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.Why have by-pass on satellite batteries ?

e To avoid the loss of the power due to :

= a battery open circuit
= a low voltage cut off : battery performance

e NiCd batteries : no by-pass

e NiH, batteries : charge and discharge diodes to cope
with H, leak leading to a cell open circuit.

e Li-lon GEO/LEO batteries :

= Use of a NEA by-pass based on Stentor program
" However ....
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- Li-lon open circuit failure

e Contrary to NiCd and NiH, Li-lon can be assembled in
parallel.

e Thanks to parallel assembly, the risk of sudden current
Interruption due to cell open circuit failure is clearly
avoided with Li-lon batteries (P>1).
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.Li-ion open circuit failure transitory scenarios

e If the open circuit occurs at low state of
charge .

e Depending on the DOD and the P, the failed module could be
self shorted or not :
= [f DoD> 1.15* (P-1)/P, the failed module is self short circuited,
the group of cells behaves as a resistor
= If DoD< 1.15* (P-1)/P , the failed module is not self short
circuited, the module has an energy reduced to (P - 1)/ P but still
able to fulfill the mission .

e DOD<76 % for P=3
« DOD<87 % for P=6
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.Li-ion open circuit failure transitory scenarios

e If the failure occurs while charging:

= The failing group of cells reaches the EOCV before all the other
groups

= This would result in undercharging the battery by (P- 1)/P

= If need be, to compensate this imbalance, some higher-voltage
charging of the failing group (up to 4.3V) may be immediately
allowed and balancing resistor could be put on to rebalance.
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- Li-ion short circuit failure

e Two possible events :

"= if short current lower than the balancing current :

« continuous activation of the balancing
« compensation of the short by the balancing

"= if short current higher than balancing current :

 reversal during discharge : soft shorting of cells
» battery operating with one cell package less
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— Li-ion cell over-discharge or reversal

e The prolonged discharge curve shows 4 steps

" Normal discharge
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General Current / Potential Diagram
. of electrochemical couple : Negative (1) / Positive (2)
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After End of discharge
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Schematic view of cell stack
B End of Discharge
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Overdischarge,
T after Li exhaustion
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Schematic view of cell stack
| After Li Exhaustion from negative
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IC view of cell stack

Schemat
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Overdischarge,

. after LI exhaustion
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IC view of cell stack
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] Overdischarge on to a 3P module at C/2

Inversion 3P Module Reversal
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Jll DPA on VES cell (after reversal)

Copper deposition Copper deposition on separator
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Jll DPA on VES cell (after reversal)

— / .. _.:1

Copper deposition on positive electrode

Copper deposition on negative electrode
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ARTES3 : B m | test plan
. bYy-pass removal test pla
§ RD1 Procedure 2P (2P | 2P | 2P | 2P | 2P 2P 2P |2P | 2P | 3P (3P | 3P (3P | 3P |3P | 3P |3P | 3P |3P |3P |6P|6P
Test test plan § 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10 11 1 2 3P3S | 3P3S
Used as tool 0 0 0 0
Open circuit one cell at EOD 52,1 RD2; 4.2.1 1 1
Open circuit one ;ell at EOD with max 522 RD2: 4.2.2
peak 4,3V excursion 1
Ope_n circuit one cell caused by 523 RD2: 4.6 1
leaking cell 1 repeated
Open circuit one cell at EOD 524 RD4; 4.2 1
Short circuit one cell (soft) 2,6 ohm RD2: 1 1
- 4.3.1
Short circuit one cell (soft) 5,1 ohm i 1
531 4.3.4
Short circuit one cell (soft) 20,5 ohm - 1
i 909, RD2;4.3.5
2 GEO seasons cycling; 20°C 0438 2 2 2
Reversal; 0°C; C/8 1
Reversal; 0°C; C/2 1
Reversal; 0°C; C 1
Reversal; 20°C, C/8 RD3: 1
Reversal; 20°C; C/2 42.1
to 1
541 423
Reversal; 20°C; C - 1
Reversal; 40°C; C/8 1
Reversal; 40°C; C/2 1
Reversal; 40°C; C 1
: 900 RD3; 4.2.4
Rapid cycling ; 20°C; 900 cycles 0425 2 2 2 2 2 2 2 2 2
Progressive reversal 54,3 RD3; 4.5 1
Storage of reversed cells 6 months 54,4 RD3; 4.6 2
Life cycling GEO ; DOD 80%; 22 Yrs 54,2 RD2; 4.4 1
Cycling of reversed cells 7,5 yrs N/A 1
RD2; 4.5
Pulse 3C/250ms on reversed cells 5,6 RD4: 4.3 2 2 2 2
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Self Short characterization on 3P
.modules : resistance after stabilization

Current (A)
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I Thermal effect: test results summary

Artes 3: Max cell case temperature at Reversal
EOCV=4.1V, T amb= 20°C,
Atmospheric condition, forced air climatic chamber
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[l Thermal effect:  test results analysis
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2P Modules: Open circuit test at End Of
B Discharge

e Open on 1 cell:

= (2P6) EOCV=4,1V + OC at EOD + «GEO» season with reversal

= (2P9) EOCV=4,1V + OC at EOD + «GEO» season with reversal on aged
cells (45 saisons)

" (2P3) EOCV= 4,3V + OC at EQD + «short GEO» season with reversal
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Il 2P6 Module: 55% discharge: no reversal

ARTES3: Charge to 4,1V/Discharge down to 55%DOD of 2P W' after 1 open on 2P ""W" module

4,1 T ——— 4,1V compared to
3,85V consistent with
3,9 - LLL\‘\—\_« prediction T°
- S S— .
3,7 1
3,46V consistent with
35 - OCYV prediction j
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3,3 Llodule Ref AT
init (A 707 775 rﬁ
31| | 55% DOD disch (4h) 426 426 T -15
status (Al 37.1 349
5 29 W 1P status (AR) 17.4 §
2 recharge 1P (AN 213 213 5
i 27 1 status EOC (A 58,4 38,8 1258
Charge status (%) 73,3 100
25 | predicted OCV (V) 3,29 4.10
' 535% DOD disch (AR -2 & -2 &
23 | status (Al 152 -3.0( (110%DOD: consistent with | 35
' Charge status (%) 198 10| | prediction for reserve
DD (%) 80,2 110,0| | discharge / no reversal
2,11 predicted OCV (V) 3496 [H3,3V, onreserve)
1,9 + -45
1,7
15 ‘ ‘ ‘ ‘ R 55
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Il 2P6 Module: GEO cycling -> reversal

Ref module is charged to taper after
Cyclage GEO ARTES3 Module 2P "W" module self-short confirmation
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] Model predictions

s Battery and Module Voltages
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Tension

. 6P Module: reversal of 5P

Phase N°2 ARTES3 Module 6P
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. 6P Module: 5P Current distribution after short

Cyclage ARTES3 Module 6P
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il CONCLUSION 1

e Reversal Li-ion cell results in creating a stable, low
resistance short circuit

e The cell short-circuit mechanism has been
analyzed :
= Internal impedance varies with current
= Thermal impact during short formation

= All failure cases tested :open circuit at end of discharge,
short circuit, leak current, structure leak...

= Current dispersion within module.
e Tests done validate the model.

e Additive tests to be done to take into account
specific failure cases
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. CONCLUSION 2

e Thanks to the parallel mounting, even in case of cell
open circuit and short-circuit, the power supply is

always on (Vbat always higher than the requirements)
without the recourse to by-pass.

e Eliminating the by-pass :

" increases battery reliability : cell reliability is higher than the by-
pass one

= saves weight even additive wiring impact due to current spread
= saves cost

" may induce battery thermal and management changes
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