
1

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

A
n 

U
pd

at
e 

on
 th

e 
Li

th
iu

m
-Io

n 
C

el
l

Lo
w

-E
ar

th
-O

rb
it 

Ve
rif

ic
at

io
n 

Te
st

 P
ro

gr
am

2
0

0
6

 N
A

SA
 A

er
os

pa
ce

 B
at

te
ry

 W
or

ks
h

op
H

ol
id

ay
 I

n
n

 R
es

ea
rc

h
 P

ar
k

H
u

n
ts

vi
lle

, A
L 

N
ov

 1
4 

-
16

, 2
00

6

C
on

ch
a 

M
. R

ei
d,

 M
ic

h
el

le
 A

. M
an

zo
, T

h
om

as
 B

. M
ill

er
, a

n
d 

B
ar

ba
ra

 I
. M

cK
is

so
ck

N
AS

A 
G

le
nn

 R
es

ea
rc

h 
Ce

nt
er

Cl
ev

el
an

d,
 O

H

W
ill

ia
m

 B
en

n
et

t
AS

RC
 A

er
os

pa
ce

 C
o.

Cl
ev

el
an

d,
 O

H

https://ntrs.nasa.gov/search.jsp?R=20070022412 2019-08-30T01:21:25+00:00Z

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by NASA Technical Reports Server

https://core.ac.uk/display/10537516?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


A
n 

U
pd

at
e 

on
 th

e 
Li

th
iu

m
-Io

n 
C

el
l L

ow
-E

ar
th

-O
rb

it 
Ve

rif
ic

at
io

n 
Te

st
 P

ro
gr

am
 

 A
 L

ith
iu

m
-Io

n 
C

el
l L

ow
-E

ar
th

-O
rb

it 
V

er
ifi

ca
tio

n 
Te

st
 P

ro
gr

am
 is

 b
ei

ng
 c

on
du

ct
ed

 b
y 

N
A

S
A

 G
le

nn
 R

es
ea

rc
h 

C
en

te
r t

o 
as

se
ss

 th
e 

pe
rfo

rm
an

ce
 o

f l
ith

iu
m

-io
n 

(L
i-i

on
) c

el
ls

 o
ve

r a
 w

id
e 

ra
ng

e 
of

 lo
w

-E
ar

th
-o

rb
it 

(L
E

O
) c

on
di

tio
ns

. T
he

 d
at

a 
ge

ne
ra

te
d 

w
ill

 b
e 

us
ed

 to
 

bu
ild

 a
n 

em
pi

ric
al

 m
od

el
 fo

r L
i-i

on
 b

at
te

rie
s.

 T
he

 g
oa

l o
f t

he
 m

od
el

in
g 

w
ill

 b
e 

to
 d

ev
el

op
 a

 to
ol

 to
 p

re
di

ct
 th

e 
pe

rfo
rm

an
ce

 a
nd

 c
yc

le
 

lif
e 

of
 L

i-i
on

 b
at

te
rie

s 
op

er
at

in
g 

at
 a

 s
pe

ci
fie

d 
se

t o
f m

is
si

on
 c

on
di

tio
ns

. U
si

ng
 th

is
 to

ol
, m

is
si

on
 p

la
nn

er
s 

w
ill 

be
 a

bl
e 

to
 d

es
ig

n 
op

er
at

io
n 

po
in

ts
 o

f t
he

 b
at

te
ry

 s
ys

te
m

 w
hi

le
 fa

ct
or

in
g 

in
 m

is
si

on
 re

qu
ire

m
en

ts
 a

nd
 th

e 
ex

pe
ct

ed
 li

fe
 a

nd
 p

er
fo

rm
an

ce
 o

f t
he

 b
at

te
rie

s.
 

 Te
st

 c
on

di
tio

ns
 fo

r t
he

 p
ro

gr
am

 w
er

e 
se

le
ct

ed
 v

ia
 a

 s
ta

tis
tic

al
 d

es
ig

n 
of

 e
xp

er
im

en
ts

 to
 s

pa
n 

a 
ra

ng
e 

of
 fe

as
ib

le
 o

pe
ra

tio
na

l 
co

nd
iti

on
s 

fo
r L

E
O

 a
er

os
pa

ce
 a

pp
lic

at
io

ns
. T

he
 v

ar
ia

bl
es

 u
nd

er
 e

va
lu

at
io

n 
ar

e 
te

m
pe

ra
tu

re
, d

ep
th

-o
f-d

is
ch

ar
ge

 (D
O

D
), 

an
d 

en
d-

of
-

ch
ar

ge
 v

ol
ta

ge
 (E

O
C

V
). 

Th
e 

ba
se

lin
e 

m
at

rix
 w

as
 fo

rm
ed

 b
y 

ge
ne

ra
tin

g 
co

m
bi

na
tio

ns
 fr

om
 a

 s
et

 o
f t

hr
ee

 v
al

ue
s 

fo
r e

ac
h 

va
ria

bl
e.

  
Te

m
pe

ra
tu

re
 v

al
ue

s 
ar

e 
10

 °
C

, 2
0 

°C
 a

nd
 3

0 
°C

.  
D

ep
th

-o
f-d

is
ch

ar
ge

 v
al

ue
s 

ar
e 

20
%

, 3
0%

 a
nd

 4
0%

. E
O

C
V

 v
al

ue
s 

ar
e 

3.
85

 V
, 3

.9
5 

V
, a

nd
 4

.0
5 

V
. T

es
t c

on
di

tio
ns

 fo
r i

nd
iv

id
ua

l c
el

ls
 m

ay
 v

ar
y 

sl
ig

ht
ly

 fr
om

 th
e 

ba
se

lin
e 

te
st

 m
at

rix
 d

ep
en

di
ng

 u
po

n 
th

e 
ce

ll 
m

an
uf

ac
tu

re
r’s

 re
co

m
m

en
de

d 
op

er
at

in
g 

co
nd

iti
on

s.
 C

el
ls

 fr
om

 e
ac

h 
ve

nd
or

 a
re

 b
ei

ng
 e

va
lu

at
ed

 a
t e

ac
h 

of
 te

n 
se

ts
 o

f t
es

t 
co

nd
iti

on
s.

   
 C

el
ls

 fr
om

 fo
ur

 c
el

l m
an

uf
ac

tu
re

rs
 a

re
 u

nd
er

go
in

g 
lif

e 
cy

cl
e 

te
st

s.
 L

ife
 c

yc
lin

g 
on

 th
e 

fir
st

 s
et

s 
of

 c
el

ls
 b

eg
an

 in
 S

ep
te

m
be

r 2
00

4.
 

Th
es

e 
ce

lls
 c

on
si

st
 o

f S
af

t 4
0 

am
pe

re
-h

ou
r (

A
h)

 c
el

ls
 a

nd
 L

ith
io

n 
30

 A
h 

ce
lls

. T
he

se
 c

el
ls

 h
av

e 
ac

hi
ev

ed
 o

ve
r 1

0,
00

0 
cy

cl
es

 e
ac

h,
 

eq
ui

va
le

nt
 to

 a
bo

ut
 2

0 
m

on
th

s 
in

 L
E

O
. I

n 
th

e 
pa

st
 y

ea
r, 

th
e 

te
st

 p
ro

gr
am

 h
as

 e
xp

an
de

d 
to

 in
cl

ud
e 

th
e 

ev
al

ua
tio

n 
of

 M
in

e 
S

af
et

y 
A

pp
lia

nc
es

 (M
S

A
) 5

0 
A

h 
ce

lls
 a

nd
 A

B
S

L 
ba

tte
ry

 m
od

ul
es

. T
he

 M
S

A
 c

el
ls

 w
ill

 b
eg

in
 li

fe
 c

yc
lin

g 
in

 O
ct

ob
er

 2
00

6.
 T

he
 A

B
S

L 
ba

tte
ry

 
m

od
ul

es
 c

on
si

st
 o

f c
om

m
er

ci
al

 S
on

y 
ha

rd
 c

ar
bo

n 
18

65
0 

lit
hi

um
-io

n 
ce

lls
 c

on
fig

ur
ed

 in
 s

er
ie

s 
an

d 
pa

ra
lle

l c
om

bi
na

tio
ns

 to
 c

re
at

e 
no

m
in

al
 1

4.
4 

vo
lt,

 3
 A

h 
pa

ck
s 

(4
s-

2p
). 

Th
es

e 
m

od
ul

es
 h

av
e 

ac
cu

m
ul

at
ed

 a
pp

ro
xi

m
at

el
y 

30
00

 c
yc

le
s.

  
 R

es
ul

ts
 o

n 
th

e 
pe

rfo
rm

an
ce

 o
f t

he
 c

el
ls

 a
nd

 m
od

ul
es

 w
ill

 b
e 

pr
es

en
te

d 
in

 th
is

 p
ap

er
.  

Th
e 

lif
e 

pr
ed

ic
tio

n 
an

d 
pe

rfo
rm

an
ce

 m
od

el
 fo

r 
Li

-io
n 

ce
lls

 in
 L

E
O

 w
ill

 b
e 

bu
ilt

 b
y 

an
al

yz
in

g 
th

e 
da

ta
 s

ta
tis

tic
al

ly
 a

nd
 p

er
fo

rm
in

g 
re

gr
es

si
on

 a
na

ly
si

s.
 C

el
ls

 a
re

 b
ei

ng
 c

yc
le

d 
to

 fa
ilu

re
 

so
 th

at
 d

iff
er

en
ce

s 
in

 p
er

fo
rm

an
ce

 tr
en

ds
 th

at
 o

cc
ur

 a
t d

iff
er

en
t s

ta
ge

s 
in

 th
e 

lif
e 

of
 th

e 
ce

ll 
ca

n 
be

 o
bs

er
ve

d 
an

d 
ac

cu
ra

te
ly

 m
od

el
ed

. 
C

el
l t

es
tin

g 
is

 b
ei

ng
 p

er
fo

rm
ed

 a
t t

he
 N

av
al

 S
ur

fa
ce

 W
ar

fa
re

 C
en

te
r i

n 
C

ra
ne

, I
N

. 
   



2

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

Li
th

iu
m

-I
on

 L
EO

 V
er

if
ic

at
io

n
 T

es
t 

P
ro

gr
am

•
In

iti
at

ed
 in

 2
00

2
•

Fl
ex

ib
le

 p
ro

gr
am

 f
or

 t
he

 a
ss

es
sm

en
t 

of
 L

i-I
on

 t
ec

hn
ol

og
y 

ca
pa

bi
lit

ie
s 

fo
r 

Lo
w

 E
ar

th
 O

rb
it

–
Pr

ov
id

e 
in

fo
rm

at
io

n 
ab

ou
t 

m
ul

tip
le

 v
en

do
rs

–
Pr

ov
id

e 
fo

r 
as

se
ss

m
en

t 
of

 t
ec

hn
ol

og
y 

de
ve

lo
pm

en
ts

•
St

at
is

tic
al

 D
es

ig
n 

of
 E

xp
er

im
en

ts
 a

pp
ro

ac
h 

ad
dr

es
se

s 
pr

og
ra

m
 

te
st

 g
oa

ls
 a

nd
 r

es
ou

rc
e 

lim
ita

tio
ns

•
D

at
a 

w
ill

 b
e 

us
ed

 t
o 

de
ve

lo
p 

an
 e

m
pi

ric
al

 m
od

el
 t

o 
pr

ed
ic

t 
lif

e 
of

 
ce

lls
 a

s 
a 

fu
nc

tio
n 

of
 D

O
D

, t
em

pe
ra

tu
re

, a
nd

 E
O

CV
•

Te
st

in
g 

is
 c

on
du

ct
ed

 a
t 

th
e 

N
SW

C 
in

 C
ra

ne
, I

N

R
ep

re
se

nt
at

iv
e 

pr
od

uc
ts

 fr
om

 e
ac

h 
ve

nd
or

. L
ef

t t
o 

R
ig

ht
: A

B
SL

 m
od

ul
es

, S
af

tc
el

l, 
Li

th
io

n
ce

ll,
 M

SA
 c

el
ls



3

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

Te
st

 A
rt

ic
le

s
•

40
 L

ith
io

n 
(3

0 
Ah

) 
ce

lls
–

IN
CP

 9
5/

28
/1

54
–

D
el

iv
er

ed
 4

/0
2

•
40

 S
af

t 
(4

0 
Ah

) 
ce

lls
–

G
4 

ch
em

is
tr

y 
sp

ac
e 

ce
lls

 
(H

E5
42

45
)

–
D

el
iv

er
ed

 4
/0

2

•
40

 M
SA

 (
50

 A
h)

 c
el

ls
 

–
50

G
01

–
D

el
iv

er
ed

 1
0/

05

•
20

 4
s-

2p
 m

od
ul

es
 w

ith
 1

.5
 A

h 
So

ny
 h

ar
d 

ca
rb

on
 1

86
50

 c
el

ls
 

fr
om

 A
BS

L
–

4S
-2

P-
SS

TB
–

D
el

iv
er

ed
 7

/0
5



4

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

Te
st

 S
et

-u
p

Sa
ft

, L
ith

io
n

an
d 

M
SA

 c
el

ls
•

Fo
ur

 c
el

ls
 a

re
 t

es
te

d 
at

 e
ac

h 
se

t 
of

 
co

nd
iti

on
s

•
Ce

lls
 a

re
 c

on
ne

ct
ed

 in
 s

er
ie

s,
 h

ow
ev

er
 

th
e 

ch
ar

gi
ng

 o
f 

ea
ch

 c
el

l i
s 

co
nt

ro
lle

d 
in

di
vi

du
al

ly
 w

ith
 t

he
 u

se
 o

f 
ch

ar
ge

 
co

nt
ro

l e
le

ct
ro

ni
cs

 
•

Ce
lls

 a
t 

ea
ch

 t
es

t 
co

nd
iti

on
 a

re
 

in
di

vi
du

al
ly

 p
ac

ka
ge

d 
an

d 
ho

us
ed

 in
 

th
e 

sa
m

e 
ch

am
be

r
•

Te
m

pe
ra

tu
re

 is
 m

on
ito

re
d 

on
 e

ac
h 

ce
ll

AB
SL

 m
od

ul
es

•
2 

AB
SL

 m
od

ul
es

 c
on

ne
ct

ed
 in

 p
ar

al
le

l 
ar

e 
te

st
ed

 a
t 

ea
ch

 c
on

di
tio

n
•

In
di

vi
du

al
 c

el
l v

ol
ta

ge
s 

ar
e 

m
on

ito
re

d
•

Ch
ar

gi
ng

 a
nd

 d
is

ch
ar

gi
ng

 is
 c

on
tr

ol
le

d 
at

 t
he

 m
od

ul
e 

co
m

bi
na

tio
n 

le
ve

l
•

Te
m

pe
ra

tu
re

 is
 m

on
ito

re
d 

on
 e

ac
h 

m
od

ul
e



5

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

C
h

ar
ac

te
ri

za
ti

on
 a

n
d 

Te
st

in
g

•
Ac

ce
pt

an
ce

 T
es

tin
g 

•
Ch

ar
ac

te
riz

at
io

n 
Te

st
in

g
•

Ac
tu

al
 C

ap
ac

ity
 D

et
er

m
in

at
io

n
•

Se
lf-

D
is

ch
ar

ge
 R

at
e

•
Ca

pa
ci

ty
 a

t 
LE

O
 t

es
t 

co
nd

iti
on

s
•

LE
O

 L
ife

 C
yc

lin
g 

–
Ch

ar
ge

 a
nd

 d
is

ch
ar

ge
 r

at
es

 
ar

e 
ca

lc
ul

at
ed

 u
si

ng
 t

he
 

av
er

ag
e 

ac
tu

al
 d

is
ch

ar
ge

 
ca

pa
ci

ty
 o

f 
th

e 
ce

lls
 a

t 
20

 °
C

•
O

pe
ra

tio
na

l c
ap

ac
ity

 c
he

ck
s

LE
O

 T
es

t 
M

at
ri

x

Te
m

p(
°C

)
En

d-
of

-C
h

ar
ge

 
V

ol
ta

ge
/c

el
l (

V
)

D
oD

(%
)

30
4.

05
3 /

4.
04

20

30
3.

85
20

10
3.

85
20

30
3.

95
30

20
3.

95
20

10
3.

85
40

1 /
35

2

20
3.

85
30

30
3.

85
40

1 /
35

2

20
4.

05
3 /

4.
04

40
1 /

35
2

10
4.

05
3 /

4.
04

30

1 
–

Al
l v

en
do

rs
 e

xc
ep

t 
Sa

ft
3 

–
Al

l v
en

do
rs

 e
xc

ep
t 

M
SA

2 
-

Sa
ft

4 
-

M
SA



6

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

A
ct

ua
l C

ap
ac

ity
 D

et
er

m
in

at
io

n 
P

ro
ce

du
re

Te
st

 T
em

pe
ra

tu
re

 (°
C

)
20

C
ha

rg
e 

C
ut

of
f V

ol
ta

ge
 (V

)
M

an
uf

ac
tu

re
r’

s R
ec

om
m

en
de

d 
V

ol
ta

ge
Sa

ft,
 L

ith
io

n
-4

.1
, M

SA
 -

4.
0,

A
B

SL
 -

4.
2 

(u
se

d 
4.

1)
D

is
ch

ar
ge

 C
ut

of
f V

ol
ta

ge
 (V

)
3.

0

Se
qu

en
ce

St
ab

ili
ze

 to
 2

0°
C

St
ar

t w
ith

 C
 =

 n
am

ep
la

te
C

/2
 d

is
ch

ar
ge

 to
 3

V
C

/5
 c

ha
rg

e 
to

 re
co

m
m

en
de

d 
cu

t-o
ff

 v
ol

ta
ge

C
la

m
p,

 ta
pe

r t
o 

C
/5

0
O

pe
n 

C
irc

ui
t f

or
 6

0 
m

in
ut

es
C

/2
 d

is
ch

ar
ge

 to
 3

V
-c

ap
ac

ity
 fr

om
 th

is
 st

ep
 

be
co

m
es

 C
 v

al
ue

R
ep

ea
t c

yc
lin

g 
un

til
 c

ha
ng

e 
in

 c
ap

ac
ity

 fr
om

 C
/2

 
di

sc
ha

rg
e 

st
ep

s ≤
1%

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   



7

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

Sa
ft

an
d 

Li
th

io
n

Ce
lls

•
LE

O
 t

es
tin

g 
st

ar
te

d 
in

 S
ep

te
m

be
r 

20
04

•
Ce

lls
 h

av
e

ac
cu

m
ul

at
ed

 a
pp

ro
xi

m
at

el
y 

11
00

0 
cy

cl
es

M
SA

 C
el

ls
•

Ch
ar

ac
te

riz
at

io
n 

te
st

in
g 

co
m

pl
et

e
•

LE
O

 c
yc

lin
g 

w
ill

 b
eg

in
 in

 N
ov

em
be

r 
20

06

AB
SL

 M
od

ul
es

•
LE

O
 c

yc
lin

g 
be

ga
n 

in
 A

pr
il 

20
06

•
M

od
ul

es
 h

av
e 

co
m

pl
et

ed
 a

pp
ro

xi
m

at
el

y 
28

00
 c

yc
le

s

Te
st

in
g 

St
at

us
 a

s 
of

 O
ct

ob
er

 2
00

6



8

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

R
es

u
lt

s 
of

 C
ap

ac
it

y 
C

h
ar

ac
te

ri
za

ti
on

•
Ca

pa
ci

ty
 r

es
ul

ts
 f

or
 e

ac
h 

ve
nd

or
 a

t 
te

m
pe

ra
tu

re
s 

of
 -

30
 °

C,
 -

10
 °

C,
 0

 °
C,

 1
0 

°C
, 2

0 
°C

, 3
0 
°C

, 4
0 
°C

, 5
0 
°C

 (
Sa

ft
an

d 
M

SA
 c

el
ls

 w
ou

ld
 n

ot
 c

yc
le

 a
t 

-3
0 
°C

)
•

Ca
pa

ci
ty

 is
 m

ea
su

re
d 

at
 C

/2
 a

nd
 2

0
° C

fr
om

 4
.1

 V
 t

o 
3.

0 
V 

(f
ro

m
 4

.0
 V

 t
o 

3.
0 

V 
fo

r 
M

SA
 c

el
ls

).
 C

el
ls

 a
re

 c
ha

rg
ed

 a
t 

C/
5 

fo
r 

ca
pa

ci
ty

 c
ha

ra
ct

er
iz

at
io

n.
•

AB
SL

 c
ap

ac
ity

 r
es

ul
ts

 a
re

 f
or

 t
w

o 
pa

ra
lle

l m
od

ul
es

 (
fo

ur
 p

ar
al

le
l s

tr
in

gs
)

Av
er

ag
e 

Ca
pa

ci
ty

 a
t 

20
 °

C
Sa

ft
: 

  
  

 4
5.

9 
Ah

Li
th

io
n:

  
32

.7
 A

h
M

SA
: 

  
  

66
.4

 A
h

AB
SL

: 
  

 4
.3

1 
Ah

Capacity

(°
C

)



9

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

Sa
ft

 E
n

d-
of

-D
is

ch
ar

ge
 V

ol
ta

ge
s 

ve
rs

u
s 

C
yc

le
s 

as
 a

 
Fu

n
ct

io
n

 o
f 

Te
m

pe
ra

tu
re

End-of-Discharge Voltage (V)



10

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

Li
th

io
n

 E
n

d-
of

-D
is

ch
ar

ge
 V

ol
ta

ge
s 

ve
rs

u
s 

C
yc

le
s 

as
 a

 
Fu

n
ct

io
n

 o
f 

Te
m

pe
ra

tu
re

End-of-Discharge Voltage (V)



11

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

Sa
ft

C
ap

ac
it

ie
s 

at
 T

es
t 

C
on

di
ti

on
s 

to
 3

.0
 V

 v
er

su
s 

C
yc

le
s 

as
 a

 F
u

n
ct

io
n

 o
f 

Te
m

pe
ra

tu
re

Capacity (Ah)



12

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

Li
th

io
n

C
ap

ac
it

ie
s 

at
 T

es
t 

C
on

di
ti

on
s 

to
 3

.0
 V

 v
er

su
s 

C
yc

le
s 

as
 a

 F
u

n
ct

io
n

 o
f 

Te
m

pe
ra

tu
re

Capacity (Ah)



13

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

C
om

pa
ris

on
 o

f S
pe

ci
fic

 E
ne

rg
y 

an
d 

E
O

D
V

 
ve

rs
us

 C
yc

le
s 

Tr
en

ds

Li
th

io
n

P
ac

k 
at

 T
es

t C
on

di
tio

ns
  2

0 
°C

, 2
0%

 D
O

D
 a

nd
 3

.9
5 

V
 E

O
C

V

S
pe

ci
fic

 E
ne

rg
y 

(W
h/

kg
)  

   
   

   
   

   
   

   
   

   
   

   
 E

O
D

V
 (V

)



14

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

C
om

pa
ris

on
 o

f S
pe

ci
fic

 E
ne

rg
y 

an
d 

E
O

D
V

 
ve

rs
us

 C
yc

le
s 

Tr
en

ds

S
af

tP
ac

k 
at

 T
es

t C
on

di
tio

ns
  2

0 
°C

, 2
0%

 D
O

D
 a

nd
 3

.9
5 

V
 E

O
C

V

S
pe

ci
fic

 E
ne

rg
y 

(W
h/

kg
)  

   
   

   
   

   
   

   
   

   
   

   
 E

O
D

V
 (V

)



15

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

C
om

pa
ris

on
 o

f S
pe

ci
fic

 E
ne

rg
y 

ve
rs

us
 C

yc
le

s 
fo

r L
ith

io
n

an
d 

S
af

t
P

ac
ks

 a
t T

es
t C

on
di

tio
ns

  2
0 

°C
, 2

0%
 D

O
D

 a
nd

 3
.9

5 
V

 E
O

C
V

Li
th

io
n

S
af

t



16

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

C
om

pa
ris

on
 o

f S
pe

ci
fic

 E
ne

rg
y 

an
d 

E
O

D
V

 
ve

rs
us

 C
yc

le
s 

Tr
en

ds

Li
th

io
n

P
ac

k 
at

 T
es

t C
on

di
tio

ns
  1

0 
°C

, 3
0%

 D
O

D
 a

nd
 4

.0
5 

V
 E

O
C

V

S
pe

ci
fic

 E
ne

rg
y 

(W
h/

kg
)  

   
   

   
   

   
   

   
   

   
   

   
 E

O
D

V
 (V

)



17

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

C
om

pa
ris

on
 o

f S
pe

ci
fic

 E
ne

rg
y 

an
d 

E
O

D
V

 
ve

rs
us

 C
yc

le
s 

Tr
en

ds

S
af

tP
ac

k 
at

 T
es

t C
on

di
tio

ns
  1

0 
°C

, 3
0%

 D
O

D
 a

nd
 4

.0
5 

V
 E

O
C

V

S
pe

ci
fic

 E
ne

rg
y 

(W
h/

kg
)  

   
   

   
   

   
   

   
   

   
   

   
 E

O
D

V
 (V

)



18

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

C
om

pa
ris

on
 o

f S
pe

ci
fic

 E
ne

rg
y 

ve
rs

us
 C

yc
le

s 
fo

r L
ith

io
n

an
d 

S
af

t

P
ac

ks
 a

t T
es

t C
on

di
tio

ns
  1

0 
°C

, 3
0%

 D
O

D
 a

nd
 4

.0
5 

V
 E

O
C

V

Li
th

io
n

S
af

t



19

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

•
A

 c
el

l i
s 

co
ns

id
er

ed
 fa

ile
d 

if 
its

 E
O

D
V

 fa
lls

 b
el

ow
 3

.0
 V

 d
ur

in
g

LE
O

 c
yc

lin
g.

•
S

ix
 c

el
ls

 h
av

e 
co

m
pl

et
ed

 th
ei

r l
ife

 c
yc

lin
g 

by
 c

yc
lin

g 
to

 fa
ilu

re
.

•
A

ll 
fa

ilu
re

s 
oc

cu
rr

ed
 in

 c
el

ls
 o

pe
ra

tin
g 

at
 th

e 
lo

w
es

t E
O

C
V

 a
nd

 th
e 

hi
gh

es
t 

D
O

D
 fo

r e
ac

h 
ve

nd
or

.
–

Fi
ve

 o
f t

he
 s

ix
 fa

ilu
re

s 
w

er
e 

in
 c

el
ls

 o
pe

ra
tin

g 
at

 th
e 

lo
w

es
t t

em
pe

ra
tu

re
, 1

0 
°C

.
–

Th
e 

si
xt

h 
fa

ile
d 

ce
ll 

w
as

 o
pe

ra
tin

g 
at

 3
0 

°C
.  

–
Fi

ve
 o

f t
he

 c
el

ls
 w

er
e 

Li
th

io
n

ce
lls

, i
nc

lu
di

ng
 th

e 
ce

ll 
cy

cl
in

g 
at

 3
0 

°C
.  

Th
e 

si
xt

h 
ce

ll 
w

as
 a

 S
af

tc
el

l. 

Pr
el

im
in

ar
y 

st
at

is
tic

al
 m

od
el

s 
th

at
 in

co
rp

or
at

e 
ea

rly
 f

ai
lu

re
 d

at
a 

ar
e 

be
in

g 
bu

ilt

Sa
ft

an
d 

Li
th

io
n

Fa
ilu

re
 S

um
m

ar
y



20

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

Sa
ft

an
d 

Li
th

io
n

Fa
ilu

re
 S

um
m

ar
y

V
en

do
r

Te
m

p 
(°

C
)

En
d-

of
-C

h
ar

ge
 

V
ol

ta
ge

/c
el

l (
V

)
D

oD
(%

)
N

u
m

be
r 

of
 

fa
ilu

re
s 

40
4

Li
th

io
n

30
3.

85
40

1
68

00

1
35

N
u

m
be

r 
of

 c
yc

le
s 

ac
h

ie
ve

d 
be

fo
re

 
fa

ilu
re

Li
th

io
n

10
3.

85
90

0 
(1

), 
31

00
 (3

)

S
af

t
10

3.
85

84
00



21

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

•
S

af
ta

nd
 L

ith
io

n
ce

lls
 h

av
e 

ac
hi

ev
ed

 o
ve

r 1
1,

00
0 

cy
cl

es
 e

ac
h,

 e
qu

iv
al

en
t t

o 
ab

ou
t 2

2 
m

on
th

s 
in

 L
E

O
. 

•
S

af
tc

el
ls

 g
en

er
al

ly
 h

av
e 

a 
hi

gh
er

 e
nd

-o
f-d

is
ch

ar
ge

 v
ol

ta
ge

 (E
O

D
V

) t
ha

n 
Li

th
io

n
ce

lls
 o

pe
ra

tin
g 

at
 th

e 
sa

m
e 

co
nd

iti
on

s.
 

•
S

af
tc

el
ls

 h
av

e 
a 

lo
w

er
 E

O
D

V
 d

is
pe

rs
io

n 
am

on
g 

ce
lls

 o
pe

ra
tin

g 
at

 th
e

sa
m

e 
co

nd
iti

on
s 

th
an

 L
ith

io
n

ce
lls

. 
•

Fo
r b

ot
h 

ve
nd

or
s,

 w
he

n 
ce

lls
 a

re
 o

pe
ra

tin
g 

at
 th

e 
hi

gh
es

t D
O

D
, t

he
 E

O
D

V
 o

f 
th

e 
ce

lls
 v

ar
ie

s 
m

or
e 

th
an

 th
e 

E
O

D
V

 fo
r t

he
 c

el
ls

 o
pe

ra
tin

g 
at

 th
e 

lo
w

er
 

D
O

D
s.

 
•

A
s 

a 
ce

ll’
s 

E
O

D
V

 g
et

s 
lo

w
er

 a
nd

 lo
w

er
, o

pe
ra

tio
na

l c
ap

ac
ity

 c
he

ck
s 

te
nd

 to
ha

ve
 a

 m
or

e 
pr

of
ou

nd
 re

co
nd

iti
on

in
g 

ef
fe

ct
 o

n 
th

e 
ce

ll.
  

S
um

m
ar

y 
-C

om
pa

ris
on

 o
f S

af
ta

nd
 L

ith
io

n
R

es
ul

ts



22

N
at

io
na

l A
er

on
au

tic
s 

an
d 

Sp
ac

e 
Ad

m
in

is
tra

tio
n

w
w

w
.n

as
a.

go
v

•
M

S
A

 c
el

ls
 w

ill 
be

gi
n 

lif
e 

cy
cl

in
g 

in
 N

ov
em

be
r 2

00
6.

 
•

A
ct

ua
l c

ap
ac

ity
 d

et
er

m
in

at
io

n,
 o

pe
n 

ci
rc

ui
t v

ol
ta

ge
 s

ta
nd

, a
nd

 c
ap

ac
ity

 
ch

ar
ac

te
riz

at
io

n 
at

 d
iff

er
en

t t
em

pe
ra

tu
re

s 
is

 c
om

pl
et

e.

•
A

B
S

L 
m

od
ul

es
 h

av
e 

ac
cu

m
ul

at
ed

 a
pp

ro
xi

m
at

el
y 

28
00

 c
yc

le
s.

 
•

Is
su

es
 h

av
e 

ar
is

en
 re

ga
rd

in
g 

te
st

 c
on

di
tio

ns
.

•
Te

st
 c

on
di

tio
ns

 a
re

 b
ei

ng
 re

ev
al

ua
te

d.

S
um

m
ar

y 
of

 M
S

A
 C

el
ls

 a
nd

 A
B

S
L 

M
od

ul
es


	An Update on the Lithium-Ion Cell� Low-Earth-Orbit Verification Test Program
	Lithium-Ion LEO Verification Test Program
	Test Articles
	Test Set-up
	Characterization and Testing
	Actual Capacity Determination Procedure
	Testing Status as of October 2006
	Saft End-of-Discharge Voltages versus Cycles as a Function of Temperature
	Lithion End-of-Discharge Voltages versus Cycles as a Function of Temperature
	Saft Capacities at Test Conditions to 3.0 V versus Cycles as a Function of Temperature
	Lithion Capacities at Test Conditions to 3.0 V versus Cycles as a Function of Temperature
	Comparison of Specific Energy and EODV �versus Cycles Trends
	Comparison of Specific Energy and EODV �versus Cycles Trends
	Comparison of Specific Energy and EODV �versus Cycles Trends
	Comparison of Specific Energy �versus Cycles for Lithion and Saft
	Saft and Lithion Failure Summary
	Summary - Comparison of Saft and Lithion Results
	Summary of MSA Cells and ABSL Modules

