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OUM“M Historical Overview and
Quallion’s Satellite Cell / Battery Development

e Quallion has been working on several cell / battery development projects over the past years to evaluate test batteries
for life cycle to be used on future endeavors.

- 2002
« Chemistry evaluation
o QLO15KA cell development

- 2005
o QLO75KA cell development

- 2006
« 8s-1p 15Ahr (ZeroVolt™) Test Battery (~51,000 cycles LEO)

- The goal of the program was to assess current technology capabilities and understand thermal characteristics of battery
pack. Several Characterization analysis was conducted to perform trade studies.

- 2006

o 12s-2p 75Ahr (Non-ZeroVolt) Test Battery (~5,000 cycles LEO)
- Ultimate go forward design was using Quallion’s existing chemistry due to performance

- 2007

« 8s-1p 75Ahr (Non-ZeroVolt) Test Battery (~27,000 cycles LEO)
- The goal of the program was to evaluate Cu substrate in a larger cell/battery configuration.

- 2009
o 8s-2p 15Ahr (ZeroVolt™) Test Battery

- The goal of the program was to evaluate battery under environmental and electrochemical tests for actual usage

- 2011

o 8s-2p 15Ahr (ZeroVolt™) Test Battery
- Integrated in Tac-SAT4 and launched on 9/27/2011
- On ground, the copied battery has been tested under the accelerated HEO cycle

Powering Life.
uallion LLC © 2011 2011 NASA Space Power Workshop, 11/15-17/2010



Quallion’s Satellite Cell & Battery"
Design Support for Custom Cell and Battery

UALL/ON

Cell Design Support
(Hardware, Chemistry)

QLO75KA-SS

Battery Design Support (Hardware, Electronics)

OLO15KA-SS, 8S-2P Battery
7 ; -@v,l‘vl'ﬂv\ ;,/F
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<)0UALLION

SATELLITE CELLS MANUFACTURING
SET UP STATUS
(TITTLENECEFSSNE"SET UP)
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O Products from Tittle Il Cell Line
QUALLION QLO75KA / QLO15KA

QLO/5KA QLO15KA
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O QLO75KA Cell Manufactured by Tittle Ill Cell Line
QUALLION LEO Cycle at Room Temperature

75Ah cell, 40% DOD cycle, R.T.
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O QLO75KA Cell Manufactured by Tittle Ill Cell Line
N quaLLION Cell Discharge Curves
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T3 cells demonstrated less voltage difference.

» Characteristic of T3 cells are consistent to the results (red lines) from the former
manual processed cells (dark blue line) and the validation tests (blue lines).
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O QLO75KA Cell Manufactured by Tittle Il Cell Line
 QUALLION

Distribution of Cell Characteristics

Tittle Il Cell Line vs. Former Manual Process
Dark Blue: Manual Process

Red: T3 Line Process

Discharge Capacity AC-IR (1 kHz)
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» T3 cells demonstrated the same distribution of discharge capacity.
» T3 cells were in tighter range of AC-IR than the ones from former manual cell
line, which provides the better cell matching for battery assembly.
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()OUALL/ON

Quallion’s Chemistry
Characteristics

e Cycle Performance

e Active Material Lot Viriance
e Calendar Life Perfomance
e ZeroVolt™ Technology

Powering Life.
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O Quallion Chemistry Evaluation
SsaiLio 40% DOD LEO Cycle Performance
(170mAh wound type model cell)

Capacity retention equation ’ *) k: constant to determine capacity fading rate
(Discharge capacity retention) = 100 - k x / Neyeto Neycie: Charge and discharge cycle index

-
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Active Material Lot Difference “
()OUALL/ON In 40% DOD LEO Cycle
(200mAh Wound Type Model Cell)

Discharge Capacity Cell Voltage @ End of Discharge
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No performance variance was observed among three active material Iots]
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In Calendar Life
(200mAh Wound Type Model Cell)

Active Material Lot Difference
C)OUALLION

Discharge Capacity
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Quallion Chemistry Evaluatioh
CQ@EQMQHTM Capability; Comparison with Conventional LIB

Test Method

e Test sample cell
— Quallion 18650 cell (Zero-Volt™technology)
— Sony 18650H2 cell (Hard carbon cell)

® Test procedure
1. Capacity check to determine baseline capacity (before storage)

- The cells are cycled three times at room temperature
according to the following standard procedures.

« a) CC charge at C/2 rate to 4.2V
- b) CV charge at 4.2V with a current cutoff of C/20
« C) CCdischarge at C/2 rate to 2.7V

2. Simulate 0V state by short-circuiting the cell with a 20 ohm
resistor.

3. Storage at room temperature for 3 days.

4. Charge the cells at room temperature in two steps
-~ CC charge at C/200 rate to 3.0V
—~ CC charge at C/20 rate to 4.2V

5. Repeat the capacity check test from step 1 to determine the cell
capacity after OV storage.

Powering Life.
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O Quallion Chemistry Evaluation
“QUALLION Before and After 3-day Storage at Zero Volt

Room temperature storage 40C storage
45 45
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UALL/ON

Storage Condition 0809

For 17 months,

* 100% SOC (3 cells)
* 50% SOC (3 cells)

* 10% SOC (3 cells)

* OV (3 cells)

(at room temperature)

0.700

0.600 -

o
)]
o
o

Discharge Energy / WWh
o
I~
o
o

0.200 -

Cycle condition
* LEO cycle (40% DOD)

0.000

Capacity check

« 100% DOD
at every 500 cycles

(at 20°C)

)uallion LLC © 2011
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Quallion Chemistry Evaluation

Zero Volt™ Capability

40% DOD LEO Cycle Performance after OV Storage (17 months)

(200mAh wound type model cell)

s 0V

* 0V

s 0V

4 100% SOC
4 100% SOC
4 100% SOC
m 50% SOC
m 50% SOC

Teét Iocatlon /'

= 19,000 cycles

------------------- ‘LLA Storage at room temp for 17 months -

No difference in cycle performance
among all storage conditions

® 50% SOC
+ 10% SOC
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+ 10% SOC

____________________________

----------

at 0V, 10-100% SOC

‘LEO cycle at 20°C
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i
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Cycle Index

30000
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O Quallion Chemistry Evaluation
QUALLION

Zero Volt™ Capability
40% DOD LEO Cycle Performance after 0V Storage (29 months)
(200mAh wound type model cell)

Storage Condition

For 29 months,

* 100% SOC (3 cells)
* 50% SOC (3 cells)
* 10% SOC (3 cells)
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Powering Life.
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O Zero Volt™ Capability
QUALLION

Capacity Retention after OV Storage (40 months)
(QLO75KA cell, 20% SOC Storage Performance)

O volt storage :20 % SOC storage on going
i B I Q) \

60% A

QLO75KA
40% ---0 - 40th Month: OV Storage at room temp 4
After 40th Month: 20% SOC Storage at room temp AfterQ volt storage

- No capacity fade

Discharge Capacity Retention /%

Capacity Check Cycle

20% 1" Charge: 0.5C / 4.1V till C/20 at room temp - - Same storage capability
Discahrge: 0.5C to 2.7V at room temp to fresh cell
O(.'VD T T T T T
0 10 20 30 40 50 60

Storage Period / Months

Powering Life.
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Zero Volt™ Capability
' é@’:lty Retention and Cell Voltage after 0V Storage (49 months)
k (QLO15KA cell, 40% DOD LEO Cycle Performance)

Q@é

r.—-—-—

Cell Voltage : -
St Discharge Capacity / Ah
Storage After Storage | After 5000
/ Volts FRLE SIS (49 months) cycles
X06H532 0.656 14.6 14.6 14.9
X061004 0.180 14.7 14.4 14.5

Discharge Capacity Cell Voltage @ End of Discharge
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20 4.5 1
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Q 10 A Discharge: 0.67C to 2.7 V, 36 min. total % --------------------------------------------------------------------------------------
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()QUALL/ON

Quallion’s SAT Cell Characteristics
QLOI5KA / QLO75KA

® Cycle Performance
e Life Prediction

Powering Life.
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Cell characteristics
QLO15KA

()OUALL/ON

QLO15KA

SS-STD Al-STD SS-HP Al-HP
Application Standard C-rate High C-rate
Case material SS Al SS Al
Height / mm 89
Width / mm 54.5
Thickness / mm 37.5
Weight / g 470 385 510 425
Operating voltage / V 2.7-4.1
Discharge capacity / Ah* 14.5 12.4
?g?:cr:r;l;r;\bﬁﬁ;tmuous discharge 1C 1C ac 3C
Pulse discharge rate capability 3C 3C 10C 10C
Weight energy density / Wh/kg 111 136 88 105
Volumetric energy density / Wh/I 287
Zero-Volt™ technology Applicable n/a

* Charge: 0.5C/4.1V to C/20, Discharge: C/2 to 2.7V at 25°C

Powering Life.
2011 NASA Space Power Workshop, 11/15-17/2010
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O QLO15KA Characterization
- QUALLI9EQO Cycle Test Conditions; Evaluation of Charge Voltage / DOD

= Test cell
» QLO15KA (hameplate capacity 12.5Ah)
= SS case, ZeroVolt™

» Test condition
= Room temperature

» LEO cycle conditions (current based on nameplate capacity)
» Charge: specified current / 4.0V or 4.1V for 54 minutes
» Discharge: specified current for 36 minutes

Charge Rate (C)

Discharge Rate (C)

20% DOD cycle 0.3 0.3
40% DOD Cycle 0.6 0.7
60% DOD cycle 0.9 1.0

uallion LLC © 2011

= Capacity check cycle

» Charge: 0.5C / 4.1V with tapered current till C/20
» Discharge: 0.5Cto 2.7V

= Every 500 cycles of LEO condition

Powering Life.
2011 NASA Space Power Workshop, 11/15-17/2010
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OUM QLO15KA Cell Characterization
Effect of Charge Voltage and DOD on LEO Cycle Performance (1)

4.1V Charge:; Discharge Capacity 4.0V Charge: Discharge Capacity

120
*20% DOD, 4.1V, R.T. + 20% DOD, 4.0V, R.T.
440% DOD, 41V, R.T. 4 40% DOD, 4.0V, R.T.
=60%DOD, 41V,RT. |’ 100 ""‘"lﬁnﬂzmii;;:: ————— : ————— o % = 60% DOD, 4.0V, R.T.
= +80% DOD, 4.1V, R.T. - 4 1
o B0 I LI
8 2
- e il B ) S,
= 2 !
8 ; 5
- . R I e —
— (6] _
RPN 20 4. eeeeeen
T T 1 1 T T 0 T T T 1 T 1
5000 10000 15000 20000 25000 30000 350 0 5000 10000 15000 20000 25000 30000 35000
Cycle Index Cycle Index
Charge: 54 min @ 4.1V, R.T. Charge: 54 min @ 4.0V, R.T.
Discharge: 36 min to 20 - 80 % DOD @ R.T. Discharge: 36 min to 20 -60 % DOD @ R.T.

Powering Life.
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C

4.1V Charge:; Cell Voltage @ EOD

4.5

—20% DOD, 41V,R.T.
——40% DOD, 41V, R.T.
——60% DOD, 4.1V, R.T.
4 ——80% DOD, 41V, R.T.
>
TR S O e S
3
o
8
S 3 e
=
©
(&)
T e s C @ @ IH.rl6 s
2

0 5000 10000 15000 20000 25000
Cycle Index

Charge: 54 min @ 4.1V, R.T.
Discharge: 36 min to 20 -60 % DOD @ R.T.
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QLO15KA Cell Characterization

45

w
o

Cell voltage / V

2.5 A

WAEffect of Charge Voltage and DOD on LEO Cycle Performance (2)

4.0V Charge:; Cell Voltage @ EOD

e —60% DOD, 4.0V, R.T.

—20% DQOD, 4.0V, R.T.
—40% DOD, 4.0V, R.T.

Poor cell terminal
connection to test cable

0 5000 10000 15000 20000 25000 30000

Cycle Index

Charge: 54 min @ 4.0V, R.T.
Discharge: 36 min to 20 -60 % DOD @ R.T.

Powering Life.
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QLO15KA Characterization *
O Effect of Charge Voltage and DOD on Capacity Retention
Geaitio (LEO Cycle Performance)

Capacity Retention after 18,400 cycles

110
@ 4.0V Charge
105 A
_ A 4.1V Charge
c 100 —Log. (4.0V Charge)
= o —Log. (4.1V Charge)
cC =
o -
§-§ 95 -
20
@ £ 90 -
jo By e
o o
O
%2 85 -
E'E
3 80 1 4.0V: y=-58Ln(x)+ 115
Q 4.1V: y=-8.5Ln(x) + 121
75
70 1 1 1 1
0 20 40 60 80 100

DOD /%

Data suggests that lower charge voltage / DOD makes cell life longer.
At lower charge voltage, dependency of cycle life on DOD is less.
(Need further cycle test and analysis.)

Powering Life.
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QLO15KA Performance Predictiof
OUM,M LEO Cycle Performance: 20-60% DOD, 4.1V, R.T.

Capacity retention equation ’ *) k: constant to determine capacity fading rate
(Discharge capacity retention) = 100 - k x / Neyeto Ncycle: Charge and discharge cycle index
120

86 — 97 % @ 4.0V Charge
@ 60,000t cycle, 10 years
LEO operation

74 =91 % @ 4.1V Charge

| . + 4.0V, 20% DOD
60 = 4.0V 40% DOD @ 60,000 cycle, 10 years
s+ 4.0V.60% DOD .
— — 4.0V/20% Prediction LEO operation

w0l — — 4.0V/40% Prediction
— —_ 4.0V/60% Prediction

o 41V, 20% DOD

o 4.1V, 40% DOD

4 41V 60% DOD
20 1 41VI20% Predicion |
— 4.1V/40% Prediction
— 4.1V/60% Prediction

D I 1 1 1 1
0 10000 20000 30000 40000 50000 60000
Cycle Index

Discharge Capacity Retention / %
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QLO15KA Characterization
OUM,(,N Calendar Life: 100% SOC, 4.1V, R.T. Storage

Capacity retention equation ) k: constant to determine capacity fading rate
. , N..ce. Charge and discharge cycle index
(Discharge capacity reteation) =100-kx \/ Time cycle g ge &y
120
e Capacity
100 — Prediction |
< | | 1 a a =
= 80 ey oo oo / :
= : : ! : .
= g g g g 86% Retention
8 . After 10 years
B B0 e N —— R
o) E s | s s
o e s
3 QLO15KA, 15Ah, (Calendar Life) | ! 5 120
Q 40 - Storage condition Data point added to s - _
L 0, ) * Capacity
N SOC 100 /O, R.T. 2 year_old presentatlon —Preqiction N
! : g R B—
Capacity check condition | ; ; z & S
20 " Charge: 75A/4.1Vt0 0.75A at RT. 77 e i Aer 10 years
Discharge: 7.5A to 2.7V at R.T. | = = s %
; E 3 E E g 40 ] gtﬁ;sl:}toﬂimgflca\endamfe)
0 I I ‘ I I 20 Ao g? ad7;:\e/;:;wc\7ndgi$;x RT
0 20 40 60 80 100 0 D\scharge; 7.5At0 2.7Vatl?.T.
Storage period / Months L e
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()QUALL/ON

8S-1P QLO15KA Battery
(no Cell Balancing Circuit)

Voltage / Temperature Profiles
iIn LEO 20% DOD Cycling
(Status up to 52,231 cycles; 60 months)

Powering Life.
uallion LLC © 2011 2011 NASA Space Power Workshop, 11/15-17/2010
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(@ 8S-1P QLO15KA Battery

Characteristics of QLO15KA 8 cells in series connection under
20% DOD cycling at 30°C,

lectrical characterization

" Cell type LO15KA
- Cell / battery voltage transition yp Q
- Difference of cell voltages Configuration 8 cells in series
oL Capacity 15 Ah
hermal characterization ol S TETYIV
- Temperature profile in cycling oltage .6 —32.
- Maximum temperature difference | Dimension 89 x 54.5 x 304 mm

during cycling

|
!
L
|
: r
A “« YY ‘
A

uadion LLC © 2011 Proprietary of Quallion LLC 2011 NASA Space Power Workshop, 11/15-17/2010
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... 8S-1P QLO15KA Battery
| Cycle test protocol

Charge:
CC Charge: Constant current at 9A until one individual cell reaches 4.1V

CV Charge: Constant voltage charge at the last battery voltage recorded
when first individual cell hit 4.1V.

Total charge time of 27.5 minutes

Discharge:
CC discharge: Constant current at 10.3 A for 17.5 min (3 Ah = 20% DOD)
Total discharge time of 17.5 min

Temperature: 30°C

- No rest between charge and discharge steps

- No cell balancing circuit

Powering Life.
)uaddion LLC © 2011 2011 NASA Space Power Workshop, 11/15-17/2010
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O Pack EOD Voltage and Battery Discharge
" QUALLION Capacity (20% DOD)

Pack EOD voltage and discharge capacity through 52,231 cycles (60 months duration)

3.07
= Battery Discharge Capacit 39
305 ry g pacity
—=— Battery EOD Voltage
3.03 37
< 3.01 S
> e e S 35 -q-"
2 . =2
S 299 | <« Pack Capacity (20% DOD) 8
2 K
S 2097 2
) O
£ 295 3q W
[
=
o @
R B R S — s
&) 29 m
2 91 Battery EOD Voltage —
27
2.89
2.87 25
0 10000 20000 30000 40000 50000 60000

Cycle Index

Powering Life.
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O Pack / Cell Voltage vs. Time (in cycling)
SaLie for last few cycles

36 5.5

34 «— Pack Voltage

32 5.0

30 —— Pack
—_ - —Cell 1
Z 28 45 = cell2
(O] . uh]
Q0 Voltage profiles for 8 cells — o0 Cell 3
S 26 X —cCells
> 3
= ‘ . - —Cell 5
S 24 ﬁ 40 3 —cels
o X —Cell7

22 *\ il Y —Cell8

N / N / N /
20 I 3.5
Cell voltages at the end
18 of discharge
- Plotted in the next slide
16 3.0

2351500 2353500 2355500 2357500 2359500 2361500

Test Time (s)

Powering Life.
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Cell & Pack EOD voltages

“Consistent cell voltage through 52,231 cycles (for 60 months duration)

C

Cell Voltages & Battery Voltage (V) vs. Cycle Index

4.5
Cell Voltages 39
4.3 %) Fiee @ 52,231 cycle
4.1 for cell voltage 2,007 = 2,097 V 37
(0.030 V diff.)
3.9 -~
S 35 =
o 3.7 Wwﬁm%ﬁmﬁ g
& 33 2
S 35 S
> >
% 3.3 31 @
(&) =
3]
3R e i R — m
29
2.9
Battery Voltage —
27
2.7
2.5 25
0 10000 20000 30000 40000 50000 60000

Cycle Index

Powering Life.
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O Cell Voltage Difference (@ the end of discharge)
- Ghibio & Battery Voltage (@ the end of discharge)

Cell voltage difference (@ the end of discharge) through 52,231 cycles

0.50
— Cell EOD Voltage Diff. 34
0.45
—=— Battery EOD Voltage
0.40 32
S Battery Voltage —
< 0.35 —_
§ _-_——-F-—p-ﬁ-m .
§ 0.30 %
QO
= 28 £
5 025 S
g [
o
§ 0.20 26 g
S 0
> 0.15
) 24
O Lo Cell EOD Voltage Diff.
@ 52,231° Cycle 0.030 V \ -
0.05 < Cell Voltage Difference P
0.00 ' ' 20
0 10000 20000 30000 40000 50000 60000
Cycle Index
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C)QUALLION

SRS Tac-sat IV Configuration Battery
*‘- (no Cell Balancing Circuit)

Initial Characterization
(Electrical, Environmental)

Tac-SAT4 was launched with Quallion’s QLO15KA on
9/27 from Kodiak, Alaska.
(Quallion has been cycling the copied battery system

under the accelerated HEO test condition.) p . i
owering Lire.

)uallion LLC © 2011 Proprietary of Quallion LLC 2011 NASA Space Power Workshop, 11/15-17/2010



OUALL/ON

Mass Property and
Physical Inspection

!

AC-IR/OCV &
Contact/Insulation
Resistance Check

Test Set A
\ 4

DC-IR Test

v

25°C Capacity Check

'

40°C Capacity Check

'

Self-Discharge Test

'

Storage Test

'

AC-IR/OCV &
Contact/Insulation
Resistance Check

2P-8S Tac-sat IV Configuration Battery

Initial Characterization Test Flow

Quallion’s NRL Battery Pack Pre-cycling Acceptance Test Sequence

Test Set B

\

N 1 _/

uallion LLC © 2011

v

10°C Capacity Check

. 4
Random Vibratign

Random Vibration

Capacity ¢heck

'

20°C Capacity Check

Post Vibe AC-IR/OCV &
Contact/Insulation
Resistance Check

)

30°C Capacity Check

Post Vibe 10°C Capacity
Check

'

'

Cell/Battery AC-IR & OCV
Check

Pre Thermal Cycle AC-IR/
OCV & Contact/Insulation
Resistance Check

'

Orbital Cycling (@10°C)

y
Thermal Cycle
Thermal Cycle

!

Post Orbital Cycle Cell/
Battery AC-IR & OCV
Check

Post Thermal Cycle AC-
IR/OCV & Contact/
Insulation Resistance

Check
y
Post Orbital Cycle 10°C I}os; i%erma gyc e %EE
Capacity Check Capacity Check

'

!

Pre Vibration AC-IR/OCV
& Contact/Insulation
Resistance Check

Final AC-IR/OCV &
Contact/Insulation
Resistance Check

|

1) Capacity check cycle at

prescribed temperature
- Charge: 0.2C / 4.1V till C/20
- Discharge: 0.2C to 2.7V

2) Random vibration condition

Frequency (Hz) PSD Level
20 0.0263 g2/Hz
20-50 +6 Db/Oct
50-800 0.16 g?/Hz
800-2000 -6.0 Db/Oct
2000 0.026 g?/Hz
Overall Amplitude = 14.1 Grms
Duration = 60 seconds

I _/

3) AC-IR: at 1 kHz

Powering Life.

2011 NASA Space Power Workshop, 11/15-17/2010



2P-8S Tac-sat IV Configuration Battery
Initial Characterization
100% DOD Charge / Discharge Curves (10°C)

35

130 — 1-001 Aux_Voltage (V)_1

——1-001 Aux_Voltage (V)_2

1-001 Aux_Voltage (V)_3

1-001 Aux_Voltage (V)_4

25 —— 1-001 Aux_Voltage (V) 5

< g —— 1-001 Aux_Voltage (V)_6

~ ——1-001 Aux_Voltage (V)_7

% Batte l‘y Vo Itage 9 -+ 20 % ——1-001 Aux_Voltage (V) 8

o ‘_3 ——1-001 Aux_Voltage (V) 9
) (@] 1-001 Aux_Voltage (V)_10
> 40 - & ~ 3 115 i 1-001 Aux_Voltage (V)_11
% / ‘ / \ O 1-001 Aux_Voltage (V)_12
O / ) D‘? 1-001 Aux_Voltage (V)_13
/ - / 110 1-001 Aux_Voltage (V)_14
/ ‘ 1-001 Aux_Voltage (V)_15
: \/ ; 1-001 Aux_Voltage (V)_16

g ;‘ . === 1-001 Voltage(V)
< Cell Voltages (16 cell voltages)
I I I I 0
20000 40000 60000 80000 100000

Test_Time(s)

CC Charge pack at C/5 (6 A) to 32.8 V (4.1 V/cell) followed by CV charge until charge current reaches 0.6A;
Rest for 10 minutes;

CC Discharge at C/5 (-6 A) to 21.6 V (2.7 V/cell);

Discharge rest for 10 minutes.

52 Y

Powering Life.
)uallion LLC © 2011 2011 NASA Space Power Workshop, 11/15-17/2010
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O 2P-8S Tac-sat IV Configuration Battery
QUALLION

Initial Characterization Test
100% DOD Charge / Discharge Curves and Cell Temperatures

45 Battery VOItage 9 —7 35 ——1-001 Temperature (C)_1
—— 1-001 Temperature (C)_2
4+ 30 1-001 Temperature (C)_3
40 1-001 Temperature (C)_4
—— 1-001 Temperature (C)_5
+ 25 —— 1-001 Temperature (C)_6
8 35 N 1-001 Temperature (C)_7
o 1 20 \>_/ —— 1-001 Temperature (C)_8
o & Cell Tem pe ratures _3:1_.8_8°_C_ - g_) ——1-001 Temperature (C)_9
S S 1-001 Temperature (C)_10
T 30 - + 1575 1-001 Temperature (C)_11
o > 1-001 Temperature (C)_12
g— % 1-001 Temperature (C)_13
© o5 10 CCLU 1-001 Temperature (C)_14
— Incubator 1-001 Temperature (C)_15
15 1-001 Temperature (C)_16
Room —— 1-001 Temperature (C)_17
20 - —— 1-001 Temperature (C)_18
Incubator Setting: 25°C | O 1-001 Temperature (C)_19
1-001 Temperature (C)_20
1-001 Temperature (C)_21
15 ‘ ‘ ‘ ‘ -5 —— 1-001 Temperature (C)_22
0 20000 40000 60000 80000 100000 —— 1-001 Voltage(V)

Test Time (s)

Powering Life.
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Initial Characterization Test
Pre- & Post- Vibration Test

2P-8S Tac-sat IV Configuration Battery ™
()OUALLION

-house Vibration Table

N =7 ' U‘ ” =-_> I

= Pre-vib. Post-vib.

Discharge 1. 28.3Ah 1. 28.1Ah
Capacity @ 10°C | 2. 28.3 Ah 2. 28.2Ah
3. 28.3Ah 3. 28.2Ah

AC-IR (1kHz) 19.5 mQ 19.6 mQ

f =—1-001 Voltage(V) - \

35 50 —— 1-001 Aux_Voltage (V)_1
—1-001 Aux_Woltage (V)_2
—1-001 Aux_Woltage (V)_3
B3 ——1-001 Aux_Voltage (V)_4
—— 1-001 Aux_Voltage (V)_5
—— 1-001 Aux_Voltage (V)_6

31 < B attery Vo Itag e 4.5 —— 1001 Aux_Voltage (V)_7
—— 1-001 Aux_Voltage [V)_8 - Pre_VI b
20 N ——1-001 Aux_Voltage (V)_9 -
— 1-001 Aux_Voltage (V)_10
— 1-001 Aux_Voltage (V)_11
— 1-001 Aux_Woltage (V)_12
— 1-001 Aux_Woltage (V)_13
— 1-001 Aux_Voltage (V)_14
——1-001 Awx_Voltage (V)_15
—— 1-001 Aux_Vaoltage (V)_16
—1-001 Voltage(V} i
. —1-001 Aux_Voltage (V)_1
- —— 1-001 Aux_Valtage (V)_2
s —1-001 Aux_Woltage (V)_3
1 Ce”\fol‘tagese —— 1-001 Aux_Voltage (V)_4
——1-001 Awx_Voltage (V)_5
8 . i & —— 1-001 Aux_Woltage (V)_6
19 : 3.0 —— 1-001 Aux_Voltage (V)_7 .
Discharge curves for Pre- & Post- | el Post-viby.

vib are overlapping each other. — 1001 Aux_Voltage (v)_10
— 1-001 Aux_Voltage (V)_11
15 T T T T T 25 —— 1-001 Aux_Voltage (V)_12

— 1-001 Aux_Voltage (V)_13
0 5 10 15 20 25 30 — 1-001 Aux_Woltage (V)_14

Discharge Capacity / Ah — 1-001 Aux_Voltage (V) 15
—— 1-001 Aux_Voltage (V)_16 _U

e e PV ECT IO 5

h
o

25 4 .

Cell Voltage / V

23

Battery Voltage / V
w
)

21

174

Wy,
Powering Life.

)uallion LLC © 2011 2011 NASA Space Power Workshop, 11/15-17/2010



2P-8S Tac-sat IV Configuration Battery :
QUALLION ATP Test Results Summary

Acceptance Test Creitria Test Result Conclusion

107 € Capacity Check, Capacity on final dizchage: 2 268k |22 8k Pasz

20 'C Capacity Check C.apacity on final dischage: = 2780 |30 &k Fass

30 °C Capasity Check Capacity on final dischage: 2 298k [314hK Pasz

Orbital Cycling (@10 C) End of discharge voltage: > +218vde |26 Y Fass
Fost Orbital eycle 10°C Capacity

Check Capacity on final dischage: 2 2680 [ 28 Ah Fass

Random Yibration Mo wizual physical degradation i Fass

Post Wibe AC-IRMOCY & Contact | Mo shork circuit anomalies occurred | Mo Fass

finsulation Resistance Check, Cell DCY Huctuates: < £0.025% Il 0.003 Fazz

In=ulation resistance: » 100 MG oL Pazs

Paost Yibe 10°C Capacity Check | Capacitg on final dizchage: = 2680 |28 &k Fasz

Ferformance

Thermal Cycle .
4 Perfarmace test without erro ke sk nio 2rror Fazz

Fower Connection Contact

Feszistance: <10 mo at AC 1kHz. Ml 1LEmo Fazz
Woltage Sense Line Contact
Fesiztance:< 30 mo at AC 1kHz flag: 1.ims Faz=

Post Thermal Cycle AC-IR/OCY &
Contact finsulation Resistance
Check

Electrical Continuity betbween Cell
Terminal and Battery Plates: 2 100
AChm at S0 de aL” Fazz

Eleztrical Continuity between Cell
Cases and between Cell Caze and
Eattery Plates= 100 MOkm at 50%de |OL” Fass

Fost Thermal Cycle 10T Capacity
Check Capacity on final dischage: 2 2580 [ 28 Ah Faz=

Fower Connection Contact

Resistance: <10 mo at AC 1kHz. Mlag: 1.2mo Fass
Woltage Sense Line Contact
. Fesiztance:< 30 mo at AC 1kHz flag: 1.ims Faz=
Final AC-IROCY & Contact Electrical Continuity betbween Cell
finsulation Resistance Check Terminal and Battery Plates: 2 100
FA0hm at 50 dc aL- Fass

Electrical Continuity betbween Cell
Cases and between Cell Caze and
Battery Plates= 100 MOkm at 50%dc | OL" Fass

""OL" means ower-loaded or insulated PO We r/ng L Ife.
)uallion LLC © 2011 2011 NASA Space Power Workshop, 11/15-17/2010




O 2P-8S Tac-sat IV Configuration Battery
I Accelerated HEO Test Setup

Powering Life.
uallion LLC © 2011 2011 NASA Space Power Workshop, 11/15-17/2010



2P-8S Tac-sat IV Configuration Battery :
OUALL/ON Accelerated HEO Cycle
Characterization Test Protocol

! Capacity check (Quallion)

- Purpose: Compare capacity results with ATP results ( 6months ago) to make sure the
battery no change after 6months

-~ Test Condition

Initial Discharge pack at -6 A (C/5) to a voltage limit of 21.6V or 2.7 V/cell

Rest 10minutes

Perform 3 charge/discharge cycles:

CC Charge pack at C/5 (6 A) to 32.8 V or 4.1 V/cell; CV charge until current drops to 0.6A
Rest 10minutes

CC Discharge at C/5 (-6 A) to 21.6 V or 2.7 V/cell

Rest 10minutes

e Capacity check and DC-IR test (In accelerated HEO Cycle)

— Purpose: Compare DC-IR data using different test method and the capacity data by
accelerated HEO capacity operation method as reference afterwards

- Test Condition

CC Charge pack at C/7.5 (4 A) to 32V or 4.0 V/cell; CV charge until current drops to 0.6A
Rest 10 minutes

CC Discharge at 0.545C to 24 V or 3.0V/cell.

Rest 10 minutes

CC Charge pack at C/7.5 (4 A) to 32V or 4.0 V/cell; CV charge until current drops to 0.6A
Rest 10 minutes

CC Discharge at C/2 for 30minutes, C/10 for 10 second, C/2 to 24V or 3.0V/cell.

Powering Life.
uallion LLC © 2011 2011 NASA Space Power Workshop, 11/15-17/2010



gelV

Cell_Volta

()OUALL/ON

2P-8S Tac-sat IV Configuration Battery:

Accelerated HEO Cycle Discharge Curves @20°cC
Quallion vs. HEO Characterization

uallion LLC © 2011

4.2 | 4 Cell_1 Quallion & Cell_2 Quallion
[ Cell_3 Guallion cell_4 Guallion
4 '::- -------------------------- (Quallion) ... ] Cell 5 i Cell 6 i
= Charge: CCat C/5 (6 A) to 32.8 V or 4.1 Vicell; 4 Cell3 Quallion 4 Cell_6 Quallion
i ==y CV until current drops to 0.64 4 Cell_7 Quallion & Cell_8 Quallion
i Cell 9 Guallion Cell_10 Guallion

Cell_11Guallion

Cell_13 Guallion

Cell_15 Guallion
—— cell_1 Request

cell_3 Request

Cell_12 Guallion

Cell_14 Guallion

Cell_16 Guallion
—— cell_2 Request

cell_4 Request

——cell_5 Request —— cell_6 Request
——cell_7 Request —— cell_8 Request
Charge: CCat CI7.5 {4 A) to 32.0V or 4.0Vicell; 4
CV until current drops to 0.6A : — cell.9 Request cell_10 Request
31 Discharge: 0.545Cto 24 Vor3.0Vvicell % | cell11 Request cell 12 Request
k cell 13 Request cell 14 Request
2 e S cell_15 Request cell_16 Request
2-6 T T T T T T
0 5 10 15 20 25 30 35

Discharge_Capacity(Ah)

Powering Life.

2011 NASA Space Power Workshop, 11/15-17/2010




O 2P-8S Tac-sat IV Configuration Battery
“quaLLion HEO Test sequence

e Eclipse Season cycling (192 cycle) @20°C
— CC Discharge at 0.545C for different time, as shown in Table.

- CCcharge at C/7.5 (4 A) to 4.0 V / cell; CV charge to total cycle
time (discharge and charge) 6 hours

® Solstice Season @20°C

— CC Charge at C/7.5 (4 A) to 4.0 V/ cell; hold for 19.5 days; Every
other solstice season operate capacity and resistance measurement

Powering Life.
uallion LLC © 2011 2011 NASA Space Power Workshop, 11/15-17/2010



2P-8S Tac-sat IV Configuration Battery

A—— Accelerated HEO Test Condition
Discharge Time (Planned and Accentual Test Time)

(1st Eclipse Season)

Acture | Delta Acture | Delta Acture | Delta Acture | Delta Acture | Delta Acture | Delta
Disch. | Disch. |Disch. Disch. | Disch. |Disch. Disch. | Disch. |Disch. Disch. | Disch. |Disch. Disch. | Disch. |Disch. Disch. | Disch. | Disch.
Time | Time | Time Time | Time | Time Time | Time | Time Time | Time | Time Time | Time | Time Time | Time | Time

Cycle | [sec] | [sec]) [ [sec] | Cycle | [sec] | [sec]) [ [sec] |Cycle | [sec] | [sec]) | [5ec] |Cacle | [sec] | [sec] | [sec] |Cycle | [sec] | [sec] | [sec] |Cycle| [sec] | [sec]) | [sec])
96 9598 [ -002 | 33 #16 815.3 | -0.66 | &5 1175 1174 | -1.05 97 1362 [ 1361 | -0.89 [ 129 | 3686 | 3683 | -3.46 | 161 [ 3316 | 3314 | -1.7%
146 1454 | -0.64 | M 826 | 8254 | -0.64 | EE 1181 110 | -0.88 | 98 1368 [ 1367 | -0.93 [ 130 | 3742 | 3739 | -3.3% | 162 | 3266 | 3264 | -1.8E
186 1855 | -0.47 | 35 846 | 8452 | -0.76 | &Y 1187 1186 | -0.95 | 99 1374 [ 1373 | 093 [ 131 | 3782 | 3777 | 499 | 163 [ 3196 | 3194 | -1.74
216 2152 | -0.8 36 i 865 | -0.93 | 68 1193 1192 -1.11 100 | 1381 [ 1380 | -1.09 [ 132 | 3835 | 3830 | -5.28 | 164 | 3136 | 3134 | -1.63
246 | 2456 | -0.37 | 37 886 | 8854 | -0.58 | &9 1199 1198 | -0.92 | 101 | 1387 | 1386 | -1.00 | 133 | 3868 | 3864 | -390 | 165 | 3076 | 3073 | -2.95
306 | 3056 | -0.38 | 38 896 | 8953 | -0.72 | 7O 1205 | 1204 | -0.84 [ 102 | 1392 [ 1392 | -0.86 | 134 | 3898 | 3895 | -3.09 | 166 [ 3016 | 3015 [ -1.50
326 | 3255 | -0.51 33 06 | 9052 | -0.79 | T 121 1210 -1 103 | 1400 [ 1339 | 102 | 135 | 3928 | 3924 | -3.73 | 167 [ 2946 | 2945 | -1.47
356 | 3551 | -0.91 40 926 | 9248 | -1.16 T2 1417 1216 101 [ 104 | 1406 | 1405 -1.11 136 | 39448 | 3946 | -2.07 | 168 | 2876 | 2874 | -1.59
376 | 3754 | -0.56 H 936 | 935.2 | -0.82 | 73 1223 | 1222 | -1.03 [ 105 | 1413 412 [ -0.95 | 137 | 3968 | 3966 | -2.12 | 169 | 2806 | 2804 | -1639
10 396 | 3956 | 042 | 42 956 | 99%.3 | -0.72 | T4 1229 | 1228 | -0.95 [ 106 | 1419 1418 [ -0.94 | 138 | 3968 | 3966 | -2.26 | 170 | 2726 | 2725 | -1.46
1 426 | 4256 | 043 | 43 966 | 9651 | 0.0 | 75 1234 | 1233 | -0.90 [ 107 | 1426 | 1425 | -1.07 | 139 | 3978 | 3976 | -1.87 | 171 [ 2656 | 2655 [ 145
12 436 425 -11 4 986 | 9849 | -1.15 76 1240 | 1239 | -1.12 [ 108 | 1433 [ 432 | -1.13 | 140 | 3988 | 3986 | -1.85% | 172 [ 2576 | 2575 [ -1.49
13 466 | 4653 | -0.66 | 45 1006 | 1005 | -0.94 | 77 1245 | 1244 | -0.92 [ 109 | 1439 | 437 | -1.99 | 141 | 3978 | 3976 | 211 | 173 [ 2496 | 2494 [ -1.59
14 486 | 4854 | -0.56 | 46 1016 1015 | -0.72 | 78 1250 | 1249 | -0.92 [ 110 | 1446 | 1445 | 117 | 142 | 3968 | 3966 | -1.83 | 174 [ 2416 | 2415 | -1.4F
15 496 | 4954 | -0.62 | 47 1036 | 1035 | -0.94 | 79 1256 | 1255 | -1.03 i 1452 [ 1451 | 108 | 143 | 3958 | 3956 | -1.72 | 175 [ 2336 | 2334 | -1.53
16 526 | 524.9 -11 48 1046 | 1045 | -1.02 | &0 1261 | 1260 | -1.13 112 | 1459 | 1458 | -0.60 | 144 | 3948 | 3946 | -163 [ 176 | 2246 | 2245 | -1.45
17 536 | 5354 | -0.64 | 49 1053 | 1052 | -0.82 [ #1 1267 | 1265 | -2.48 [ 113 | 1466 | 466 | -0.42 | 145 | 3938 | 3936 | -1.78 | 177 [ 2156 | 2155 [ -1.34
18 556 | 595.4 | -0.56 | 50 1053 | 1058 | -0.86 | 82 1272 | 1271 | -1.08 [ 114 | 1472 | 471 | -0.9% | 146 | 3918 | 3916 | -1.68 | 178 [ 2066 | 2065 | -1.48
19 586 | 5854 | -0.62 51 1065 | 1064 | -0.97 | #3 1277 [ 1276 | 105 [ 115 | 1500 [ 1499 | -1.19 | 147 | 3908 | 3906 | -1.81 | 179 [ 1976 | 1975 [ -1.3%
20 596 | 59%5.1 | -0.8F | 52 1074 | 1073 | -0.9% | &4 1283 | 1282 | 107 [ 116 | 1834 | 1833 | -1.16 | 148 | 3878 | 3876 | -1.91 | 180 | 1876 | 1873 | -2.64
21 616 6151 | -0.93 | 53 1081 1080 | -1.34 | 85 1288 | 1287 | -1.03 | N7 | 2124 | 2123 | -1.30 | 149 | 3848 | IB46 | 173 | 181 [ 1FT6 | 1775 [ -1.23
22 636 | 6354 | -0.63 | 54 1105 1104 -1.4 86 1294 | 1293 | -0.90 [ 118 | 2354 | 2353 | -1.27 | 150 | 3818 | 3816 | -1.82 | 182 [ 1666 | 1665 [ -1.29
23 656 | 695.1 | -0.8F | 55 1z 111 -1.0% | &7 1300 | 1299 | -1.09 [ 119 | 2564 | 2563 | -1.44 | 151 | 3778 | 3776 | -1.87 | 183 [ 1556 | 1555 -1.21
24 666 | 6651 | -0.9 56 1ig 1z -1.03 | &8 1306 | 1305 | -1.05 [ 120 | 2744 | 2743 | -1.36 | 152 | 3752 | 3750 | -1.81 | 184 [ 1436 | 1435 -1.18
25 686 | 6841 | -1.87F 57 125 124 | -0.81 | 89 1312 1311 | -0.87 | 121 | 2904 | 2903 | -1.46 [ 153 | 3712 [ 3710 | -1.70 | 1856 | 1316 1315 -1.11
26 06 | 7055 | -0.53 | 58 132 13 | -0.87 | 90 1318 17 101 [ 122 | 3044 | 3042 | -16F | 194 | 3662 | 3660 | -1.80 | 186 | 1176 1175 -1.0%
27 T16 7154 | -059 | 59 1138 137 | -083 | 9 1324 | 1223 | -097 [ 123 | 3164 | 3163 | -1.49 | 155 | 3622 | 3620 | 195 | 187 [ 1036 | 1035 | -0.99
28 736 | 7359 | -0.13 1] 1145 1144 -1.18 32 1330 | 1329 | -0.58 | 124 | 3274 | 3272 | -1.78 | 156 | 3576 | 3574 | -1.69 | 188 866 865 -0.99
| 29 756 | 7559 [ -0.14 61 1151 1150 | -0.85 | 93 1337 | 1337 | -0.38 | 125 | 3380 | 3378 | -1.63 | 157 | 3526 | 3524 | -1.76 | 189 G666 665 -0.89
30 66 | 7655 | -0.52 | &2 1157 1156 | -0.87 | 94 1342 | 1242 | -0.96 | 126 | 3470 | 3468 | -1.85% | 158 | 2476 | 3474 | -1.90 | 190 186 185 -0.61
H 86 | 785.2 | -0.8% | &3 1163 1162 | -0.97 | 35 1349 | 1348 | -0.92 [ 127 | 3550 | 3549 | -1.44 | 159 | 3426 | 3424 | -1.79 | 1M 276 275 -0.59
32 g06 805 | -0.98 | 64 1169 1168 | -1.06 | 96 1355 | 1354 | -1.06 [ 128 | 3616 | 3614 | -1.52 | 160 | 3376 | 3374 | -1.69 | 192 180 179 -1.07

Actual discharge time is same as planned
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Battery Voltage
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O 2P-8S Tac-sat IV Configuration Battery : Accelerated HEO Test
~ QuaLLiokBattery Voltage (@ End of Discharge) and Discharge capacity
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Battery Capacity
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2P-8S Tac-sat IV Configuration Battery: “
()OUALLION Accelerated HEO Test
Cell Voltage vs. test time
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()QUALLION
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2P-8S Tac-sat IV Configuration Battery:
Accelerated HEO Test

Virtual Cell Voltages and Delta Cell Voltage
@ end of discharge

uallion LLC © 2011
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O Summary
- QUALLION

»  Tittle lll Cell Manufacturing Line

» Ramped up cell manufacturing volume
» Duplicated cell performance with the new facility to the former manual process (LEO cycle, calendar life)

» _Chemistry
> By using semi-empirical requisition,

»  BA-2™ Chemistry was expected to maintain 75 — 80% capacity under LEO cycle at 40% DOD, R.T. after 10
years

»  BA-2™ Chemistry was expected to maintain 86% capacity under 100% SOC storage at R.T.

»  After 1.5 — 2.5 year-storage at OV at R.T., ZeroVolt™ Technology was expected to maintain 80% capacity
under LEO cycle at 40% DOD, R.T. after 10 years.

> _QLO15KA / QLO75KA cell characterization

> Cycle discharge capacity retention: predicted 74-91% @ 4.0V charge, 86-97% @ 4.1v charge (varied by DOD
level) for 60,000 cycles

» Calendar life discharge capacity retention: 86% retention @ 100% SOC, room temp.
> 0V capability (upto 49 mo.): no impact to storage and LEO cycle performance (no capacity loss upto 5,000 cycles)

» 8S-1P QLO15KA Battery
» The battery pack shows consistent performance through 52,231 cycles (in 60 months)
> Each cell in the pack performs closely
> The discharge energy fading rate is 3.23x10-3%/ cycle
» Cell voltage difference @ the end of 52,231t discharge is 30 mV

» _2P-8S Tac-sat IV Configuration Battery
> Battery and cell voltages, AC-IR discharge capacities measured pre- and post-vibration test were consistent (no
change).
> Initial battery characterization finished in Jan./2011, and accelerated HEO cycling test started, Currently in 2n9,
season, battery performance has been monitored closely. ?)0 werin g L /fe,
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