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ABSTRACT
Based upon arc current signatures, a new technique
for predicting arc location on the surface of satellite
solar panel is proposed. The main objective of this
technique is to overcome the limitations of a CCD
camera for identification of arc locations. Though,
high speed cameras along with image intensifier
are an ideal solution for the proposed objective in
the laboratories, but because of technical
constraints same cannot be implemented for such
experiments. The concept to bypass the role of
cameras for identifying arc location is a challenge.
Arc current waveforms give an idea about arc
plasma expansion over the surface of solar panel
coupon. In the proposed Arc Expansion Image
Pixel Manipulation (AIEPM) technique, expansion
of arc plasma is simulated theoretically using
image processing techniques in LabVIEW. Each
image related to arc plasma bubble expansion
(flashover) is processed and region covered by arc
plasma bubble with respect to time is calculated.
Arc plasma bubble expands radially outwards from
its point of initiation. Resultant arc current
waveform is a function of arc location, substrate‟s
geometry, dielectric properties of the surface
materials and surface potential before the discharge
(Arc). These waveforms make a database for arc
location predictor system. A specific database is
prepared for a given solar panel coupon and new
arc current waveform measured by Current
Transducer (CT) is compared with it. Location
corresponding to the best match between predicted
and experimental waveform is the obtained arc
location. Various comparisons between both these
waveforms are discussed in the paper.
1.

INTRODUCTION

The charging arcing phenomenon on the
dielectric surface is well-known. Satellite solar
panels encounter this problem during their on-orbit
life. Discharges on the surface are responsible for
reduction
in
satellite‟s
operational
life.
Development of a reliable arc mitigation technique
is a challenge for all the leading nations involved in
space research in the world. Experiments are
performed under simulated space environment in
laboratories to conduct detailed studies on these

electrostatic discharges [1, 2, 3, 4 and 5]. In India,
SPIX - II (Spacecraft Plasma Interaction
eXperiement) facility is indigenously developed to
study charging arcing phenomenon on satellite
solar panels [6 and 7]. This activity is jointly
conducted by Indian Space Research Organization
(ISRO-ISAC, Bengaluru) and Institute for Plasma
Research (IPR - Gandhinagar). Along with the arc
threshold test and sustained arc tests, an attempt to
predict arc characteristics like location, velocity
and surface flashover are proposed. In this
approach, it is assumed that arc plasma expands
radially outwards. Considering this, various arc
parameters are identified based on simulated arc
expansion image. This technique is based on image
processing. The theoretically generated arc plasma
bubble expansion image is pixelated before
processing [8].
2.

ARC EXPANSION MODEL

An electrostatic discharge or arc is a
sudden flow of electric current between two
regions with different electric potentials. Arc
plasma bubble expands in all the directions
uniformly on the surface of the satellite solar panel
in space environment. As the energy of arc plasma
is more than the surrounding plasma or any other
charged environment, it expands radially outwards.
Thus no component except the energy stored in
cover-glass contributes in the expansion of the arc
plasma bubble. This expansion is verified by Cho
et al. with the help of intensified arc images
captured using a high-speed CCD camera [9 and
10]. A discharge may occur on the triple junctions
where the electric field has increased considerably
from its threshold voltage value. The geometry of
the substrate and layout of the solar cells are
responsible for providing boundary conditions for
arc expansion. Arc plasma bubble terminates as it
reaches substrate‟s boundaries or on reaching an
equipotential region on the substrate. Such region is
possible due to shadowing above the solar panels
[11]. This phenomenon shows analogy between arc
expansion and arc current waveform. Before
reaching the nearest edge the shape of arc plasma
bubble is a circle. Radius of arc plasma constantly
increases with time. As soon as arc plasma bubble
strikes with the nearest edge, its shape deforms into

a non-circular region as shown in Figure 1. Here
lengths of arcs related to angle „θ‟ are considered
for calculating arc expansion region. It is clear that
θ decreases as arc plasma bubble expands over the
surface. Before reaching the nearest edge, θ is 360 0
that is complete circumference of arc plasma
bubble is considered [12, 13 and 14].

2) Charge stored on the topmost material of the
solar panel surface is considered for calculating
the magnitude of the arc current.
3) Predicted waveform is considered for the entire
solar panel coupon. It is assumed that the ESD
is capable of discharging entire surface of the
coupon which is not possible for all the arc
4) It is assumed that the solar panel surface is
charged uniformly that is threshold voltage is
uniform at all the locations on the surface. (this
is based on unique result obtained during one
of the experiment in SPIX lab [15] This value is
important for generating array of charges for the
given geometry
5) Role of internal capacitor [16] neglected while
measuring the charge stored in a unit area above
the solar panel surface
6) Breaking the symmetry of the solar panel
coupon experimentally is not in the scope of the
paper.
Table I show the details materials necessary for
calculating the capacitance value

Figure 1: Simulated arc expansion image

Length of to be considered is
Length at time T1 = 2πr [(

]

Length at time T2, where T2 > T1
= 2πr [(
+(
+(
]
Here θ reduces with time. Area covered by arc
plasma bubble can be expressed in terms of its
perimeter if it is measured at very small time
intervals. Thus a continuous value of arc current is
proportional to the time integral of the value of
length at given time.
3.

ARC EXPANSION IMAGE PIXEL
MANIPULATION TECHNIQUE

Similar waveforms can be obtained from the
designed algorithm. The input parameters are the
geometry of solar panel coupon, location of arc,
physical properties of the surface materials. The
complicated
mathematical
calculations
are
simplified in the proposed technique which deals
with the theoretical image of arc plasma bubble
expansion. Various assumptions in the proposed
algorithm are as follows
1) Arc plasma bubble expands uniformly outwards
with constant velocity. Few predicted
waveforms show the existence of different
velocity components at different distances from
the arc initiation location. These arcs are dealt
individually by making basic modifications in
the proposed algorithm.

Table 1: Properties for different materials
Material
Dielectric constant Depth
Kapton
3.8
50 u
Cover-glass 3.5
100 u
Based on the input geometry of the solar panel a
2D array of capacitance is generated. Value of arc
threshold voltage is obtained from primary arc
experiments. Using the relation
Q = CV [1-

]

2D array of charges is generated
corresponding to the given geometry. This array is
an input for measuring magnitude of arc currents
with respect to different time and distances from
arc location. Here the elements in the array should
be equal to the pixels in the theoretical arc plasma
expansion image. In the proposed technique, a
colored circle of a finite radius is drawn around the
arc location pointed by the user. A sequence of
images with uniform increase in radius of arc
plasma bubble is obtained programmatically.
Further manipulations are done on this modified
image itself. Difference between numbers of
colored pixels from consecutive image and plotted.
This is equivalent to area covered by arc plasma
bubble on the surface. Thus,
I(t+1)

C(t+1) – C(t)

Where C = Number of colored pixel in modified
image

Difference between numbers of colored
pixels from consecutive images gives the
circumference of the arc plasma bubble. On
reaching the nearest edge, ratio of increment of
colored pixels in images becomes non-linear. As
the size of the image is pre-defined, this change is
taken care of by software. As the approach is based
on quantitative measurement of colored pixels,

Figure 4: Actual and predicted waveform for an arc occuring at
the corner of a square dielectric susbtrate of side 300 mm. Arc
location is 70 mm from two nearest substrate‟s edges.

(a)

(b)

(c)
(d)
Figure 2: Arc plasma bubble (a) initiation (b) expanding till
nearest edge (c) expanding till extreme edge (d) expanding
throughout the substrate‟s surface.

Predicted and measured arc current waveforms at
two different locations on the dielectric surface are
shown in figure 3 and figure 4. Arc current
waveform is plotted using AEIPM algorithm. For
an arc occurring at the center of the square solar
panel coupon, arc current value increases and
decreases gradually. Arc current generates an
autograph on reaching the surface edges. This is
clear for waveforms shown in figure 4.

Figure 3: Actual and predicted arc current waveform for an arc
occurring at the center of a square dielectric substrate of side 300
mm.

Predicted and measured waveforms for
one meter solar panel coupon are shown in figure 5
and figure 6.

Figure 5: Arc on string 1 of long coupon with velocity 1.76E4
m/s

Figure 6: Arc on string 1 of long coupon with velocity 2.046E4
m/s

For first example, the location of actual
and predicted arc waveform is (200, 70) on a 1000
mm X 400 mm rectangle solar panel coupon. From
the actual arc waveform, it is difficult to identify
the signature generated on reaching the nearest
edge that is 70 mm from the arc location. Thus the
first peak attained in the actual arc current
waveform corresponds to the signature generated
on reaching the second nearest edge which is 200
mm form the arc location. This peak is observed
after 11 µs of arc initiation. Arc velocity calculated
that this instant is 200 mm/ 11 µs = 18 KM/s. The
second peak is obtained on reaching the third edge
which is at the distance of 330 mm from the arc
location after 18.5 µs. Arc velocity at this instant is
330 mm/ 18.5 µs = 17.8 KM/s. In the proposed
algorithm, arc velocity is calculated by matching
the signatures in both measured and predicted

waveforms. In most of the cases, tuning the first
peak of the waveform tunes (matches) the entire
waveform. Here the proposed velocity is 17.6
KM/s which is almost equal to the calculated arc
velocity. This indicates that the results obtained
from the proposed algorithm are reliable and
repeatable. Additional information related to the
surface flashover is obtained by understanding both
the waveforms shown in figure 5 and figure 6. As
stated above, arc waveform is predicted for the
entire solar panel coupon assuming that the entire
solar panel is discharged. This may not be
practically possible for all the arcs. It is clear that
the actual waveform terminated very early
compared to the predicted waveform. This
indicates the energy released due to arc current is
not capable of neutralizing the complete surface
charge. This result is also validated from the
current waveforms in the neutralizing strings.

Distance from arc
location (mm)
200
330
385.8

Distance from arc
location (mm)
200
330
385.8

Table 1: Arc 1
Time (µs)
11
18.5
25 (time
intersection
slopes)
Table 2: Arc 2
Time ( s)
9.5
16.5
19.5

of
of

initiation point which is ideally zero. This
difference increases gradually with respect to time
and distance. The average surface potential is 1-1.5
KV. Similar range of threshold voltage is obtained
experimentally.

Figure 8: Actual and predicted waveform for an arc at
definite location on the solar panel coupon with solar
cells

Velocity
(KM/s)
18
17.8
15.4

Velocity
(KM/s)
21
20
19.78

Figure 7: Distance verses velocity graph showing decelerating
velocity

Version 2 of the developed algorithm is computes
the potential distribution on the surface of solar
panel coupon. Based in the equation, initial results
are presented in the figure 9.

=
Figure 10 shows the potential above the cover-glass
only. Simulated results also show the fact that
potential difference is maximum at the arc

Figure 9: Voltage Potential on the coupon surface after the arc
based on predicted waveform shown in figure 8

Figure 10: Voltage Potential on the cover-glass surface after the
arc.

4. CONCLUSION
The proposed technique is applicable for predicting
the location of arc origination point on the
development of adequate database. Various
examples which show comparison between the
measured and predicted waveforms show the
authenticity of the proposed technique
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Arc Expansion Image Pixel Manipulation (AEIPM)
Technique
Rashmi S. Joshi, and Suryakant B. Gupta
FCIPT, Institute for Plasma Research , A-10, GIDC, Sector-25, Gandhinagar, Gujarat, 382 016
Aim &
Motivation

The main objective of this technique is to overcome the limitations of a CCD camera for identification of arc
locations. A library of predicted waveforms of all the arc prone locations is developed busing he proposed
technique. Thereafter, a new arc current waveform is compared with the library signals and corresponding location
which is actual arc location is predicted

An electrostatic discharge or arc is a sudden flow of electric current between two regions with different electric
potentials
The geometry of the substrate and layout of the solar cells are responsible for providing boundary conditions for
arc expansion.
Before reaching the nearest edge the shape of arc plasma bubble is a circle and as soon as arc it strikes with the
nearest edge, its shape deforms into a non-circular region as shown in figure
Length of to be considered is

Length at time T1 = 2πr

360
[( )
Ɵ1

Length at time T2, where T2 > T1
360
360
360
= 2πr [(
)+(
)+(
)
Ɵ2(1)

Ɵ2(2)

Ɵ2(3)

AEIPM technique was tested on an empty solar panel coupon
for initial validations. Only two arc locations considered for
analysis were a) Centre and b) Corner of the solar panel
coupon

Actual and predicted waveforms for arc 1 on string 1 of long
solar panel coupon

Predicted and measured waveforms for an arc on square solar panel coupon

ARC 1
ARC 2

Distance from arc Time
location (mm)
(us)

Velocity
(KM/s)

200
330
385.8
200
330
385.8

18
17.8
15.4
21
20
19.78

11
18.5
25
9.5
16.5
19.5

Actual and predicted waveforms for arc 2 on string 1 of long
solar panel coupon

Arc Velocity analysis for above waveforms

Predicted Surface potential on solar
panel coupon

Predicted Surface potential on coverglass of solar panel coupon
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