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Decade of Tests Suggests |,V Safe Limits

» Test results since
1998 disclosure

of spacecraft
power loss
induced by

sustained arc on

array front side

» 2 proposed safe

-V limit curves
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Figure 7. The spacecraft charging arc triggers a
sustained discharge driven by the amray stnng cument
and voltage
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Characteristics of Vacuum Arc —
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De¢ volt-ampere characteristics of vacuum arcs measured by Davis and Miller."

Figz. 1.2 Detais of the vaanm a ]

S/C primary power systems

Arc current flows in Tracks show that arc :
plasma between current vaporizes &  have = min Arc voltage. When
electrodes; cathode spots  ionizes cathode, new ~ vacuum arc is established, arc
of diameter 1-10pm with plasma sustains arc resistance is low (AV/Al =

~108 -108 A/cm?2 4V/180A = 22mQ for Cu)

Sept 12010 #10-1137 11th SCTC



Vacuum Arcs Sustain at a Minimum VOltage  .orrmeer cmmmean
Well Below Array Voltage Threshold g

e Min V threshold depends upon material’s
thermal properties
» Range of Min V values reported in literature
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Arc Duration and Damage Depend Upon Current
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« Average arc lifetime @ 3*A is ~ B 1L |
100us for Cu and ~10ms for Ag, B ¢
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distribution—possible that an arc
lasts much longer (and shorter)
than average
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Fractional # of Arcs (Y-axis) Lasting Longer
than Time t (X-axis: usec on left, msec on right)

5

11th SCTC



Vacuum Arc Literature Shows a Lower Safe TG CHUPAN
Voltage Threshold Than Array/Cell Testing ~

Loral in-orbit and onground sustained
arcing data. Note stingvoltages are
UNSAFE 80V and 75V, which exceeds the unsafe
voltage threshold. We do not know
what the arc voltage was during the
ground tests, orthe location of the arcin
the strings and the delta V to the
adjacent cell in orbit. So we cannot
provide anarc voltage drop value.

arc current

<€— Sustained arcsseen at2.25, 2.75A
with string voltage of 75-80V

&4— >1000arcsat0.2-0.4A lastonly 10-50us

0 5 10 15 20 25
gap voltage

Sustained arcing at string currents of <1A is not possible
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Secondary Arcs of Duration <100US-1mMS Ar€ cseor crmmean

Not Harmful to Insulation, Even in Quantity
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(a) Waveforms of transient currents

Figure 3. Example of the waveforms of transient currents and the

Discharge Light
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re-discharge Light

{(b) Photograph of light

discharge light in the case of d=0.8mm and V,=77V.
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[Fuji 03] About 100 rigger arcs with shunt current
<30us. No detrimental damage to the cell gap. The
cumulative duration of the 100 arcs is <3msec.

[Kim 05] 1000’s of primary and non-sustained
secondary arcs did not degrade insulation, whereas a
single 120sec sustained arc dropped isolation to
<300hms

[Gaillot 05 ] 100usec secondary arcs are not harmful,
even in quantity. Millisecond arcs degrade insulation
slightly (no power effect) and progressively degrade cell
I-V characteristics slightly (minor power effect) even in
guantity.

[Berthou 05] Secondary arcs began to appear at 60-
80V and were systematic at 90V. No degradation of
insulation occurred. Their frequency and duration
increased as the cell-to-cell voltage increased, ranging
from 30us to 145us and averaging 85us. At 120V,
1.25A, no sustained secondary arcs were observed. As
Istr increased, the duration of the arc increased (from
30us to 3ms)

CONCLUSION: need to look for conditions that
promote longer duration (>100usec to >1msec)
sustained vacuum arcs for damage
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Vacuum Arcs Can be Triggered by Various NosTIHROP GrUMPLAN
Plasma Sources Wherever Sufficient V&I Exist

* In-orbit and ground test failures
have occurred in harnesses,
SADAs, power circuits of
electronics

» Plasma from fusing tin whiskers,
wires, debris impacts and ESD
are all potential triggers

* Tin whisker (and
wire) vacuum arcs
have readily
occurred in 30V
and 50V primary
power systems
with high currents
Consistent with
vacuum arc
literature, and
lower V than solar
array ESD tests
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Tin whiskers can fuse into plasma
that sustains vacuum arc
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Conventional Solar Cell Arrays Operate in Safe

Zone, Rest of Primary Power System Does Not

string current [A]

i VV<Varcfor some

1

materials SAFE

B V < Varc SAFE for ALL Currents
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1 solar cell string <1A on
anode side of its blocking
diode is safe at any V

— ISO test not needed

— Risk increases rapidly as
current reaches 1.5-2A

Groups of strings joined
beyond blocking diode
cathodes are unsafe
— Combined current is 2.5-
4A or more
— Sustained arc can draw
current from primary
power bus (>10’s to 100’s
A) once arc voltage drops
below bus V
Primary power system in
unsafe zone-fuses protect
power bus

Secondary power circuits
are inherently safe

— Min Varc > secondary V
of 5-12V and lower



Summary NoRTIOr Summear

« Conventional arrays are safe--limit string current with 1 blocking
diode/string to ~ <0.5-1A, far too low to sustain vacuum arc
— Front-side array testing for sustained arcing is not needed
— Continue to test for ESD degradation of cells per AIAA standards

» Beyond diode cathode, strings are combined into groups that are
routed to array regulator electronics and primary power bus

— Combined strings (e.g., 5-8 ) push short circuit current available for a
vacuum arc up to 2.5-4A, in the high risk range

— Much more current may be available from primary power bus, which will
significantly extend arc lifetime and damage-add to testing

» Risks occur from blocking diode cathodes to slip ring assy to primary
power bus & battery all the way to the primary power input to load
secondary power converters

— Double insulation and isolation help, but degrade over mission life--test
protection of EOL coupons

— Fusing can protect the power bus from single arc induced faults, but
spares can be consumed before EOL

— Vacuum arcs can propagate (e.g. arc tracking in wire bundles)
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