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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies

(ISO membe

r bodies). The work of preparing International Standards is normally carried out through 1SO

technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and

non-governm

ental, in liaison with 1SQ _ also take part in the work ISQ collabaorates closely with the

International

International|Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part2.

Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The main tagk of technical committees is to prepare International Standards. Draft Intermational Stanglards
adopted by [the technical committees are circulated to the member bodies for voting. ‘Publication 38s an

International|Standard requires approval by at least 75 % of the member bodies casting-a vote.

Attention is d

rights. ISO shall not be held responsible for identifying any or all such patent rights.

ISO 11221 v

SC 14, Spacg systems and operations.

rawn to the possibility that some of the elements of this document may be the subject of gatent

as prepared by Technical Committee ISO/TC 20, Aircraft(and space vehicles, Subcomnmnittee
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INTERNATIONAL STANDARD ISO 11221:2011(E)

Space systems — Space solar panels — Spacecraft charging
induced electrostatic discharge test methods

1 $cope

This [International Standard specifies qualification and characterization test methods ‘to.“simuilate plasma
interactions and electrostatic discharges on solar array panels in space. This International| Standard is
applitable to solar array panels made of crystalline silicon, gallium arsenide (GaAs)~or multi-junction solar
cells.| This International Standard addresses only surface discharges on solar panels:

2 Terms and definitions
For the purposes of this document, the following terms and definitioQis)apply.

2.1
active gap
gap hetween solar cells across which a potential differenceis present when the solar array poweris available

2.2
blowfoff
emission of negative charges into space due to@n electrostatic discharge

2.3
colligionless plasma
plasma in which the mean free paths of electron-neutral, ion-neutral and coulomb collisions arg¢ longer than
the sgale length of interest

NOTH Chamber length is an‘example of a scale length of interest.

2.4
diffefential charging
space¢craft charging)where any two points are charged to different potentials

25
differential.capacitance
capagitahce between any two points in a spacecraft, especially between the insulator surface and the
spacecraft body

2.6

differential voltage

potential difference between any two points in a spacecraft during spacecraft charging, especially between the
insulator exterior surface potential and the spacecraft chassis potential

2.7

discharge inception voltage

lowest voltage at which discharges of specified magnitude will recur when a DC voltage is applied between
any two points in a spacecraft, especially between the insulator surface and the spacecraft body

© 1SO 2011 — All rights reserved 1
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2.8

electrical breakdown
failure of the insulation properties of a dielectric, resulting in a sudden release of charge with possible damage
to the dielectric concerned

2.9

electric propulsion
spacecraft propulsion system in which the thrust is generated by accelerating charged particles that are

neutralized b

2.10
electrostatig

efore they are ejected in order to produce a jet

electrical bre
caused by di

2.11
gap distanc
distance bety

2.12
glow discha
gaseous disd

NOTE TH
cathode surfagq

2.13

inverted pot
inverted voltd
result of diffe]
to the neighi

NOTE TH

2.14
non-sustain
passage of
discharge cu

See Figure 1.

2.15
normal pote

dischargc' _ . —
akdown of dielectric or gas or vacuum gaps, and also of surface interface of dissimilar matg
ferential charging of parts of dielectric materials and their interfaces

a)

veen biased cells or conductors

rge
harge with a surface glow near the cathode surface

e origin of the ionized gas is mostly ambient neutral gas molecules rather than metal vapour fro
e.

ential gradient

hge gradient

rential charging where the insulating surface oridielectric reaches a positive potential with re
ouring conducting surface or metal

is phenomenon is also known as PDNM (positive dielectric negative metal).

Pd arc
current from an external source through a conductive path that lasts only while the pr
rrent flows

ntial gradient

normal voltage gradient

result of diff
respect to th

NOTE TH

brential eharging where the insulating surface or dielectric reaches a negative potentia
b neighbedring conducting surface or metal

is_phenomenon is also known as NDPM (negative dielectric positive metal).

brials,

m the

spect

mary

with

2.16

permanent sustained arc
passage of current from an external source through a conductive path that keeps flowing until the external
source is intentionally shut down

See Figure 1
NOTE

2.17
Poisson pro

Some permanent sustained arcs may leave a permanent conductive path even after the shut-down.

Cess

stochastic process in which events occur independently of one another

© 1SO 2011 — All rights reserved
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2.18
power generation voltage
potential difference between the positive and negative terminals of a solar array string

2.19

primary arc

trigger arc

developed phase of a primary discharge, under an inverted potential gradient, which is associated with
cathodic spot formation at a metallic or semiconductor surface

2.20
primary-eiseharge

initiall electrostatic discharge which, by creating a conductive path, can trigger a secondary arc

See [Figure 1.
NOTH The current can include blow-off current and surface flashover current.
2.21

pungh-through
dielectric breakdown between two sides of an insulator material

2.22
ram
space in front of and adjacent to a spacecraft in which the plasma dénsity can be enhanced by the motion of
the spacecraft

2.23
satellite capacitance
abso|ute capacitance
capagitance between a satellite body and the ambient plasma

2.24
seconpdary arc
pass@ge of current from an external(source, such as a solar array, through a conductive |path initially
genefated by a primary discharge

NOTH Figure 1 shows the varigus 'stages of a secondary arc.

2.25
snapjpover
phenpmenon caused ‘hy" secondary electron emission that can lead to electron collection ¢n insulating
surfafes in an electric field

2.26
solalf array front surface
solar|array ‘surface where solar cells are laid down

NOT Solar cells are laid down on the side of a solar panel that normally faces the sun

2.27
solar array back surface
solar array surface where solar cells are not laid down

NOTE Solar cells are not laid down on the side of a solar panel that normally faces away from the sun.
2.28

surface charging
deposition of electrical charges onto, or their removal from, external surfaces

© 1SO 2011 — All rights reserved 3
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2.29
surface flashover
surface discharge propagating laterally over a dielectric material

NOTE Surface flashover is sometimes called a “brushfire discharge”.
2.30
temporary sustained arc

passage of current from an external source through a conductive path that lasts longer than a primary
discharge current pulse but terminates without leaving a permanent conductive path

See Figure 1.

2.31
wake
trail of rarefigd plasma left behind by a moving spacecraft

/\ :

. .

i

Isc I Y
1 t
3
Isc /[\ Y > 0
. t
_ “

Isc i Y,

Key

primary discharge (blow-off + flashover)
non-sustained arc (NSA)

temporary sustained arc (TSA)
permanent sustained arc (PSA)
secondary arc

a b wnNBE

i current
short-circuit current of one or more solar array circuits
time

sC

The primary discharge is fed by absolute and differential capacitances. The secondary arc is fed by the solar
array power.

Figure 1 — Stages of secondary arc
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3 Symbols and abbreviated terms

cells through

cells through

cells through

3.1 Symbols

A, area of surface of plasma

Csc bypass capacitance

C.c  differential capacitance

Css capachoertepresenting-capacitance-between-solarpanel-structure-and-ambient-plasma

Chaptdn capacitor representing capacitance underneath the cells through the Kapton layer

C..: | satellite capacitance

Cstrind capacitor representing capacitance of solar array string

C, capacitance per unit area of coverglass

C, capacitor representing capacitance of solar array string and-capacitance underneath the
the Kapton layer

C, capacitor representing capacitance of solar array string’and capacitance underneath the
the Kapton layer

C, capacitor representing capacitance of solar array string and capacitance underneath the
the Kapton layer

D, fast switching diode

D, fast switching diode

D, fast switching diode

dg, sheath thickness

Iy reverse saturatien-current density, in amperes per square metre (A/m?2)

I power,supply representing power generated by the solar array

I shart=circuit current of one or more solar array circuits

lsection  CUTTETt Of &r SOtararray section

lswing ~ CUrrent of a solar array string

i current

j number of bins

k Boltzmann constant

Lext inductance to form the pulse current shape

n diode constant

© 1SO 2011 — All rights reserved
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R

section

R

string

U

section

Ustring
Vb
VP

AV

Pe
Pi
b

¢sat

probability that an event occurs in the i-th bin

charge

elem

entary charge

resistance

resistance to form the pulse current shape

resistance to adjust the voltage between two strings under test

USGCi
pane

Ustrir
the s

radiu

temp

elect]

ion tg
time
time
cons
cons
voltal
voltal
powe
velog

pote

ion
Is section

g“string

olar array string under arcing test
s of plasma

erature, in kelvins (K)

fon temperature

emperature

to threshold differential voltage

fant current source

fant voltage source

pe of a solar array section

pe of a solar array string

r supply representing charging potential of spacecraft body
ity of plasma-wavefront

htial difference

angle

lsection resistance needed to get the right voltage and current in the loop simulatingrthe|solar

resistance needed to get the right voltage and current across the solar cells simulating

Debye length

elect

iond

cove

satel

ron density
ensity
rglass potential

lite body potential
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3.2 Abbreviated terms

eV electron volt (1 eV = 1,602 x 10719 J)
CIC coverglass interconnect cell

ESD electrostatic discharge

GEO geosynchronous orbit

IPG inverted potential gradient

LEO| low Earth orbit

NPG| normal potential gradient
NSA| non-sustained arc

PA primary arc

PEO| polar Earth orbit

PI plasma interaction

PSA| permanent sustained arc

TSA| temporary sustained arc

4 Tailoring

Specjfications described in this International Standard are tailorable upon agreement between the customer
and the supplier.

5 Testitems

NOTH Annex A provides) an overview of the subject of spacecraft charging and electrostatic discharge (ESD)
phengmena for readers whe“are not familiar with the subject.

The aims of the plasma interaction (PI) and ESD tests are to simulate the detrimental phenomena anticipated
in sppce for asgiven solar array design, to evaluate a design’s resistance to the phenomena and to provide
data phecessary for the judgment of qualification and characterization.

Figures2 and 3 present the test items specified in this International Standard, with flow charts tp summarize
the | gi\, flowofeachtest—he ptrpose of& plc“lllillaly testfor ESD-statisticsis-to-define-the-statistics helpful
for selecting the test parameters (such as the number of primary discharges inflicted upon a test coupon),
defining the margins of the test parameters and defining the confidence level of the test results. If proper
statistics for these numbers and probabilities are already available, the preliminary test is not required for the
qualification of secondary arcs. Annex B provides a brief rationale of the structure of the flow chart in Figure 2.

© 1SO 2011 — All rights reserved 7
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No

Primary ESD
inception characteristics

available?

ESD inception threshold
test (6.1)

ESD events analysis
(informative 6.6)

Secondary arc

characteristics
available?
Secondary arc degPrcai\Vc\jlg{ion
characterization characterization
test (8.2) test (8.1)
I

Secondary arc — T s b s ]
qualification CIC gap test (7.4)
processes

Meet the success
criteria (7-6)

Fail qualification

No

Depending on design,
is coupon panel level
test required?

Coupon panel test (7.5)

Meet the success
criteria (7.6)?

Fail qualification

Pass qualification

Figure 2 — Logic flow of ESD tests

8 © 1SO 2011 - All rights reserved
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High voltage
(>55 V) No test
necessary
solar array ?
No
No With a plasma With a plasma No test
thruster? contactor? necessary
No test Analvsisorh]
necessary nalysis‘ofplasma
and,neutral density
near spacecraft
Snapover No test
possible? necessary
Power leakage
characterization test (8.3)
Figure 3 — Logic flow for determining the necessity of a power leakage characterizatilon test

© 1SO 2011 — All rights reserved 9
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6 Preliminary tests for ESD inception statistics

6.1 Purpo

se

The purpose of this test is to characterize the ESD (primary discharge) inception threshold in terms of
differential voltage between the coverglasses and the solar array circuit. This differential voltage can be used
as a tool to estimate the number of ESD events during the mission lifetime in orbit.

6.2 Test facility

The test faci

array is for a
or UV irradid
(7,5 x 106 T]
the insulator
test shall be
non-contacti

If the solar afray is for a low Earth orbit (LEO) spacecraft, the solar array insulator.shall be charged by &
energy plasma with a temperature below 10 eV in a vacuum chamber with alpressure that guaranté
collisionless [plasma. If the solar array is for a polar Earth orbit (PEO) spagecraft and auroral electron
responsible for differential charging, the solar array insulator should be charged using an energetic ele

beam. If th
differential ¢
the minimum

The test facil
so that ESD

i chall ha ahla 0 cimnlata tha ~
ity-shal-be-able-to-simulate-the-charging
GEO satellite, the solar array insulator shall be charged using either an energetic electron
ition, or a combination of both, in a vacuum chamber with a pressure lower than_1'x 10
orr). The electron energy shall be less than 30 keV so that the charging takes place mostly
surface, and not below it. The vacuum chamber for a geosynchronous orbit (GEO) solar
equipped with an adequate device to determine the insulator charging potential, such

g surface potential probe, preferably mounted on an (x)-(y) scanning device.

haraina nrannccac nf o calar areav, tncrlatar 1n At If tha
pPHocesSES oSOttty HhSthato—-otrot——the

solar array is for a PEO spacecraft and low-energy .ionospheric ions are responsib
arging, the solar array insulator should be charged using-a‘low-energy plasma. See Annex
chamber size for a low-energy plasma test.

ty shall be equipped with a device to record an adequate image of the test coupon during th
ocations can be identified either during or afterdthe test.

solar
beam
-3 Pa
over
array
as a

| low-
pes a
S are
ctron
e for
C for

P test

6.3 Test qoupon

The test cou other

cells. The teq

bon(s) shall consist of at least three strings of three cells to represent a cell surrounded by
t coupon(s) should

hold,
n the

reflect the production variation with_respect to parameters that can affect the ESD inception thres
such as|degree of grouting, coverglass overhang, cell spacing, etc. on the total number of cells o
test coupon(s),

a)

b) bll the features of @ flight panel, such as bus bars, through-holes, terminal strips, wire har

/n, etc.,

include
hold-doy

ness,

e mitigation techniques that represent the flight model as closely as possible, if the solar panel

include ’]‘h
volves ESD mitigation techniques such as a dissipative coating, and

design i

cells,

d) considel the worst condition during the life of the spacecraft, such as after thermal cycling, repaired

and other conditions that can lead to a greater risk of ESD and secondary arcs.

6.4 External circuit

In the test, the vacuum chamber serves as the circuit ground. If the charging situation in space is the inverted
potential gradient, bias the test coupon to a negative potential with a DC power supply. If the charging
situation is the normal potential gradient, ground the test coupon. (See Figure 4 for a circuit diagram.) A small
amount of capacitance may be connected to the DC power supply if a brighter flash of ESD light is needed to
identify its location. Limit the capacitance so that the electrostatic energy dissipated does not cause
degradation of the solar cells on the test coupon(s). An energy of less than 5 mJ is recommended. As the
capacitance of a coupon alone sometimes exceeds the limit, external capacitance should not be used for a
large coupon of more than about 20 cells. To record the ESD in this event, use a sensitive camera.

10 © 1SO 2011 — All rights reserved
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~

I

a) Inverted potential gradient

—

—

b) Nermal potential gradien

Key
goupon

acuum chamber

Figure 4 — Test set-up>for the ESD inception test

6.5 | Test procedures
rried out until
test coupon
ential probe.
he minimum
uncertainties

If an
a sta|
surfa
The

differ

Electron beam gun or a UV source.is used for charging the test coupon, the test shall be ca
istically significant number of ESD events, no less than 10, occur on the test coupon. Thg
Ce potential shall be measured repeatedly during the test by a non-contacting surface po
coupon surface potential clesest to each ESD location shall be identified and recorded. T
Ential voltage is the minimdm value among all the ESD events recorded. Be aware of the

asso
time

If alq
plasn
coup
varie

Ciated with the spatiat.resolution of the probe and the temporal variation of the potential depq
bf measurement framthe ESD inception.

w-energy plasma source is used, the differential charging voltage can be approximated by
na potential’which is usually positive by several times the electron temperature, minus
bn potential. The uncertainty is in the order of the electron temperature. The coupon bias vo
[l to_cover all the possible charging potentials in orbit. In the case of PEO spacecraft, the wj

nding on the

the chamber
the negative
tage shall be
giting time at

each at each bias
volta ow, a longer
waiting time is recommended to improve the statistics. See Reference [1] for an example of characterizing the
arc rate per unit time under a low-energy plasma environment. If the threshold is unknown, plot the arc rates
at different bias voltages on a logarithmic scale and find the voltage where the probability of an arc over a
given time becomes negligible, assuming that ESD inception is modelled as a Poisson process (see
Reference [2] for an example).

bias‘voltage should be no less than 20 min. In the case of LEO spacecraft, the waiting time
ge should be no less than 90 min_ At low bias \Inlfngnc where the prnh:\hilify of ESD is very

6.6 Estimation of number of ESD events in orbit

It can be useful to analyse the number of ESD events expected in orbit as a basis for discussion to determine
the number of primary discharges in the subsequent tests. See Annex D for details. Other methods of analysis
may also be used to compute the number of ESD events.

© 1SO 2011 — All rights reserved 11
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7 Qualification test for secondary arc

7.1 Purpose

The purpose of this test is to qualify a given design of solar panel for flight. The purpose of the coverglass
interconnect cell (CIC) gap test (7.4) is to demonstrate that no damaging secondary arc occurs even when
primary discharges are forced to occur directly on the active CIC gap, which is a possible worst case scenario.
The purpose of the panel test (7.5) is to show that no damaging secondary arc occurs, even after a significant
number of primary discharges occur all over the flight-representative test coupon. See Annex B for a more

detailed ratio

nale of both tests.

It may not al
temperature
and the outg
scenario or t

7.2 Trigg4

If it can be ¢
depend upo
discharges, i
the testing p
test shall be
plausibly rep

There is a rij
passes throy
contactor, L
spacecratft, t
type test. Se

The test shal
a collisionleg
such as an ¢
power suppl
limited overy
monitoring a

7.3 Exter]

The cells ne
sources and
coverglass ¢
the test. The

at the end of eclipse, the effects of thermal cycling on gap distance, failure or aging of'gro
assing time period in orbit). However, every effort shall be made to simulate the worst
h extrapolate the test results to represent the worst case scenario parametrization.

bring method and test facility

bnfirmed that the probability of a transition from a primary discharge toCaySecondary arc dogq
N the method of primary discharge inception, any method may%“be used to cause pr
frespective of the anticipated charging situation in orbit. If the transition probability depends
asma environment, the same test facility as used for the primary discharge inception thre
used. In either case, the shape and amplitude of the primary(disCharge current in the test sh
resentative of the current expected in orbit.

5k of primary discharge and subsequent secondary, afcs in LEO even for a GEO spacecraf
gh LEO during the orbit transfer. Also, if a plasma-emission device is used, such as a pl
FO-type arcing may occur when the device jistfirst turned on or off. Therefore, for a

ne test should be performed under the conditiens in a LEO-type plasma in addition to the

b Annex C for the minimum chamber size for a low-energy plasma test.

| take place under vacuum in a test chamber with a pressure that guarantees the physical st
s plasma if a low-energy plasma is used, or lower than 3 x 10-3 Pa if other triggering met
bnergetic electron beam, UV ray, laser pulse, etc., are used. Care should be taken to cho

capable of reproducing the dynamic response of the array to transient short circuits (su
bhoot current and fast recevery to the steady state). Simultaneous ESD current tran
nd recording devices and a’video imaging device are also required for the test.

hal circuit

ed not be illuminated, but the available current and capacitance shall be simulated by g

external, ¢apacitors, Cg, and Cq, representing the satellite capacitance and solar
Apacitance respectively. The capacitance of the missing coverglasses shall also be factore
cufrent waveform supplied by the external circuit shall be representative of the surface flas

current in orl

vays be possible to replicate the orbital worst case scenario in the laboratory experiment (e.g. low
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it.-Under the present state of knowledge. the propagation distance is taken to be 2 m. conf

by a laboratory test using a 4 m x 1 m coupon panel (see Reference [3]). The present best estimate of the
propagation speed of surface flashover is 10 km/s for a GEO solar array under inverted potential gradient.
See Annex F for an example of the current waveform derivation. The electric architecture of a solar paddle
shall be taken into account to determine the waveform. If a mitigation method for flashover current is included
in the design, the effect shall be taken into account in sizing energy in the capacitance Cqg.

The inductance of the wire harness should be representative of a flight solar panel. Excessive inductance
shall be avoided as it affects the transient current waveform. Short cable lengths or coaxial cables reduce the
unwanted inductance. Annex G specifies the external circuit for use in the case of inverted potential gradient.
If testing under normal potential gradient is imperative, a representative flashover current to the primary
discharge shall be provided.
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The test coupon(s) shall consist of at least two strings of two cells to represent a point surrounded by solar cell
corner edges. The total number of test coupon(s) shall reflect the production variation, including reworked
cells. The solar cells shall be laid down on the substrate in the same manner as for the flight model. The
substrate shall also be made of the same material as the flight model. If the solar panel design includes ESD
inception mitigation, whether the mitigation design is included in the test coupon or not depends on definition
of the worst case scenario in orbit. If failure of the mitigation method is regarded as the worst case scenario,
the mitigation method may be removed from the coupon. Before and after the test, the tasks specified in

Table

1 shall be carried out.

The

numk
statig
the v
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7.5

The fest coupon shall consist of at leastthree strings of three cells to represent means of cell s
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The fotal number'of ESD events, as derived in accordance with Annex D, is useful in determinin
mary discharges. No control shall be carried out at the primary discharge locations.

of pri

7.6

er of primary discharges (at least three, or more than three if agreed with the customer'or]

cinity of the active gap if a grouted gap is tested.

ked cells. The solar cells.shall be laid down on the substrate in the same manner as for the

inception mitigation;Zthe mitigation design should be included in the test coupon so as to
sentative as possible. Before and after the test, the tasks specified in Table 1 shall be carrie
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cal discussion; see Reference [4] for an example) per given test condition occur in_the ac

Table 1 — Required tasks before and after the ESD test

a significant
the basis of
ive gap or in

Item Before test After test Comment
Visual inspection of the coupon X X With optical microscop¢
Output power measurement X X Same light source

Insulation check across the cell gap By measurement

Insulation check between the cells and
the substrate

Panel test — Test coupon and, procedures

cells. The coupon shall be a.flight-representative qualification coupon covering the produc
string gap distance and CIC cell configuration (coverglass overhang, adhesive thickness, e

ubstrate shall also be made of the same material as the flight model. If the solar panel de

irrounded by
tion variation
c.), including
flight model.
5ign includes
be as flight-
 out.

otal number;of primary discharges on the coupon shall be determined by means of statistjcal analysis.

) the number

Success criteria

The test shall demonstrate that no damaging secondary arc occurs due to ESD.
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8 Characterization tests for robustness to ESD and plasma interaction

8.1 Power degradation

8.1.1 Purpose

The purpose of this test is to characterize power degradation due to repeated ESD events after the desired
orbital lifetime. As the present knowledge about the power degradation is not mature enough to list power
degradation as a qualification item, the power degradation is measured for characterization purposes only.

This test ma

ents

listed in 7.2,

8.1.2 Test

The test facil

8.1.3 Test

The CIC sol
agreed upon
substrate) arj
current-volta
flight quality.
coupon(s) sh

/ be pnrfnrmnd Qimlllfnnpmlely with the coupon p:\nnl test (7 R) prn\/idnd the test rnqllirpr
7.3 and 8.1 are satisfied.

Facility

ty shall be the same as the one used for the ESD inception threshold test (6.2).

coupon

ar cells on the test coupon(s) shall be of flight quality. The definition of flight quality sh
with the customer prior to the test. The solar cell, coverglass, adhesive (both for coverglas
d interconnector shall be of the same type and material as for the flight models. The illumi
je (I-V) characteristics before the test shall be in accordancé with the customer's specificat
The substrate need not be of the same material as the\flight model. The total number 9
all reflect the production variation, including reworked gells.

8.1.4 External circuit

An external (
capacitance
circuit shall K

ircuit shall provide additional electrostatic energy that would have been provided by the ins
hot accommodated inside the vacuum chamber. The current waveform supplied by the ex
e representative of the surface flashaver current in orbit. Under the present state of knowl

the propagafjon distance is taken to be 2 m, confirmed by a laboratory test using a 4 m x 1 m coupon

(see Referer
GEO solar 4
derivation. T

8.1.5 Test

llluminated ¢
source. The
the power ol
be based on
testing. A vis|
terminated o

ce [3]). The present best estimate of the propagation speed of surface flashover is 10 km/s
rray under inverted potentiak-gradient. See Annex F for an example of the current wavg

he electric architecture of a'solar paddle shall be taken into account in determining the wavef
procedures
urrent-voltage _(I-V) characteristics shall be measured pre- and post-test with an appropriatg

ntensity of the'light source shall be calibrated using a reference cell so that the relative chan
tput canbe(measured precisely. The exact conditions of the illuminated I-V measurement

ual inspéection shall be performed pre- and post-test using an optical microscope. The test ¢
nee. jtsatisfies one of the following:

Il be
5 and
hated
on of
f test

ilator
ernal
bdge,
banel
for a
pform

light
ge of
shall

an appropriate solar cell calibration standard, selected in agreement with the customer pifior to

hn be

a)
b)

c)

the estimated number of ESD events during the mission in orbit (see 6.6) occurs;
ten discharges for any one cell do not create cell degradation;

a predetermined number of ESD events, as agreed with the programme customer, occurs.

It is advisable to measure dark current with a DC power supply in order to perform in situ monitoring of the
progress of degradation during the test by comparing the dark current with the pre-test value. See Annex H for
more information on the measurement of the dark current. The total drop of spacecraft power at the end of its
mission lifetime shall be derived and recorded.
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8.2 Secondary arc

8.2.1 Purpose

The purpose of this test is to characterize the secondary arc for a given design of solar panel. The
characteristics include the probability of transition from a primary discharge to a secondary arc and the
duration of the secondary arcs if the transition probability is not zero. If the characteristics are already known
from past experience, this test is not necessary to qualify the solar panel for secondary arcs.

8.2.2 Triggering method and test facility

The I}iggering method and test facility shall be as specified in 7.2.

8.2.3] Test coupon

The test coupon(s) shall consist of at least two strings of two cells to represent a paint surrounded by solar cell
corngr edges. The total number of test coupon(s) shall reflect the production variation, includjng reworked
cells.| The cell gap spacing should be kept within an allowable design tolerange from the specjffication. The
solar|cells shall be laid down on the substrate in the same manner as for the-flight model. The slibstrate shall
also be made of the same material as in the flight model.

If thel solar panel design includes ESD inception mitigation, whetherthe mitigation design is intluded in the
test ¢oupon or not depends on the definition of the worst case{scenario in orbit. If failure of the mitigation
methpd is regarded as the worst case scenario, the mitigation method may be removed from the ¢oupon.

8.2.4| External circuit

The ¢xternal circuit shall be as specified in 7.3.

8.2.5| Test procedures

Befole and after the test, the tasks spegified in Table 1 shall be carried out. Primary dischafges may be
concentrated on the cell gap. For each pair of gap voltage and string current agreed upon with the customer,
the probability of transition from primary discharge to secondary arc shall be derived. The test shall ascertain
that at least ten primary discharges per given test condition occur in the active gap (or in the yicinity of the
activeé gap in the case of a grouted gap). If it is necessary to identify the confidence level of the transition
probability, a significant number of primary discharges (as agreed with the customer on the basig of statistical
discussion) per the giverriest condition shall occur in the active gap. If the transition probability is not zero,
statistics of secondary-arc duration, such as the mean and the standard deviation, are useful tp extrapolate
the probability of ardamaging secondary arc with a very long duration. If any statistical distributipn function is
proposed to describe the secondary arc duration, its goodness-of-fit shall be determined by am appropriate
methpd, such.agthe 42 statistic. See Annex | for an example of deriving the statistics.

8.3 | Power leakage to plasma

8.3.1 Purpose

The purpose of this test is to characterize the power leakage from a solar array to the surrounding plasma.
The plasma density and neutral gas density near the spacecraft shall be analysed first. Charging analysis
tools employing a particle simulation method (see Annex E) can estimate the amount of current for a given
plasma density. A rough estimate of the critical neutral gas density for transition of snapover to neutral gas
ionization can be obtained using formulas in References [5] and [6]. If the power leakage due to snapover is
low and neutral densities are too low for snapover to lead to neutral gas ionization, this test is not necessary.
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2011(E)

facility

The test shall take place under vacuum in a test chamber equipped with a low-energy plasma source capable
of generating the plasma density expected around the solar array in orbit. The plasma species do not have to
be the same as those in orbit (see Reference [2]) A best effort shall be made to realize a plasma temperature
similar to the value in orbit. If the plasma temperature is higher than that in orbit, the test result on the
collected current shall be corrected based on either computer simulation or theory. The neutral background
pressure shall be kept below 0,01 Pa so that unrealistic electron-neutral collisions do not affect the test results.
The test facility shall be equipped with a DC power supply capable of supplying several amperes of current at
several hundred volts, a recording device to monitor the collection current and the coupon potential
simultaneously, a video imaging device and a plasma diagnostic device to determine the chamber plasma

properties in

chamber siz¢ for a low-energy plasma test.

8.3.3 Test

The number
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of CIC solar cells per coupon shall be as many as is practical. The minimum~number shall
rings of three cells. The use of mechanical CIC cells (not electrically flight-like) is acceptah

model. The substrate material shall be flight-representative. The total ‘humber of test coup
he production variation including reworked cells.

the positive and negative electrodes of an array may be-cembined and connected to a DC
strated in Figure 5. The cells need not be illuminated during the test.
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Figure 5 — Schematic of circuit diagram for the characterization test of plasma power leakage
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8.3.5 Test procedures

Before the test, the solar array coupon shall be visually inspected with an optical microscope. The test coupon
bias voltage shall be changed step-wise while monitoring the potential of the coupon with respect to the
plasma potential until the potential reaches the maximum solar array output voltage in orbit. The current
collected at each potential shall be recorded after the current has become steady. After the test, the visual
inspection shall be repeated. The overall power leakage from the spacecraft to the plasma shall be derived
and reported.

8.4 Solar array back surface test

Althojugh the scope of this Tnternational Standard is surface discharge and plasma interaction]on the solar
array| front surface, the possibility of ESD and plasma interaction on the solar array back surfage cannot be
excluded (see Annex J).

9 Testreport
The ESD test report shall include the following elements:
a) atitle;

b) a description of the test facility (i.e. chamber size, chambefr)pressure, power supply, recofding device,
etc.) with photographs of the test set-up; verify that all necessary facility criteria are met;

c) & description of the test coupon (i.e. solar cell type, solar cell output power, number of codpons tested,
etc.);

d) & description of the test conditions as follows:

1) when a low-temperature plasmais’ used, the plasma conditions, such as plagma density,
temperature and potential, shall bg Jisted;

2) when an electron beam is used, the beam energy and current density shall be listed;

3) if the coupon is placed‘in’a vacuum chamber for outgassing purposes prior to the test, [the duration,
pressure and temperature shall be listed;

4) the coupon temperature during the test shall be reported;

e) external circuitdiagrams for each test case, identifying the value of each circuit element |(any floating
¢apacitance ‘and inductance involved in the circuits should be identified);

f)  the teStresults as follows:

) summavrize all visual incpor\finnc and-include phnfngrnphc of the test coupons before And after the

tests;

2) ensure that plots of test results have error bars in order to ascertain uncertainties in the test(s) where
applicable;

3) include appropriate analyses and discussion of observations and results;
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g) a summary of qualification tests, with an indication whether the solar panel has passed or failed
qualification;

h) asummary of characterization tests where applicable, including the derived total drop of spacecraft power
at the end of mission lifetime, the transition probability to a secondary arc, the duration of secondary arc
and the derived overall power leakage from the spacecraft to the plasma.
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Annex A
(informative)

Plasma interaction and electrostatic discharge effects on solar array

A.1 Plasma environment in orbit

For details of the orbital plasma environment, see References [7], [8], [9], [10], [11] and [1R]. Generally
speaking, GEO is characterized by the presence of electrons with energies greater than CkeV| Under quiet
condftions, the electron current is less than the photoelectron current, which is of the-arder df 1 pA/m2 to
10 uA/m2, and there is no serious surface charging issue. Under stormy conditions, the eleftron current
excegds the photoelectron current, and the risk of electrostatic discharge on the solar.array surfage increases.
Sevefal examples of the worst case GEO plasma environment can be found\in Reference[13]. LEO is
characterized by the presence of low-energy but dense ionospheric plasma where the particle depsity is of the
order of 108 m=3 to 1012 m=3. For an object at the plasma potential in LEO;.cuirrent from electrong of energies
0,1 el to 0,2 eV dominates over any other current source to the spaceecraft. The spacecraft bofly’s potential
floaty with respect to the ionospheric plasma potential, at an absolutevalue smaller than the solar array power
genelation voltage. PEO is characterized by auroral electrons with_energies greater than 1 ke\f that coexist
with the low-energy ionospheric plasma. In some cases, the auroral electron current, which can be as large as
1 mA/m2, may dominate over the other current sources and.'drive the spacecraft body to a petential more
negaive than the power generation voltage. When a spaceeraft is equipped with an electric propulsion system,
the aftificial plasma can dominate the plasma environment around the spacecraft, especially in GEO.

A.2 |Spacecraft surface charging

The $pacecraft body that is made of conducting material serves as a grounding point in the spadecraft circuit.
Curregnts to/from conductive parts expased to space, and the capacitance between the spacectaft body and
ambient space, determine the body potential with respect to the ambient space plasma. As the solar array
circuit is also grounded to the spatecraft body, any point on the solar array circuit has a potential close to the
spacgcraft body’s potential within.the power generation voltage. When the negative end of a solaf array circuit
is grounded, the potentials on‘the solar array conductive parts have a distribution from the body potential to
the bpdy potential plus the- power generation voltage.

In GEO, differential charging on the solar array surface can develop when the spacecraft encojinters a high
flux df energetic eleetrons. Conductive parts of the solar array, such as the solar cell electrode, interconnector
or bus-bar, have\@ negative potential bounded by the spacecraft body potential. Insulator parts| such as the
covelglass, adhesive or facesheet, also have negative potentials, but the values can be diffefent from the
body| potential by 1 kV or greater. In PEO, a situation similar to GEO may arise when the spacecraft
encopnters the aurora and the solar array front surface |s facmg the wake side. When the solar array front
surfa ] negative and the
insulator surface can be charged by |onospher|c ions to a potential close to the ambient plasma potential. In
LEO, differential charging on the solar array surface appears as the insulator parts have potentials close to the
ambient plasma potential and the conductive parts have potentials ranging from the negative of the power
generation voltage to the positive of the power generation voltage. Therefore, for LEO spacecraft, ESD and PI
issues arise only when the power generation voltage exceeds the primary arc or snapover threshold voltage.

Spacecraft surface charging can be assessed with the aid of computer simulations. There are several
computer programs that can calculate the differential voltage for a given set of spacecraft geometry,
environmental parameters and surface material properties. As ESD occurs during a transient phase of
differential charging in GEO and PEO when a differential voltage develops due to an encounter with a
substorm or aurora, it is important for the programs to be able to calculate the transient behavior in addition to
the steady state behavior. See Annex E for examples of such software. Although the computer simulation
tools can give the differential voltage, they cannot predict the discharge inception voltage.

© 1SO 2011 — All rights reserved 19


https://standardsiso.com/api/?name=10a8a955ef68f6de18f7197db2d533a6

ISO 11221:2011(E)

A.3 Electrostatic discharge on solar array

ESD on a solar array is a single, fast, high-current transfer of electrostatic charge that results from a strong
electrostatic field between two objects in close proximity. Differential charging on solar array exterior surfaces
builds up an electric charge on the insulator surface. The electrostatic energy stored on the insulator is
partially or fully released once the electric field on any part of the surface exceeds the discharge inception
threshold. ESD has three forms of current path. The first is blow-off, which is the emission of negative charges
(electrons) into space. The blow-off current discharges electric charge stored in the capacitance between the
spacecraft and the ambient plasma. The second is flashover, which is a surface discharge propagating from a
starting point as the surface of the dielectric becomes conductive (by the creation of a plasma). The flashover
current discharges electric charge stored in the capacitance between the surface of an insulator and the
spacecraft g freH fetr f f f i ch as
the breakdo ectric
charge store ectric
charge store 5 and
dielectric strg ge is
more likely tq

vn of a capacitance, for example. The punch-through discharge neutralizes not only el
0 in the capacitance between the insulator and spacecraft ground, but also some of the el
1l inside the insulator material due to penetrating charged particles. Considering the thicknes
bngth of typical insulator materials used on solar arrays, blow-off or flashover-type discha
occur than the punch-through discharge.
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eters
ation
ds of
, IPG
Llator
d the
bccur

The inceptio
coverglass s
such as polal

n threshold for ESD on a solar array is often measured by the potential difference betwee
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rity, geometry, material, ambient atmosphere, etc., the inverted potential gradient (IPG) situ
has a smallgr threshold (hundreds of volts) than the normal potential gradient (NPG) situation (thousar
volts). IPG ESD has been more thoroughly investigated than NPG ESD. Fat high-voltage LEO spacecraft
is the nominal condition. In PEO and GEO, the secondary electron and photoelectron coefficients of ins
material detgrmine the polarity. As the solar array is illuminated by sunlight during power generation, an

coverglass ¢
more freque
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pating, such as MgF,, has a very high secondary electron coefficient, IPG is expected to
ntly than NPG. As the situation can differ for each-Spacecraft, however, a charging an

rried out to determine the polarity on the solar\array for each spacecraft unless an ide

alysis
ntical

spacecraft dIsign is employed.
to be
erial,
NPG,
trons

Normal or in
due to the fig

erted, ESD originates from a micro-discharge at its inception point. For IPG, it is believed
Id emission and desorption of gas neat'the so-called triple junction, where the insulator ma
conductor ard vacuum (plasma) meet together(see References [14], [15] and [16] for more details). For
it may be dilie to punch-through of a thin dielectric or an electron avalanche triggered by seed eleg
produced by|various reasons. Due to the.negative potential of the spacecraft body and the high mobility of
electrons, the¢ blow-off current quickly discharges the satellite capacitance (absolute capacitance), with typical
values from [LOO pF to 1 000 pF. The {flashover current follows the blow-off by neutralizing electric charge on
the insulator [near the ESD inception point. In the case of IPG, the flashover current flows to the inception|point
and forms cqthode spots, transforming the ESD into a form of vacuum arc. Therefore, IPG ESD is called a
primary arc.|The primary arc-receives its energy from the electrostatic energy stored in the capacifance
between the| insulator surface and the spacecraft body (differential capacitance), which is typically much
greater than fhe absolute-spacecraft capacitance.

A.4 Detrimental effects of ESD

ESD on a solar array can cause various detrimental effects to the solar array operation. The large transient
current can cause electromagnetic interference with spacecraft circuits. As ESD can occur repeatedly during
the lifetime of a spacecraft, there can be cumulative effects such as surface degradation, surface
contamination via vaporized material or internal damage to solar cells due to surge voltages. When ESD
occurs at the edge of a solar cell or bypass diode, it may degrade their electrical performance.

“Primary discharge” includes both IPG ESD (primary arc) and NPG ESD that can trigger a secondary arc. The
primary discharge is fed by the absolute and differential capacitances. The primary discharge can create a
temporary conductive path between any two cells with different voltages generated by the solar array. The
current between the two cells can become sustained when fed from the solar array output power. This
resulting phenomenon is called a “secondary arc”. The secondary arc is powered by an illuminated solar array
and leads to an important additional damage mechanism since the solar array circuit can become
permanently short-circuited.
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The secondary arc can be self-sustained or not. There are several stages of a secondary arc, as illustrated in
Figure 1. Figure 1 illustrates examples of the current waveform seen in secondary arc tests. The primary
discharge current is seen as the blow-off current flowing from the external capacitance to the chamber wall
through the solar cells. The secondary arc current is seen as the arc current flowing between the two cells
through the external power supply that simulates the illuminated solar array. In the Figure 1, I . represents the
short-circuit current of one or more of the solar array circuits. A non-sustained arc (NSA) is a secondary arc
that lasts only during the primary discharge. It ends when the primary discharge stops. A self-sustained arc is
a secondary arc that lasts longer than the primary discharge. A temporary sustained arc (TSA) is self-
sustained but it stops by itself even though the solar array power is still available. A permanent sustained arc
(PSA) is an arc that does not stop while the solar array power is available. PSA can last for seconds or longer.
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Annex B
(informative)

Secondary arc qualification processes

Before drafting of this International Standard on solar panel ESD test procedures began, various styles of
ESD tests had already been carried out in various countries (see References [17], [18], [19], [20], [21], [22]
and [23] for examples). In some countries, the emphasis was on making sure that the devastating secondary
arc would nof occur even under the worst possible conditions. In those countries, the worst case scenari¢ was
often assumpd to be a primary discharge at the active gap and, if the gap was grouted, the worst|case
scenario wag assumed to be failure of grouting, i.e. no grouting. The CIC gap test described in 7.4s-basgd on
the test procedure adopted in those countries. In other countries, the qualification tests had been perfgrmed
under the phjlosophy of “test as you fly”. Therefore, the coupon panel test that employs a test coupon which is
as flight-reptesentative as possible, without any modification to increase the probability “of primary |[ESD
occurrence gt the active gaps, has been regarded as mandatory in addition to the CIC gap test. The cqupon
panel test described in 7.5 is based on the test procedure adopted in those lattep-countries working on the
“test as you fly” principle. Although intensive efforts have been made to absorb the difference between the test
methods carfied out in different parts of the world, in order to be able to produce this International Standard
within a limit¢d time frame, it was necessary to adopt the test flow structure shown in Figure 2.
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Annex C
(normative)

Chamber size for atest using LEO-like plasma

The minimum acceptable plasma chamber dimension in a given direction for a centrally located sample is the
sample dimension in that direction plus two plasma Debye lengths, plus the plasma sheath widths at the
sample bias. No exposed grounded conductor should be located within one plasma sheath width plus one
Debye length from the active surface of the sample. Figure C.1 illustrates the requirement. schematically.
Having a sample surrounded by the plasma is critical for the power leakage test.

For ESD, the plasma sheath acts as a virtual anode. The majority of the ESD current is carried by the
flashpver. The flashover current in orbit flows between the ESD inception point and the coverglass surface.
Thergfore, making the plasma sheath size the same as in orbit is not critical in the ESD test.

1
2 \
r/, N
| |
| 3 |
| | |
| |
N J

Key
¢hamber wall
plasma
gample

dy, $heath thickness

Ap [Debye length

Figure C.1 — Minimum acceptable chamber size for a test using LEO-like plasma
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Annex D
(informative)

ESD events analysis
In order to have a statistical discussion about the test conditions or the test results, it is useful to know the

likelihood of ESD events in orbit. Spacecraft charging in orbit can be analysed to determine whether the
predicted voltage differentials will exceed the ESD inception threshold. This can be done by consulting a

database to
differential is
are several @
At the very
References |

The number

a) listthes

b) carryou

c)
d) foreach

e) derive th

f) divide t

expecte
g) sumthe
More details

For the steps
consulted. A

identify plasma environment cases that give a differential voltage exceeding the ESD inception thres

compute the probability of the charging environments the spacecraft may encounter. The.c
then computed for these cases together with the time it takes to achieve the differential.

omputer programs, examples of which are listed in Annex E, that can perform thesealcula
least, the charging simulation for the worst charging environment shouldhbée run

O] and [24]).

bf ESD events in orbit can be estimated as follows[25l:

pace plasma environments that a given spacecraft will encounter in orbit;

spacecraft charging analysis for each type of space plasma envitonment;

case identified in ¢) above, calculate the charging timé& necessary to reach the threshold val
e probability of occurrence of each case identified-in c) and the expected total duration in orl

e expected total duration obtained in the-¢) by the charging time obtained in d) to obtai
I number of ESD events for each case.exceeding the ESD inception threshold,;

number of ESD events to derive the jtotal number.
can be found in Reference [25}

given in a) and e) above,-a proper database relating to the space plasma environment shoy

narge

There

tions.
(see

nold;

ne;

Dit;

n the

ld be

N example of a GEO,database is the Los Alamos National Laboratory (LANL) satellite data,

hich

is available ¢
listed for ele
These have
database is

n the internet (see Reference [26]), where the magnetospheric plasma analyser (MPA) data are
Ctron density, efectron temperature, ion density and ion temperature between 1 eV and 45 keV.

been measudred by multiple LANL satellites every 90 s since 1993. An example of a|PEO
he Defense\Weteorological Satellite Program (DMSP) satellite data. These auroral electron data

listed for electron density, electron temperature, ion denS|ty and ion temperature measured by multiple DMSP
satellites every 4 s since 1987.

In the step given in b) above, a proper spacecraft charging analysis tool should be used. Annex E provides a
list of the computer programs currently available. The differential voltage between the coverglass and the
spacecraft body should be calculated for a given set of the environmental parameters. The worst case
scenario should be calculated first, as there will be no need for further analysis and an ESD test if the worst
case simulation shows no possibility of the differential voltage exceeding the ESD inception threshold. (If the
ESD threshold is not known, it should be determined by testing.) It should be noted that the result of a
charging analysis often depends strongly on spacecraft material properties. Even if the worst case simulation
shows no serious charging, the result should be confirmed by varying the material data over the entire
possible range of the parameters.
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Figure D.1 illustrates how the charging time can be calculated in step d) above. In this example, the NASA
Charging Analyzer Program NASCAP/GEO was used to calculate charging for a GEO satellite. Figure D.1
also lists the plasma parameters. The simulation starts from the condition where both the satellite and
coverglass potentials are zero. As the charging starts, the differential voltage gradually builds up. If the ESD
inception threshold is 400 V, the threshold is reached in 20 s (in this example). Once the threshold is attained,
an ESD occurs somewhere on the solar paddle and the satellite body potential goes back to zero. By
assuming that the differential charging is initialized by one ESD, the process of charging and ESD is repeated
as long as the harmful plasma environment continues.

500 ————r ~O satellite body potential, o
- —&— coverglass potential, (|)Cg
0 A y
-500 F ke .
= RS AV=400V :
€ J1000 [ f :
= C : roy ]
£ L N
5] L i
2 -1500 ]
22000 F .
2500 Lot
0 50 100 150 200
t < .
_)| esd time (S)
Key
tegp lime to threshold differential voltage
AV  potential difference
NOTE Plasma parameters: T, =55 keV; p, = 10 cm™3; T, = 10 keV; p; = 0,25 cm3.
If thel ESD inception threshold-is 400 V, the time to reach the threshold differential voltage (tzgh) is 20 s for
this dase (see Reference'[25]).
Figre'D.1 — Example of charging profile calculated for a GEO satellitel25] 1)
Table D.1 jllustrates how the number of ESD events in one year is derived. Using the result of the statistical
analyisis/in step e) above, the expected duration of each plasma environment can be calculated for each local
time gone in GEO. For each case, the charging analysis calculated in step d) provides the time|to reach the
threshold. In Table D.1, N/A indicates that the differential charging does not reach the threshold value even at

the steady state. The number of ESD events for each case is calculated by dividing the duration by the time
needed to reach the threshold.

1) Reprinted with permission from AIAA.
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Annex E
(informative)

Spacecraft charging analysis
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surfa
distri
spac
equa
repes
featu
spac
datah
yield

E.2

E.2.1

NAS

b are a number of simulation codes available for performing surface charging assessmen
Int surface material processes or 3D effects. Historically, the most common spacecraftchar
in use by the space industry was NASCAP/GEO, developed by NASA and the US Air Forcsg
available to various users via collaboration agreements with NASA or via cemmercial
Lgh NASCAP/GEO has been replaced by NASCAP-2K in the United States, ‘NASCAP-2K
t restrictions. Recently Japan Aerospace Exploration Agency (JAXA) has sponsored the de
lulti-Utility Spacecraft Charging Analysis Tool (MUSCAT) and the European Space Ageng
sored the development of the Spacecraft Plasma Interaction System (SPIS).

pbasic objective of spacecraft surface charging analysis is to calculate the contribution of
onent by following the trajectories of the ambient plasma particles, calculating the interac

Ce, such as secondary electron, photoelectron and attificial plasmas. Then, the su
pution is updated based on the current density and conductivity of each surface element r
pcraft body ground. The surface potentials are calculated by solving the Poisson equation o
ited until the elapsed time reaches the predetermined time or the steady state is obtained. T
fes of the charging analysis code are the capability to model the three-dimensional geg
bcraft and significant surface interactions_such as secondary electron and photoelectron em

and photoelectron emission coefficient.

Examples of spacecraft'charging analysis codes

NASCAP/GEO

CAP (also called-NASCAP/GEOQO; see Reference [29]) is commonly used for simulating surf

s taking into
ging analysis
. It has been
hrrangement.
is subject to
velopment of
y (ESA) has

each current
fion between
les from the
face charge
blative to the
r the Laplace

lion. Particle trajectories are recalculated for the\renewed surface potential and the pfocesses are

he important
metry of the
ission, and a

ase relating to spacecraft surface material properties such as conductivity, secondary electron emission

ace charging

in the outer magnetosphere. This code calculates the total current, due to all the current confributions, for

each
and ¢
poter

surface on‘a~humerically modelled 3D spacecraft, using a double Maxwellian environment
blectrons;\From these currents, the change in potential at each surface is calculated. Thq

avaiITbIe commercially upon request from Science Applications International Corporation, USA.

tial calculations can be performed iteratively until an equilibrium charging state is achieved

for both ions
current and
The code is

E.2.2 NASCAP/LEO

NASCAP/LEO is aimed at the simulation of high-potential objects with a cold, dense plasma typical of the LEO
environment. Like NASCAP/GEO, it employs analytical current collection equations, although these are aimed
at sheath-limited current collection and are appropriate for the short Debye-length LEO plasmas. Typical uses
are the simulation of parasitic currents from high-potential surfaces, such as solar array interconnects. The
geometrical model of the spacecraft is more sophisticated than for NASCAP/GEO, consisting of a finite-
element representation. The code is available commercially upon request from Science Applications
International Corporation, USA.
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E.2.3 POLAR charging code

The main problem with computing charging in LEO is due to effects associated with the spacecraft sheath.
The 3D POLAR code (see Reference [30]) has been designed for the assessment of sheath and wake effects
on PEO spacecraft. It uses numerical techniques to track ambient ions inwards from the electrostatic sheath
surrounding a negatively charged spacecraft onto the spacecraft surface. The spacecraft velocity is included
as an input and ram and wake effects are modelled. One or two Maxwellian components may be used to
define the ambient plasma. The electron population in POLAR is a superposition of power-law, Maxwellian,
and Gaussian components. Once the surface currents have been found, POLAR calculates potentials and the
equilibrium charging state in a similar way to NASCAP. The point of contact for the POLAR charging code is
Air Force Research Laboratory, Hanscom Air Force Base, USA.

E.2.4 NASCAP-2K

nsive
. The

The most re
code with re

tent NASCAP code, NASCAP-2K, is available free to US citizens only. This is a eomprehe
hlistic geometry. It combines the capabilities of NASCAP/GEO, NASCAP/LEO-and POLAR

code is not e

E.2.5 SPIS

SPIS (see R
structure ang
including phg
The source g

E.2.6 MUS

MUSCAT (sd
GEO. lIts alg
fast computg
and output v
material prof
Space Engin

E.2.7 Othe

psily available outside the US due to export restrictions.

eference [31]) is a fully 3D particle-in-cell (PIC) that allows exact computation of the s

the current collected by spacecraft surfaces for very detaileehgeometries. Surface interag
toelectron emission, back-scattering, secondary electron emjission and conduction are mod
ode is freely available from www.spis.org and a mailing listprovides limited support.

CAT

be Reference [32]) is a fully 3D particle code that‘can be applied to spacecraft in LEO, PE(
prithm is a combination of PIC and particle tracking. A parallel computation technique is usq
tion. It has a JAVA-3D-based graphical wser interface for 3D modelling of spacecraft geo
sualization. The surface interactions included in the NASCAP series and SPIS are modell
erty database is also included. The.code is available commercially upon request from MUS
pering Co., Ltd., Japan.

r surface charging codés

There are a fumber of other codesavailable to simulate surface charging. Two Russian codes ECO-MI[33

COULOMBI3

E.2.8 Envi

Environment
A variant of §
the code is §

Al perform a very similar function to NASCAP, POLAR and NASCAP/LEO.

onment Workbench

Workbench (EWB) is an approximate, quick-look code that includes spacecraft charging in
FWB is'the official charging tool for the International Space Station (ISS). The point of contg

heath
tions
elled.

and
ed for
metry
ed. A
SCAT

| and

LEO.
ct for

cience Applications International Corporation, USA.

E.2.9 SPARCS

SPARCS is a code developed and used by Thales Alenia Space for simulating surface charging in the outer
magnetosphere (GEO). This code computes the total current, due to all the primary and secondary current
contributions, for each surface on a finite-element-type geometrical model of the spacecraft. Physical
phenomena accounted for in the secondary current budget are electron photo-emission, back-scattering and
secondary cascade emission, and secondary electron recollection. SPARCS uses a double Maxwellian
environment for both ions and electrons. From these currents, the change in absolute potential of the
spacecraft and in potential at each surface is calculated. Environmental conditions can be changed during
computation for a simulation of an end-of-eclipse. SPARCS can be made available commercially upon request
from Thales Alenia Space.
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Derivation of theoretical surface flashover current

This annex presents an example of how to derive the theoretical flashover current based on Reference [35].
References [36] and [37] also give similar methods.

Key

A, area of surface of plasma

r adius of plasma

t time

Vo elocity of plasma wavefront
6 angle

a8 Maximum propagation distance.

o
7

ashover plasma front.

o
m

SD inception point.

Figure F.1 — Model of surface flashover plasma propagation

Figure F.1 shows a surface flashover plasma propagation model. It is assumed that a ring shape of plasma
propagates/outward neutralizing charge stored on the coverglass. A current, dl, due to the charge stored in an

area element, dA, is given by Equation F.1:

g1 - 9Q _C,dAAV _ C,rdg-drav

dt dt dt
where:
Q isthe charge;
t isthe time;

C

Vv

© 1SO 2011 — All rights reserved

is the capacitance per unit area of coverglass;

(F.1)
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is the area of surface of the plasma;

AV is the differential voltage of the coverglass before ESD inception;

r isthe radius of the plasma;

6 isth

e angle.

The radius of the plasma wavefront increases at Vp = dr/dt. Equation F.1 shows that the stored charge is
provided as soon as the flashover plasma reaches the coverglass. An instantaneous flashover current I(t) is

given by Equ

ation F.2:

|(t):jc

VAV (v, -rd 8

(F.2)

where the integral over the angle 0 is carried out only for the angle where the plasma Wavefront has not
reached the pdge of the solar panel. Assuming that a flashover propagates over a solarjpaddle whose lateral

dimension is

2,4 m with a constant velocity of vp =10 km/s and that the coverglass with C, =200 nF/m? is

charged to AV = 1 000 V, one gets the flashover current waveform shown in Figuré-F.2, where the max|mum
propagation [distance of 2 m radius is assumed. When the flashover plasma front reaches the edge of the

solar paddle

NOTE Cq

Figd

Current (A)

20

—
W

S

)50

100 150
Time (Usec)

(1,2 m from the ESD inception point), there is a peak in the current.

200

nditions: C,, = 200 OF/m2; AV =1 000 V; v, =10 km/s; maximum propagation distance of 2 m.

re F.2 —<Example of surface flashover current calculated by Equations F.1 and F.2

250
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Annex G
(normative)

External circuit of secondary arc test

Figure G.1 provides a schematic illustration of a recommended circuit layout for a secondary arc test
representing IPG.

1
2
I
O 4
I L1 1 a
o3 I I — 3
5
Q L1 f
I\A
w | 1
6 —U‘Csat Rb
L Vo
r /4
Key
1 acuum chamber Ccg capacitorrepresenting capacitance between exterior insulator surface and
2 gubstrate spacecraft ground
3 golar array string simulator C.ar Capacitor representing capacitance between satellite body and ambient plasma
4 HOT string I+ “power supply representing power generated by the solar array
5  RTN string Ry* resistance
6  pulse-forming circuit V, power supply representing charging potential of spacecraft body
&  Qround resistance, if any-
Figure G.1./ Recommended circuit layout of a secondary arc test representing PG
The HOT string’represents solar cells at a positive potential with respect to the spacecraft chgssis and the
RTN |(returq)-string represents solar cells close to the spacecraft chassis. The power supply V|, rgpresents the
chargi |ng potentlal of the spacecraft body The resistance Rb should be inserted to |soIate the power supply

from
monitor the voltage between p0|nt A and the ground The vacuum chamber serves as the circuit ground.

The circuit has two capacitors that simulate the energy source in primary discharge. The capacitor Cgy
represents the capacitance between the satellite body and the ambient plasma. As this is usually in the order
of 100 pF to 1 000 pF, it may be substituted by the floating capacitance between the circuit and ground. The
wire harness alone often has a capacitance greater than 100 pF. The capacitor C.; represents the
capacitance between the exterior insulator surface and the spacecraft ground that provides the electrostatic
energy as the surface flashover current. Since C is charged by the power supply V,, it is necessary to adjust
the value of C so that the current provided by C. is representative of the surface flashover current in orbit.
The fact that the surface flashover propagates with a finite speed shall be taken into account. A pulse-forming
circuit, such as the insertion of inductance and resistance, should be used to delay the energy injection from
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C.. Dividing C.g into small parallel capacitances that are connected individually in series with time-delayed
switches also provides a representative energy comparable with primary discharge. If no pulse-forming circuit
is used, the energy may be released more quickly, which can cause more severe effects. Care shall be taken
to make sure ringing or other side effects that are not representative of the situation in orbit do not occur.
Though the wire harness shall be representative of a flight solar panel, the cable length should be minimized,
or co-axial cable should be used, to reduce unwanted excessive inductance.

The solar array string simulator on the right of Figure G.1 may be opened, short-circuited or inserted with
resistance. The string simulator may include all or some of the spacecraft internal circuit elements, e.g.
blocking diodes, a bypass capacitance, load resistance, shunting electronics and so on. Care shall be taken to
ensure that the following requirements are met.

All the 4
become
significa

a)

b)
induced
resistive|
especial
inserted
primary

The power s

the power suipply from the primary discharge hitting the HOT string»"The power supply shall be capal

reproducing
fast recovery
sheet capaci
the two end
conductive s
of the derival
of the solar g
Then, either
power suppli

Specific exar
G.3and G4

There is alsq
inside the ch

vailable current from at least a string of the solar array circuit, i.e. the short-circuit current,

The voltage between the HOT and RTN strings shall not increase too much due,tosthe surge vd

available to a secondary arc once the resistance of the secondary arc plasmandrops
ntly low level. A diode switch as described in References [12] and [38] should be used:

by the primary discharge current to the HOT string. If the load simulataor IS open or has
components, the passage of the primary discharge current shall produce a high voltage
y when a large Cg is used. A large capacitance (approximately. 10 mF or more) shou
in the load simulator representing the bus capacitance, providing‘a path for the high-frequ
discharge current and producing a smaller voltage drop.

Lipply 1, represents the power generated by the solar array.A diode should be inserted to p

he dynamic response of the array to transient short.citcuits such as limited overshoot currer
to the steady state. The solar array string simulator may include string capacitance and
tance. The string capacitance is the capacitanée associated with the differential mode bet]
of the string. The face-sheet capacitance “is the capacitance between the solar cells an
Ubstrate through the adhesive and polymer face-sheet. See References [12] and [38] for d
ion of these capacitances. If the blocking diodes do not isolate every solar array string circu
rray strings grouped by each blocking diode shall be considered to give power to a seconda
the power supply I, shall provide the total power or the solar array string simulator shall in
bs to represent contributions.frem the non-arced strings. See References [12] and [38] for dg

hples of the circuit diagrams that are used in France, Japan and the US are shown in Figure
respectively.

hmber at the Game time as the test coupon. See References [40] and [41].
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a method to simulate flashover propagation with a large sample of dielectric material charged

32

© 1SO 2011 — All rights re

served


https://standardsiso.com/api/?name=10a8a955ef68f6de18f7197db2d533a6

1ISO 11221:2011(E)

mlll

/\

H% I .. [ > [ string o
o section string — £ +
+ - A A i | I_ | 1 i | 1 i | D:<_n
Usection ,___| N N N —— l___| Ustring
. Ckapto
‘ R =20k R\=1400 MO
SAT MW W
| Vb as
Csat Ces 4
Key
SAT satellite body
Css capacitor representing capacitance between solar panelstructure and ambient plasma

Ckapton capacitor representing capacitance underneath the cells through the Kapton layer

Coat capacitor representing capacitance between satellite body and ambient plasma

CString capacitor representing capacitance of solar array string

D, fast switching diode

D, fast switching diode

D, fast switching diode

Isectio current of a solar array section

Istring current of a solar array string

R resistance

Reectidn  UYsectionlsection: F€Sistance needed to get the right voltage and current in the loop simulating the solar panels
section

Rstring]  Ystring/lstring: T€SIStance needed to get the right voltage and current across the solar cells simulating the solar
array stringiunder arcing test

Vipias power.supply representing the charging potential of the spacecraft body

Usociidn  Voltage of a solar array section

Usirind (.voltage of a solar array string

Figure G.2 — Example of the circuit layout for a secondary arc test representing IPG — Francel38
Courtesy of D. Payan
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1
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D, C, Dy
o —— U
_ 2
U, ( j L3 ) L
I 3
2
L
L Ret
Ry —
—— Ceo
Vo

Key
1 electron beam or plasma source

CC source
3 CV source
C, capacitor representing the capacitance of the solar array string and the capacitance underneath the cells

throyugh the Kapton layer
C, capacitor representing the capacitance.of the solar array string and the capacitance underneath the cells

through the Kapton layer
C, capacitor representing the capacitance of the solar array string and the capacitance underneath the cells

throyugh the Kapton layer
Cge bypass capacitance
Cea capacitance between/exterior insulator surface and spacecraft ground
D, fast switching diode
D, fast switching diode
D, fast pwitching diode
Lext inductaneg ‘to form the pulse current shape
Rp resigtance
Rext resistance to form the pulse current shape
R. resistance to adjust the voltage between two strings under test
U, constant current source
U, constant voltage source
Vy power supply representing charging potential of spacecraft body

Figure G.3 — Example of the circuit layout for a secondary arc test representing IPG — Japan![391 3)

3) Reprinted with permission from AlAA.
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— USA

® 1
|
1 GHz s
k!'L" MOhn chi ch? chd chd
100K ohm CPl_, Y g 9
1 -3 O—AAAA
o e 3 4 BAN'5
+ 0.15 uF
2
Key
1  (-1kV bias supply
2 oltage probe
3 oltage waveform (voltage WFM)
4 tfigger pulse (trig. pulse)
5  qurrent waveform (current WFM)
6  qomputer
7  ¢scilloscope
SAS solar array simulator
GPIB general purpose interface bus
CP1 current probe
CP2 current probe
CP3 current probe
U3 string
U4 string
Figure G.4*— Example of the circuit layout for a secondary arc test representing IPG -
© 2008 IEEE. Reprinted with permission from Reference [40]
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Annex H

(informative)

Solar cell I-V characteristics measurement

The |-V characteristics should be measured under illumination at the same facility before and after the test
because the relative change in the electrical performance is more important than the absolute performance
value. The illuminated |-V _curve measurement need not be carried out at the same location as the ESD/PI

tests.
I Rs
E—
A !
J
U _
7_ Rsh
N
o ®
Figure H.1 — Equivalent circuit of a solar cell in. dark conditions with an external DC power supply

It is useful tq measure the dark current in situ to;monitor the performance degradation. Figure H.1 illusfrates
the equivalent circuit of a solar cell in dark conditions. It consists of a diode, parallel shunting resistance}, Ry,
and series regsistance, Rq. The relationship:between the current | and the voltage U applied by the externgal DC

power supply is given by Equation H.1;

U —Rl >
| = Io{er[q( o S )]—1}+URF:]SI
S|

where

lp s the reverse saturation-current density, in amperes per square metre (A/m?);

(H.1)

T s tHetemperature inkelvins (K);
k is the Boltzmann constant;

n isthe diode constant;

g isthe elementary charge;

Ry, is the parallel shunting resistance;

R. is the series resistance.

S
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