge.

We looked for the threshold of primary arc inception. We biased the coupon to a negative potential until we
observed a primary arc on the surface. At each biased voltage, we waited for 20 minutes assuming the worst case
where ALOS stays in the aurora zone for the longest time. We observed primary arcs at -90V but not at -80V.
Therefore, the threshold is between -80 and -90V. Arcs were observed on CFRP surface. CFRP surface is made of
conductive fiber and synthetic resin that is insulator. Therefore there are numerous triple junctions all over the
exposed CFRP surface.

Because there is only 20V margin between the arc inception and the nominal condition, we need to verify
primary arcs on the paddle back surface does not cause any damage to the power circuit. We did the tests similar to
the ones carried out for the North Pole situation, i.e., secondary arc and surge voltage. Before that, we need to
estimate how many primary arcs would occur in orbit. Because we have no three-dimensional charging analysis
software that can accurately calculate charging potential of a polar orbiting satellite, we rely on a simple analytic
method.

Total negative current collected by ALOS is given by
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|- = joAu + JaPoer + JaPpp =ax1.5x 10°°(A) 9)

where Aci, Anr and Ay are total conductive area on the satellite body, exposed conductive area such as
interconnector on the paddle front surface and exposed conductive area on the paddle back surface, respectively.

They are A=45m°, A,=0.5m” and A,,=1m? Total positive current collected is given by

|+ = C(¢sat)|:jiAcsr + jiAp + jphk (Ast - Acsr)] ~CX OOOZ(A) (10)

where A and A, are conductive area on the satellite body facing the ram direction and solar paddle area.

We assume A,=20m’ and Ap:66m2. We neglect contribution due to photo-electron current because
photo-electron current of Black Kapton is jphk:7.2x10'6A/m2 [15] and makes only 0.3mA in total. The factor ¢
accounts for expansion of ion collecting sheath from the satellite body and solar paddle. At the nominal condition
of ¢x=-60V, we cannot expect large expansion of the sheath considering the size of ALOS. Therefore, we
approximate c as unity. When | exceeds |, the satellite body potential ¢,; becomes further negative. This occurs

when

0.002
> S —
1.5x10°

=1300 (11)

When the aurora current density becomes 1,300 times the nominal value, the satellite experiences negative
charging. This rarely occurs. Only once in a year or so according to the analysis discussed in the previous section,
but still possible during the five-year mission time of ALOS. When ALOS encounters such a severe environment,
the satellite body potential quickly becomes further negative and the dielectric material on the paddle back surface
acquires positive charge from the incoming ions. Assuming that the capacitance of synthetic resin on CFRP
surface to be of the order of 107 F/m? and the ion ram current density of the order of 10°A/m?, it takes one second
to charge the dielectric material to 100V. Assuming ALOS stays 1200s in the aurora zone (the worst case), the
expected number of arcs is 1200. Dividing the number of arcs by the number of circuits, 72, we obtain 17 as a
reference value used for the ESD tests. Considering uncertainty associated with assumed numbers, the number of

arcs may vary with several orders of magnitude.
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We carried out the test against sustained arc twice using two different coupons. For each case, we had 500
primary arcs and observed no secondary arcs. Considering the reference value, 17, the total 1000 arcs gives
sufficient margin. In Fig. 24 we show the arc positions identified during the secondary arc test. Many arcs were
observed on CFRP surface around the coupon edge where Ag-TF insulator film was not placed. Arcs were also
observed at the edge of Ag-TF film where narrow gap of CFRP is exposed. Some of the arcs identified at the
middle of Ag-TF film are misplacement, which occurred because the computer software misinterpreted the
reflection at the surface as a part of the optical flash associated with primary arcs. We also observed arcs around
and on the diode board. The diode board has triple junction made of white insulation coating and exposed metallic
legs of the diodes. Although some of arcs directly hit the diode, they showed no sign of degradation when we
measured the forward voltage of each diode before and after the test.

For each coupon we tested against the secondary arcs, we also carried out the test for the surge voltage. Again,
we had 500 primary arcs for each coupon. When primary arc occurred the surge voltage that was mainly
monitored at Vp; in Fig. 9 showed little disturbance for most of the cases. The voltage amplitude was typically less
than a few volts. When a primary arc occurred on the diode board and the arc current flows through HOT line,
however, there was a surge voltage as large as 20V between the strings as shown in Fig.25. This is the voltage that
appears across the power control circuit elements at the event of primary arc. The number of this type of arc was 6
against total 500 arcs. Figure 26 shows the positions of those arcs. All of them were direct hit to the diodes.

Repeated primary arcs on CFRP surfa