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Li-Ion Cells for Terrestrial Robots 

Batteries for NASA/JPL Robotic Missions 

Mars Pathfinder 
Lander 

Sojourner Lander Batteries 
SAFT Li-SOCl, 

28 V and 12 Ah; 1.2 Kg 

- Mars Pathfinder - -  Mars Exploration Rover 
Kover- Sojourner - 

vs. Sojourner 

Mars Pathfinder Battery 
BTS Silver-Zinc 

MER Rover Rechargeable 
Battery- Yardney Li Ion 

28 V, 40 Ah; 15 Kg 28 V, 16 Ah. 7.5 Kg 

ELECTROCHEMICAL TECHNOLOGIES GROUP 1 
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Tactical Mobile Robots 

P 4 6  Inches in Length TMR Design Example by I-robot 

> Highly Maneuverable and Agile 
> Durable and Long Operating Life 
> Tolerant to moderately high temperatures 

~~~ ~ -~ 

1 ELECTROCHEMICAL TECHNOLOGIES GROUP 1 
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Batteries for TMR - Tactical Mobile Robots 
Design Requirements 

P- Power Loads 
P Base Load in Watch Mode: 80 W (45% duty cycle) 
P TraveVRunning Mode: 120 W (45% duty cycle) 
P Stair Climbing Mode: 350 W (10% duty cycle) 

> Energy Content: 720 Whr 
> Operating Time: > 6 Hours continuous 
9 Weight: < 7 K g  
P- Volume: < 4.6 Liters 

~ _ _ ~  ~~~ -~ 

ELECTROCHEMICAL TECHNOLOGIES GROUP ~ 

1 -  ~- ~ ~ ~~ 



Li-Ion Cells for Terrestrial Robots 

Batteries for TMR - Tactical Mobile Robots 
Operational Requirements 

P High Specific Energy and High energy density 
P Extreme Thermal Operating Environment (-20°C to 55°C) 

P Able to withstand Abusive Operating Conditions for Worst-case 
Scenario!! 

P Excellent Rate Capability even after cycling 

P Moderate Cycle Life 
P Nearly Commercial Off the Shelf (COTS) 

P Up to C rate 

Battery System selected for Evaluation 
5 Ah Li ion Cells from SAFT, France 
P NIP 5 (wound Prismatic) 
P Provide packing efficiency similar to any prismatic, without any 

additional external constrainers 

~- 

ELECTROCHEMICAL TECHNOLOGIES GROUP 1 
-~ ~ ~- - 1 
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Li-Ion Proposed Cells & Battery 
SAFT Prismatic MP 5 Ah Series 

9 

9 

P 

Cell Properties 
Length = 6.2 cm 

Width = 5.8 cm 

Height = 1.4 cm 

9Cell Mass = 155 gm 

P Nominal Voltage = 3.6 V 

9 Rated Capacity = 5 Ahr Length 

Proposed Li ion Battery Characteristics 
P Configuration : 8s 2P (Two parallel strings of eight cells in series) 

P 10 Ah, 28 V and - 280 Wh 

P Operating Voltage = 24-32 V 

P Estimated Mass = -3.2 Kg (-8 lbs) 

P Estimated Volume = -1.6 Liters 
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Outline of Cell Evaluation 
Capacity determination from initial 
characterization cycles at 25OC 
Discharge Rate capability was determined as a 
function of cycle life (repeated after every 100 
cycles). 
Electrochemical impedance Spectroscopy 
P As a function of state of charge 
P As a function of cycling 

P Worst-case Scenario: 100% DOD -- 

Cycling over EXTREME operating 

DPA of cells (future work) 
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SAFT 5 AH (MP) Li-Ion Cells 

~ 

Characteristics of Conditioning Cycles 

1.00 Amp Charge Current (C15) to 4.1 V- >r 

Q) 
F 0.100 Amp taper current cut-off (CEO) 

Discharge Capacity (Amp-Hour) 

5.10 

5.00 

5.80 , 

iii 
+ MP 04 n 

.- 
~~ 

~- +MP03 I 
1 MP05 J 

~- ~~ 

5.70 
SAFT Medium Prismatic (MP) Li-Ion Cells 

~ ~~ ~~ 
~~ ~ 

5.40 
0 
5 5.30 

5: 5.20 
m c 
.- n 

2 3 4 5 1 

Cycle Number 

160 

155 

150 

145 

140 

135 

130 

125 

120 

115 

110 

Specific Energy (Wh/kg) 

SAFT Medium Prismatic (MP) Li-Ion Cells 
~~ ~~ ~p 

~ 

/l.-OFAmp ChaFe-Grent (C/5)-to X I  V 
0.100 Amp taper current cut-off (C150) 
1 .OO Amp Discharge Current to 3.0 V 

Temperature = 23OC 

~ ~ 

_ _ _ _ ~ ~  ~p ~~ ~ ~~ 

Average Discharge Energy = 133.4 Wt-Hr/Kg 
~~ ~ ~ _ _ _ _ _ _ -  ~ _ _ _  ~- 

MP 05 MP 02 MP 01 MP 03 MP 04 

Cell specific energy over 130 Wh/kg 

__ ~- ~~ ~~ ~ _ _ -  -~ ~~ 

-__ 
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SAFT 5 AH (MP) Li-Ion Cells 
Rate Capability Before Cycling 

4.5 

4.0 

I 

L 3.5 
0 ul m c - 
9 = 3.0 
0 
Q 

2.5 

2.0 

Rate Capability at 25OC 
SAFT (5 Ahr) Prismatic Lithium Ion Cell 

Cell MPO3 

Temperature = 23°C 

- _ _ ~  -~ . Dischargezrrent = 0.50 A (CIIO Rate) 
A Discharge Current = 1.00 A (C15 Rate) 

Discharge Current = 1.67 A (C13 Rate) 

, - 
I 

. _. 
Discharge Current = 2.50 A (C12 Rate) 

~~ L- ~ ~- 

_ _ _ - ~ _ _ _ ~ ~ - _ _ _ ~ -  

0 50 A Charge Current to 4 I V 
C/50 TaDer Current Cut-Off 

0 25 50 75 100 125 150 
Specific Energy (WHrlKg) 

4.5 

4.0 

E 3.5 

8 
3 

Q, 

- B 
- - 3.0 

Rate Capability at O°C 
SAF I (5 Ahr) Prismatic Lithium Ion Cell 

Cell MP03 

Test Interruption 

C/50 Taper Current Cut-Off 

~~ 

Discharge Current = 0.50 A (C/lO Rate) 
A Discharge Current = 1.00 A (C/5 Rate) 

2.5 1,- -~ L-- ~ 

Discharge Current = I .67 A (C/3 Rate) 

0 25 50 75 100 125 150 

Specific Energy (WHrlKg) 

Specific energy - > 120 Wh/kg even at O°C and C/2 
rate. 
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SAFT 5 AH (MP) Li-Ion Cells 
Cycling to 100% DOD 

Capacity Retention During Cycling 
8.00 

7.00 

h 

6.00 I 

a 5.00 

$ 4.00 
0 
Q) p 3.00 
m 
S 
0 

s 
.- 
0 m 

I- v) 2.00 
n 

1 .oo 

0.00 

SAFT (5 Ahr) Prismatic Lithium Ion Cell 

. . .. I 

A *  

~- _ _ _ _ _  
1 1.0 Amp Charge Current (CW) t o m  , *MPOl -23C 1 

0.10 Amp taper current cut-off ((350) 
11.0 Amp Discharge Current (C15) to 3.0 VI &z MP04 - 40C I 

1 ~ M P 0 5 - 5 5 C  1 
I 

I 
0 50 100 150 200 250 300 350 

Cycle Number 

160.00 

140.00 

h 

y" 120.00 

f g 100.00 

5 

F 

\ 

2, 80.00 

C W 60.00 
0 
ft 
$ 40.00 

u) 

20.00 

.- 
n 

0.00 

Specific Energy During Cycling 

SAFT (5 Ahr) Prismatic Lithium ion Cell 

A D :  

~ _ _ _ ~ _ _ _ _ _ ~ _ _ _ ~ ~ -  
~~~ 

a MPOI - 23C 1 1.0 Amp Charge Current (C15) to 4.1 V 

1.0 Amp Discharge Current (C15) to 3.0 V 
0.10 Amp taper current cut-off (C150) ___ 1 MP04 - 40C 

0 50 100 150 200 250 300 350 

Cycle Number 

About 120 Wh/kg available through 300 cycles even at moderately 
high temperatures. 
More than adequate for the intended application. 
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SAFT 5 AH (MP) Li-Ion Cells 

6.0 

Rate Capability After Cycling to 100% DOD 

SAFT (5 Ahr) Prismatic Lithium Ion Cell 
Cell MPOI 

~~ 

Rate capability During cycling at 25OC 

I SAFT (5 Ahr) Prismatic Lithium Ion Cell I 

5.0 1 A 
L 

v f 
~ 

+Prior to cycling i 
I 3.0 ~~ - --After 100 cycles 

-After 200 cycles 

~ +After 300 cycles 

1 F 5 2.0 
~~ 

Lo .- 
4 

0.0 

0.00 1 .oo 2.00 3.00 4.00 5.00 6.00 
Discharge Current (A) 

Rate capability During cycling at 55OC 

I - L 
4 

' 3.0 al 

F 
6 2.0 
u, 

1 -Priorto cycling I 

+After 200 cycles 1 
__ 

1 
1 --After300cycles ~ 

~ 

1 Temperature = 23OC 1 ~ 

-- I- ~ 

0.0 J 
0.00 1.00 2.00 3.00 4.00 5.00 6.00 

Discharge Current (A) 

Good rate capability during 300 cycles even at moderately high 
temperature. 
Satisfies a critical mission driver. 
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SAFT 5 AH (MP) Li-Ion Cells 

2-50 

2.25 

Rate Capability After Cycling to 100% DOD 
Worst-case Scenario: Rate Capability During Cycling at 55OC 

0 After 300 Cycles - 0.50 A (C/IO Rate) 
A After 300 Cycles - 1 .OO A (C/5 Rate) 
c After 300 Cycles - 2.50 A (C/2 Rate) 
o After 300 Cvcles - 5.00 A (C Rate) 

1 _ _ I _ _ -  "" -I- - " I__ _____ I I 
__ 

I SAFT (5 Ahr) Prismatic Lithium Ion Cell 1 
4.00 

3.75 

3.50 

3.25 - _ _ _ -  
~- . Prior to Cycling - 050  A (C/IO Rate) 

Temperature = 23OC 1 

2 3 4 5 6 0 1 
Capacity (AHr) 

Good discharge capacity after 300 cycles at high temperatures. 
No indication of cell damage at high cycling temperatures. 
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SAFT 5 AH (MP) Li-Ion Cells 
EIS After 300 cycles at different States of Charge 

0.160 

0.120 

h 

E 
0, 
4 

0.080 

0.040 

After cycling at 25OC 

SAFT Medium Prismatic (MP) Li-Ion Cells (5 AHr) 

After 300 cycles 
Freq. 100,000 - 0.010 Hz 1 23OC 

MPOI 

OCV = 3.753 V (30 % SOC) 

A OCV = 3.793 V (40 % SOC) 
16 OCV = 3.830 V (65 % SOC) 

OCV = 3.930 V (80 % SOC) 

0 OCV = 4.027 V (95 % SOC) 

Cycling Temperature = 23OC 

- * * * * -  

0.000 
0.060 0.080 0.100 0.120 0.140 0.1 60 

Z' (Ohms) 

0.140 

0.120 

0.100 

A 

0.080 
c 
2 
4 - 0.060 

0.040 

0.020 

0.000 

After cycling at 55°C 

SAFT Medium Prismatic (MP) Li-Ion Cells (5 AHr) 

300 cycles 
Freq. 100,000 - 0.010 Hz 

23 OC 

MP05 

OCV = 3.756 V (30 % SOC) 
A OCV = 3.794 V (50 % SOC) 
9 OCV = 3.834 V (65 Oh SOC) 

OCV = 3.927 V (80 % SOC) 
0 OCV = 4.027 V (95 % SOC) 
0 OCV = 4.077 V (98 % SOC) 

OCV = 4.082 V (100 Yo SOC) 

Cyclig Temperature = 55 OC 

- . " . I  

0.040 0.060 0.080 0.100 0.120 0.140 

2 (Ohms) 

Charge-Transfer Impedance (at Low Frequency) increase with decrease in 
state of charge. 
No noticeable difference in impedance between cycling at 23°C and 55OC. 
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SAFT 5 AH (MP) Li-Ion Cells 
EIS After 300 cycles at 100% State of Charge 

0.1 20 

0.090 

n 

E 

9 
6 0.060 
W 

0.030 

0.000 

SAFT Medium Prismatic (MP) Li-Ion Cells 

300 cycles 
Freq. 100,000 - 0.010 Hz 

23 OC 

300 Cycles 

+ MPOI (Temperture = 23 C) 

o MP04 (Temperture = 40 C) 

A MP05 (Temperture = 55 C) 

100 % SOC 

0.040 0.060 0.080 0.100 0.1 20 

Z' (0 hms) 

When the EIS measurements were performed (at 23°C) after cycling, only 
moderate impedance increase was observed for the cell that was subjected 
to cycling at 55°C compared to cells cycled at milder temperature. 

~~ 
~~ ~ 
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Conclusions 

P SAFT prismatic wound 5 Ahr MP Series Cells are 
ideally suited for Tactical Mobile Robot battery design 
requirements. 

Weight and volume of a 10 Ahr battery is approximately 3 Kg 
(8 lbs) and 1.6 Liters, respectively. 
Specific Energy Exceeded 130 Whr/Kg. 
Good Capacity Retention for required mission life. 
No deleterious effects after extensive cycling even at 
EXTREME operating conditions. 
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