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Preface

This document contains the proceedings of the 27th annual NASA Aerospace Battery Workshop,
hosted by the Marshall Space Flight Center on November 15417, 1994, The workshop was attended
by scientists and engineers from various agencies of the U.S. Government, aerospace contractors, and
battery manufacturers, as well as international participation in like kind from a number of countries
around the world.

The subjects covered included nickel-cadmium, nickel-hydrogen, nickel-metal hydride, and lithium-
based technologies.
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Introduction

The NASA Aerospace Battery Workshop is an annual event hosted by the Marshall Space Flight
Center. The workshop is sponsored by the NASA Aerospace Flight Battery Systems Program which
is managed out of NASA Lewis Rescarch Center and receives support in the form of overall
objectives, guidelines, and funding from Code Q, NASA Headquarters.

The 1994 Workshop was held on three consecutive days and was divided into four sessions. The first
day consisted of a General Session and a Nickel-Hydrogen Design Session. The second day consisted
exclusively of an Advanced Technologies Session. The third and final day was devoted to a Nickel-
Hydrogen / Nickel-Cadmium Test and Flight System Data Session.

On a personal note, I would like to take this opportunity to thank all of the many people that
contributed to the organization and production of this workshop:

The NASA Aerospace Flight Battery Systems Program, for their financia! support as well
as their input during the initial planning stages of the workshop.

Bob Bechtel and Eric Lowery, NASA Marshall Space Flight Center; Michelle Manzo,
NASA Lewis Research Center; and Gerald Halpert, Jet Propulsion Laboratory, for serving
as Session Organizers, which involved soliciting presentations, organizing the session agenda,
and orchestrating the session during the workshop;

Huntsville Marriott, for doing an outstanding job in providing an 1deal setting for this
workshop and for the hospitality that was shown to all who attended;

Marshall Space Flight Center employees, for their help in stuffing envelopes, registering
attendecs, handling the audience microphones, and flipping transparancies during the
workshop.

Finally, I want to thank all of you that attended and/or prepared and delivered presentations for this
workshop. You were the key to the success of this workshop.

Jeff Brewer
NASA Marshall Space Flight Center
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NASA GODDARD SPACE FLIGHT
CENTER UPDATE
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» OPERATING SPACECRAFT
+ CURRENTLY BASELINED SPACECRAFT

 LIFE TESTING AT NAVAL SURFACE WARFARE
CENTER (NSWC), CRANE, INDIANA
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OPERATING SPACECRAFT

Solar Anomalous and Magnetospheric Particle
Explorer (SAMPEX)

Extreme Ultraviolet Explorer (EUVE)

Upper Atmosphere Research Satellite (UARS)
Compton Gamma Ray Observatory (CGRO)
Earth Radiation Budget Satellite (ERBS)
Hubble Space Telescope (HST)
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SAMPEX

Single 9 Amp-hour Super NiCd battery
22 series-connected cells

Plate fabrication (EPI): 10/90

Cell activation: 5/91

Launched: 7/3/92

Completed 10655 eclipse orbits and 2160 full-sun
orbits

Nominal performance: Alternating between VT 4 and

VT 5; recharge ratio 1.04; temperature between 1 °C
and 11 °C; DOD between 0% and 17.2% (average 12%)
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EUVE

 Three 50 Amp-hour conventional NiCd batteries in
parallel (Modular Power Subsystem (MPS))

22 series-connected cells per battery
e Plate fabrication (GE/GAB): 1/85 - 5/85
e Cell activation: 3/88

 Launched: 6/7/92

« Completed 13482 eclipse orbits

« Completed six months of operation without
incident at VT 4, with C/D ratios between 1.06 and
1.09, temperatures between -2 °C and +7 °C and
average DOD of 9%
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« Half-battery differential voltages began to
diverge in 12/92, following a period of relatively
shallow discharge and soon exceeded 50 mV

%  Battery heater thermostats deliberately bypassed
less than five months after launch to change
battery operating temperature from -2 °C to 7 °C

* Half-battery differential voltages have
approached and occasionally exceeded 100 mV,
beginning 9 months after launch




EUVE - continued

 Maximum battery charge rates are controlled by Solar
Array offsets or by commanding a 3 amp Constant
Current charge mode at S/C sunrise

« C/D ratio control is obtained by using CCM (trickle) at
the end of each S/C sunlight period, after a desired
C/D ratio (calculated on-board) has been reached

* Flight software regularly adjusted to result in
acceptable C/D ratios during shorter eclipse periods 3
(shallower DOD)
\
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e Current status and operational mode: VT 3; recharge
ratio 1.05 - 1.08; temperature ~7 °C (heat pipes);
maximum DOD 10% (average 9%)

HOISS G UL
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UARS

Three 50 Amp-hour conventional NiCd batteries in
parallel (Modular Power Subsystem (MPS))

22 series-connected cells per battery
Plate fabrication (GE/GAB): 8/88 - 1/89
Cell activation: 10/30/89

Launched: 9/12/91

Completed 17363 orbits

Completed 4 months of operation without incident,
employing a combination of VT 5 & 6, with recharge
ratios between 1.09 and 1.15, temperatures between
0 °C and 5 °C and DOD ranging from 0% to 20%
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UARS - continued

In 1/92, after first full-sun period, half-battery
differential voltages diverged and quickly exceeded
50 mV

Continued use of VT 5 & 6 caused battery
temperature and load-sharing divergence; half-
battery differential voltages approached 500 mV

VT 4 established as new nominal operating level
seven months after launch; C/D ratios still ranged

from 1.02 to 1.10

Battery heater thermostats deliberately bypassed in
4/92 to change battery operating temperature from
0°Cto5°C
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UARS - continued

« Maximum charge rate reduced to 25 amps or less
beginning 7/92 via Solar Array Offsets, then 20 amps
or less beginning in 1/93

* Implemented conditioning discharges (10% - 40%
DOD) during 12/92 full-sun period to minimize
continuous battery overcharge and improve
battery performance; deep conditioning
discharges (25% - 40% DOD) are performed at
least once during full-sun periods that occur
twice a year
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UARS - continued

e C/D ratios are controlled by switching between
VT 3 and VT 4 as needed (VT 3 when DOD < 15%)
or commanding low (trickle) constant current
charging for the end of each S/C sunlight period,
after a desired C/D ratio (calculated on-board)
has been reached

e Current status and operational mode: Switching
between VT 3 and VT4 as noted above, C/D ratios
between 1.01 and 1.06, temperatures between

1°C and 7 °C and DOD between 0% and 20%
(average 15%)




CGRO

doysyio §f Ceanng 2o0dy0ddl 1'SEN Fo6]

* Two sets of three 50 Amp-hour conventional
NiCd batteries in parallel (each set in a Modular
Power Subsystem (MPS-1 and MPS-2))

22 series-connected cells per battery
 Launched: 4/5/91

 Completed 20558 orbits on 5 of 6 batteries (6th
battery (battery 2 of MPS-1) off-line)

-v[-
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CGRO MPS-1

Plate fabrication (GE/GAB): 6/88 - 11/88

Cell activation: 7/89

Nominal performance up to 3174 eclipse orbits
under VT 5, with C/D ratios 1.1 -1.2
(uncorrected), temperatures between 0 °C and
3 °C; average DOD 10% (maximum 13%)

Half-battery differential voltage reached and
exceeded 50 mV by 11/91; C/D ratios increasing

Reduced to VT 4 in 2/92; half-battery differential
voltages continued to grow and were exceeding
450 mV by 6/92; C/D ratios between 1.2 and 1.35
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CGRO MPS-1 - continued

« Reduced to VT 3 in 5/92; half-battery differential
voltages and C/D ratios continue to be divergent

« On 7/2/92, batteries 1 & 3 exhibited half-
differential voltages between 200 and 400 mV,
while battery 2 exceeded 700 mV (detector
saturated)

« Battery 2 developed a short (in one or more cells)
while nearing the end of the charge portion of
one orbit on 7/16/92, and was taken off the
spacecraft bus




(fuq'..y.lr{” Ao .a.)mfsru.)]f I'STN re6d

-L‘[-

¢ Maximum charge rate reduced beginning 2/93
through the use of CCM (0.75 amps between two
batteries) at S/C sunrise; VT control is restored
15 - 20 minutes later

 Control of C/D ratios has also been effected
since launch+22 months by commanding low
(trickle) constant current charging for the end of
each S/C sunlight period, after a desired net
charge (calculated on-board) has been reached
under VT control




doysy10,4f AdoNg 22050435 FSEN 661

_8[_

CGRO MPS-1 - continued

e Current status and operational mode: VT 3, C/D
ratios between 1.10 and 1.20 (uncorrected),
temperatures between 1 °C and 3 °C; DOD
between 7% and 14% (average 10%)




CGRO MPS-2

 Plate fabrication (GE/GAB): 1/85- 7/85
e Cell activation: 11/88

duigs yao y Lopny aondsosay VSN 16T

« Nominal performance through 20558 eclipse
orbits under VT 5 (occasionally VT 6, as
required), with C/D ratios 1.1 -1.15
(uncorrected), temperatures between 2 °C and
4 °C and average DOD 12% (maximum 15%)

-61-
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Two 50 Amp-hour conventional NiCd batteries in

parallel

22 series-connected cells per battery

Plate fabrication (GE/GAB): 6/83 - 9/83

Cell activation: 11/83

Launched: 10/5/84

Completed 55080 orbits (one battery with two failed

cells)

Completed 5 years of nominal performance under VT 6:
average C/D ratios 1.16, average temperatures 10 °C and
average DOD 9% (maximum 14%)



ERBS - continued
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 Half-battery differential voltages began to
diverge in 9/89 and increased to over 200 mV in
battery 1 and over 450 mV in battery 2 by 7/90;
battery current-sharing began to diverge on both
charge and discharge, with battery 1 accepting
more charge and contributing less on discharge

VT level reduced from 6 to 5 during 1/92, then 5
to 4 during 7/92

* After cell short in battery 1 on 8/7/92, VT level
3 lowered from 4 to 3

-IZ-
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ERBS - continued

« After second cell short in battery 1 on 9/4/92, and
failed attempts to keep both batteries on-line,
battery 1 was taken off the spacecraft bus

 First cell short in battery 2: 6/93

« After second cell short in battery 2 during 7/93,
VT level switched from 3 to 1 and the use of
Constant Current was re-introduced as a means
to achieve desired C/D ratio

* In 8/93, implemented a combination of 11.4 Amp
and 3 Amp Constant Current charge modes to
attain desired C/D ratio of 1.10




 C/D goal of 1.02 established 3/94 to further
minimize overcharge

 Beginning in 1994, employed techniques to force
battery discharge during shallow discharge
periods (DOD < 7%) and/or full-sun periods

doysyao gy Seonng s 0i VN o6 !
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e Current status and operational mode: C/D ratios
between 1.00 and 1.02, temperatures between
3 °C and 5 °C; DOD between 7% and 14%

(average 11%)

ERBS - continued




HST

+ Six 88 Amp-hour Ni-H2 batteries in two three-battery |
modules (Flight Spare Module (FSM) and Flight Module 2

(FM2))
e Common bus for all batteries to operate at a common
voltage

« 22 series-connected cells per battery
* Positive plate fabrication (EPI):
- FSM: 2/88 - 6/88
-FM2: 6/88 - 11/88 ‘
« Cell activation: 1
- FSM: 1/89 | |
\
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- FM2: 3/89

 Launched: 4/24/90
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HST - continued

Battery performance has been nominali:

Completed 24876 orbits

Operated system on VT levels K1L3 and K2L3 from
launch through 3/93 in step-to-trickle charge mode
with trickle charge current of 12 amps (2 amps per
battery) and trickle charge period approximately 40
minutes

Operated system on VT levels K1L4 and K2L.3 from
3/93 to present in step-to-taper mode; temperature
0 + 3 °C; average DOD 5 - 8 % (maximum 8.5%);
system capacity over 500 AH




HST - continued

 Reconditioned batteries through 5.1 ohm load
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- 'AVERAGE
| END OF 'DISCHARGED
'BATTERY DISCHARGE CAPACITY AT
DATE  NUMBER VOLTAGE 264V

-9Z_

12190 184 19 VOLTS 94 AMP-HOURS :
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CURRENTLY BASELINED SPACECRAFT

BATTERY BATTERY/CELL LAUNCH

SPACECRAFT TYPE MANUFACTURER ORBIT DATE

TOMS NiCd, 9 Ah HAC/EPI LEO 3/95
(Super)

FAST NiCd, 9 Ah HAC/EPI LEO 8/95
(Super)

NOAA - J NiCd, 26.5 Ah ASD(MM)/GAB LEO 12/94

GGS (WIND)  NiCd, 26.5 Ah ASD(MM)/GAB LEO 11/94

GOES - J) NiCd,12Ah  SSUGAB GEO 4/95

TDRSS -7 NiCd, 40 Ah  TRW/SAFT, France GEO 6/95

SWAS NiCd, 21 Ah HAC/EPI LEO 6/95
(Super)

XTE NiCd, 50 Ah HAC/EPI LEO 8/95
(Super) |




CURRENTLY BASELINED SPACECRAFT -
continued
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'BATTERY  BATTERY/CELL LAUNCH
SPACECRAFT TYPE =~ MANUFACTURER  ORBIT DATE
'NOAA - K gNiCd37Ah §ASD(NIVI)IHACIEPI LEO 1295

=
§;

; §N|Cd 284 HACIEH i

| (Super) N

WST  NH2B8Ah  LMSCEP  LEO 1297
| EOS-AM §N|H2,50Ah ASD(NIVI)IEPI ~ LEO 698
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LIFE TESTING AT NSWC, CRANE
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« Advanced NiCd cells:
- Hughes Aircraft Company (Torrance, CA) / Eagle
Picher Industries, Inc. (Colorado Springs, CO)
- Eagle Picher Industries, Inc. (Colorado Springs, CO)

e Conventional NiCd cells:
- Gates (now SAFT) Aerospace Batteries (Gainesville, FL)
- General Electric BBD (Gainesville, FL - now SAFT)
- SAFT-France

« NiH2 cells from Eagle Picher Industries, Inc. (Joplin, MO)
e Data as of 11/8/94




ADVANCED NICD CELL LIFE TEST

Testing in Proqress.:
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« Hughes / EPI: |

- Pack # 6000A - 21 AH, Polypropylene, PBI, Maghum®©
- Pack # 6001A - 21 AH, Zircar/Polysulfone

- Pack # 6003A - 21 AH, Zircar/Polysulfone

- Pack # 6004A - 21 AH, Zircar/Polysulfone

- Pack # 6090T - 9 AH, Zircar/PBI w/additive, Super®

- Pack # 60917 - 9 AH, Zircar/PBI w/additive, Super®©

- Pack # 0090B - 9 AH, Zircar/PBI w/additive, Super®©

e EPI:
- Pack # 6106M - 10 AH, Maghum®©
- Pack # 6122M - 10 AH, Magnum®©
- Pack # 6506M - 50 AH, Maghum®©
- Pack # 6522M - 50 AH, Magnum®©

-0 €..
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ADVANCED NICD CELL LIFE TEST - continued

Hughes / EPI: Cycling Discontinued Since 1992

- Pack # 6002A - 21 AH, Zircar/PBI

- Pack # 6005A - 21 AH, Zircar/Polysulfone

- Pack # 6006A - 21 AH, Zircar/PBIl w/additive, Super®©
- Pack # 6053A* - 50 AH, Zircar/PBI w/additive, Super©
- Pack # 0090A - 9 AH, Zircar/PB! w/additive, Super®©

* Cells procured, batteries manufactured by McDonnell Douglas
Electronic Systems Company, St. Louis, MO




ADVANCED NICD CELL LIFE TEST - continued

Size DOD 3Temp Minimum
‘Pack # (AH) Orbit (%) (¢°c) ¢/b VT EODV cCycle#

6000A 21 LEO 40 20 07. 121 26692
6001A 21 LEO 40 20 985 26639
6003A 21 LEO 40 20 09 980 24329

1 1.

1 0.

1 0.
6004A 21 LEO 25 30  1.06 0.871 25020
6090T** g LEO 50 120 1.0 1.164 6282
60917 9 LEG 0-32 20 111 6 1154 5638

1 1

1 1

1 1

1 1.

1 .

doysya0,4] AdoHD 230d5042) 1CEN FE6T
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STOEN T TS e T 6 )
6122M 10 LEO 40 20 .06
6506M 50 LEO 10 0 1.07 263 760
eaM S0 LEG 460 T og 978" Froge

* On cyc!e 7137 sw1tched from SAMF’EX mission proflle to FAST mission proflle (134
minute orbit, 40 minute discharge), one cell removed for high voltage at cycie 7171
** One cell removed due to leak at cycle 4110

T
098 2627

@é-hmc-icn?cnﬁ-\] ~N NN
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ADVANCED NICD CELL LIFE TEST - continued

Discontinued Packs

doysyao §) Saonng sondsoaap FSFA P66

Pack # (AH) Orbit (%) (°C) /D VT EODV Cycle# Key

C
6002A 21 LEO 40 20 1.27 7 1.128 25357 1
6005A 21 LEO 490 30 1.13 7.5 1.040 18969 2
1
1

-Eg-

Size DOD Temp Avg Last
i
|
|
|

6006A 21 LEO 40 20 05 7.5 0.987 21601 2
6053A 50 LEO 40 20 07 7 1.192 13283 3

0090A 9 LEO 40 30 1.10 7 1.056 13090 2.4

Key: 1 - Cells bulging; 2 - EOCV divergence; 3 - Low EODV; 4 - Cells leaking;
5-Low recharge; 6 - High EOCV; 7 - Discontinued by request
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GAB NICD CELL LIFE TEST

Size | DOD Temp Minimum
Pack # (AH) Orbit (%) (°C) EODV cycle #

C/D
00025 26.5 LEO 40 20 1 1.005 9226
0003S 265 LEO 40 20 1.04 6 1.020 5480
0027A 12 LEO 40 20  1.08 10.989 9705
0052E 50 LEO 20 0 1.03 1.193 8787

1

1

1

1

1.

<
_i
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0052F 50 LEO 20 1.03 1.184 8834
e e T B 211 seis |
e Ta7 RS 13 i R PR G Y B
0647N** 47  LEO 51218 13 1.191 4381

6536 50 TLE0 " 20 5

o oo N O N

go;o o.ofo

* One cell removed at cycle 2757 for low EOCV 1 of 4 rernalnmg cells exmbrtmg
EOCV divergence; multiple reconditioning
b 3 of 5 cells have exhibited EOCV divergence; multiple reconditioning

UOJSSaS [D42UL)
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GAB NICD CELL LIFE TEST - continued

Size DOD (%)
Pack # (AH) Orbit
0001S 26.5 GEO 40
62278 12 GEO 60
6227C 12 GEO 60
Discontinued Packs
Size DOD
Pack # (AH) Orbit (%)
0231A 6 GEO(IUE) 80
0232A 40 GEO(TDRSS) 50
0232B 40 GEO(TDRSS) 50

Key: 1 - Cells bulging; 2 - EOCV divergence; 3 - Low EQDV, 4 - Cells leaking;
5 - Low recharge; 6 - High EOCV,; 7 - Discontinued by request

5
5

Temp
(°C)
10

0

15

1.201
1.184

1.193

Avg
EODV

1.179
1.187
1.187

Temp (°C) Minimum
EODV

Shadow #
8

15

14

Shadow # Key

30
29
26




GAB NICD CELL LIFE TEST - continued

More Discontinued Packs
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' Size 'DOD Temp Avg
Pack # (AH)  Orbit (%) (°C) EODV Shadow # Key

0232C 40 GEO(TDRSS) 75 0 1.153 24 7
0232D 40 GEO(TDRSS) 75 0 1.153 4
6232A 40 GEO(TDRSS) 50 0 1.184 24

_92-

62326 40 GEO(TORSS) 50 10 1181 T
6232D 40 GEO(TDRSS) 50 15 1.186 149

Key: 1 - Cells bulging; 2 - EOCV divergencé; 3-Low EODV, 4 - Cells leaking;
5 - Low recharge; 6 - High EOCV,; 7 - Discontinued by request

~N NN N ~
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GAB NICD CELL LIFE TEST - continued

More Discontinued Packs

Pack #

6051C

6051D
(EUVE)
«6051E

6051F

6051H
60511

(EUVE &
GRO-2) :
Key: 1 - Cells bulging; 2 - EOCV divergence; 3 - Low EODV, 4 - Cells leaking;

5 -Low recharge; 6 - High EOCV,; 7 - Discontinued by request

:Size

(AH)

50

.50

50

150
6051G -
(GRO-2) =~
50
(GRO-1)
150

50

Orbit

'LEO

LEO

LEO

LEO
LEO

LEO
LEO

-DOD
(%)

40
40

40
40
40

40

15

- Temp
(°C)

20
20

20

20
.20

20
15

C/D

1.01
1.006
1.01
1.03
1.03
1.01

1.17

6
6

Avg
EODV

0.957
0.947

0.921
0.929
0.912

1.002
1.212

Last
Cycle #

21541
22991

19545
18577
20852

11941

28632




GAB NICD CELL LIFE TEST - continued

More Discontinued Packs
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5 . Size DOD Temp  :Avg  Last
‘Pack # | (AH) Orbit (%) ((°C) C/D "EODV Cycle #

K
6053B 50 LEO §4o §20 1.06 10.962 13220 3

6085A 20 LEO 20 15 112 6 1.162 15022 5
6085B 20 LEO 28 15 1.09 7 1.133 11123 5

6085C 20 LEO 40 20 1.01 1.026 19057 5

0004H 4  HEO 40 15  NA 1.167 4525 7

| | | | 1. 2

1. 2

_l

-8€_

0026G 265 LEO 20 10  1.01 3.5 1.076 71658 2
50026| 265 LEO §18.5§10 1.01 193 §46553§

5-::-_@2@ o N O ® <
o |

Key 1 - Cellis butglng 2 - EOCV d:vergence 3 -Low EODV 4 Cells leak:ng
5 - Low recharge; 6 - High EOCV; 7 - Discontinued by request
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SAFT-France NICD CELL LIFE CYCLE TEST

Size DOD Temp Minimum
Pack # (AH) Orbit (%) (¢°C) C/D VT EODV cCycle #
6024S 24 LEO 40 0 1.03 7.5 1.026 30128
6140S 40 LEO 40 20 1.08 7 1.024 8241

Discontinued Packs

‘ Size DOD Temp Avg Last
Pack # (AH) Orbit (%) (°C) C/D VT EODV Cycle## Key

6120S 20 LEO 40 20 1.16 8.5 1.039 20998 3
6124S 24 LEO 40 20 1.07 8.5 1.009 26091 3

Key: 1 - Cells bulging; 2 - EOCV divergence; 3 - Low EODV; 4 - Cells leaking;
5 -Low recharge; 6 - High EOCV; 7 - Discontinued by request




NiH2 CELL LIFE CYCLE TEST

‘Size DOD Temp VT Minimum . |
‘Pack # (AH) Orbit (%) (°C) C/D (V) EODV cycle #
3600H 93 LEO 9 -5 ";1.04 1.514 ?1.292 12811

. 3601H :93 %LEO 3_9 —5 7107 1514 1292 12680

(FM2)* : :
* Recondlt;oned tW|ce - 80. 7 Ah removed flrst tame and 77 5 Ah
removed second time.

doysyioy lianipg 2o0dsoldy FSVN 661
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SUMMARY OF BATTERY ACTIVITIES AT THE
JET PROPULSION LABORATORY
PRESENTED BY
Sal Di Stefano

.[b-

JPL

1994 NASA AEROSPACE BATTERY WORKSHOP
November 15-17, 1994
Huntsville Marriott
Huntsville, Al
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TOPEX POSEIDON

BATTERY DEFINITION

PRIME CONTRACTOR - FAIRCHILD / McDONNELL DOUGLAS MPS (BATT,

=—_JPL

gls;b-ﬁaln D-=—— Global Positioning
atenna -\ System Antenna BATTERY DESIGN
Satellite B
A‘:ﬂ? ;e us ~ : MODULAR POWER SUBSYSTEM (3 x 22 CELL 50 Amp-Hr
wde . BATT)
Control Module y CELL DESIGN

Propulsion
Module ——.

Power

GATES AEROSPACE - NASA STANDARD NiCd
16 POS /17 NEG
PELLON 2505 SEPARATOR

Moduia i
Microwave - NONPASSIVATED POS / TEFLONATED NEG

Doppler Tracking ;
Antenna (DORIS) st Radiometer
nstrument
Laser Module . BATTERY CYCLE REGIME
ﬁ;’s‘; j;‘:;’““" Altimeter - MEDIUM ALTITUDE ORBIT - VARIABLE OCCULTATIONS
y Antenna AND SOME iFULL SUN PERIODS

* LAUNCH AUGUST 10, 1992
» BATTERY OPERATIONAL STRATEGY
°  LIMIT PEAK CHARGE CURRENTS TO 20 AMPS (OFFSET ARRAY)

°©  LIMIT OVERCHARGE BY MAINTAINING RECHARGE RATIO (C/D)
AT LOWER V/T LEVELS)

°© AVOID HIGH CHARGE CURRENTS DURING FULL SUN PERIODS

TO 103% @ 0°C (OPERATE

(OPERATE AT LOWER V/T LEVELS)
« CURRENT STATUS - NOMINAL OPERATION

ENERGY STORAGE SYSTEMS GROUP |—




MARS PATHFINDER

=JPL
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» THREE BATTERIES REQUIRED FOR MISSION
—~ LANDER AND CRUISE POWER
» 40 AH Ag-Zn/ MODIFIED BST SYSTEMS INC. DESIGN
*» 18 CELLS - GOAL IS 30 50% DOD CYCLES ON SURFACE OF MARS
- PYRO EVENTS
» OFF THE SHELF THERMAL (LiFeS;) Eagle-Picher
« TESTING WA PERFORMED TO VERIFY MISSON PULSE SEQUENCE REQUIREMENTS WERE MET
-~ ROVER BATTERY
» NINE 'D' SIZE PRIMARY LiSOCI, CELLS
» SAFT 6590 CELL DESIGN BASELINED
+ TESTING TO VERIFY BATTERY CAPABILITIES TO BE PERFORMED

UOISSag 04210y

ENERGY STORAGE SYSTEMS GROUP —




MARS GLOBAL SURVEYOR

=—_JPL

*PRIME CONTRACTOR - MARTIN MARIETTA

*BATTERY DESIGN
—CELL DESIGN
»3.5” NiH, TWO CELL CPV (EAGLE-PICHER)
»16 ELECTRODE PAIR PER CELL
»16 ELECTRODE PAIR / CELL
»31% KOH /2 LAYER ZIRCAR

doysysoq Atannyg 2o0dsosay FSEN F661

_vv_

~-BATTERY

»2 BATTERIES / 8 VESSELS (16 CELLS PER BATTERY)

»VOLTAGE MONITORED @BATTERY & HALF BATTERY LEVEL

»2 STRAIN GAUGES AND 2 TEMPERATURE SENSORS PER BATTERY

»CHARGE CONTROL: PRESSURE WITH V/T AND AHR INTEGRATION BACK-UP
—BATTERY CYCLE REGIME

»11 MONTH CRUISE ( THREE 40% DOD CYCLES)

»~8500 MAPPING CYCLES (29% DOD) AND 14,000 RELAY CYCLES (24% DOD)

UOISSAS [DI2UIL)
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NASA AEROSPACE FLIGHT BATTERY PROGRAM

—_JPL

JPL ACTIVITIES IN SUPPORT OF THE NASA BATTERY STEERING COMMITTEE
AND PROGRAM.

WITH THE
OBJECTIVES OF MAINTAINING AND ENHANCING THE QUALITY RELIABILITY
AND
MAINTAINABILITY OF AEROSPACE BATTERIES FOR NASA APPLICATIONS.
ACTIVITY/FY | 88 89 90 91 92 93 94 a5 a6 97 98 REMARKS
Increase
NICKEL funriamcnl_nl
CADMIUM undcrslandmg.
BATTERY Enhanqe sallfely &
MODEL FC|labI|Ily
HP 9000 based ten Mlssion _ C
FACILITY NASA MPS o an
NWSCC stress Test bed programs in
tosts minimizing risk
» ( “NiME NlMH Technology )
t survey V ification task 1
ADVANCED procuremaen t1sk cofication tas Provide advanced
technology for
FLIGHT Advanced flight use
TECHNOLOGY NHE rovisiolr NCC(‘”NIHZ > >
NASA data Testing
tas
Increase
NICKEL fundamental
HYDROGEN Phase Il ) understanding.
BATTERY model Enhance
MODEL relliability

ENERGY STORAGE SYSTEMS GROUP




RECHARGEABLE LITHIUM BATTERIES FOR FLIGHT APPLICATIONS

« BATTERY CHALLENGES FOR FUTURE NASA
SPACECRAFT

_ INCREASE SPECIFIC POWER AND POWER DENSITY (REDUCED
MASS / VOLUME)

— INCREASE ACTIVE STORAGE AND CHARGE RETENTION
— EXTEND OPERATION TO EXTREME ADVANTAGES

« PROJECTED APPLICATIONS
~ SMALL PLANETARY ORBITERS “MICROSPACECRAFT” CLASS
— LANDER / ROVERS
~ ASTRONAUT EQUIPMENT

STATUS OF Li TECHNOLOGY @ JPL

doysy.c, iy dionpg 200ds04oF VRN FE6T
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Li-Tis2 Li-1ON Li-Polymer
ANODE Li LiC LiC
CATHODE Tis2 LiCoO2 LiCoO2
ELECTROLYTE LIASFB/EC + 2-MeTHF LIPF6/EC+DMC+DEC |LiAsF6/PAN+EC+MeS
VOLTAGE 2.1 3.8 3.8
Q CAPACYTY (AH) ONETO3 one to 3 ‘ <0.2
=
:; OPERATING TEMPERATURE 60°C TO -20°C 60°C TO -20°C RT TO 60°C
g. SPECIFIC ENERGY (Wh/Kg) 132 85 ~150
s ENERGY DENSITY (Wh / 1) 260 240 ~350

ENERGY STORAGE SYSTEMS GROUP —




— JPL

‘AGENDAI

e FLIGHT PROJECT SUPPORT ACTIVITIES

— TOPEX
—~ MARS PATHFINDER
—~  MARS GLOBAL SURVEYOR (MGS)

 RESEARCH/DEVELOPMENT AND ENGINEERING
ACTIVITIES

— SUPPORT FOR NASA's FLIGHT BATTERY SYSTEMS
PROGRAM (CODE Q)

> BATTERY MODELING
> NASA BATTERY TESTBED
» ADVANCED FLIGHT TECHNOLOGY ASSESSMENT

 RECHARGEABLE LITHIUM BATTERIES FOR
SPACE APPLICATIONS

doysyao 3y Loy 2ovds 043 SN FE6T
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1994 NASA Aerospace Battery Workshop
November 15-17, 1994
Huntsville, AL

NASA Johnson Space Center
B. J. Bragg

Johnson Space Center Battery Programs Overview

Shuttle Orbiter Programs

Space Station Programs

Advanced Technology Programs




Shuttle Orbiter Programs

e Support DDT&E and Qualification for GFE Flight Applications
» Variety of Cell Chemistries and Sizes Utilized
» Lithium (all types), Ag-Zn, Ni-Cd, Ni-MH, Alkaline
e Sizes from Button Cells up to 25 AH
e Improve Cell Performance and Safety
* Major Applications:

dosyio4y Aiaypg 200ds043Y F'SEN FE6 S

» Helmet Lights * Crew Comm Unit
e Advanced Helmet Light e Survival Radio

, e Helmet TV  EMU Backpack

= e SAFER » Experiment Power

» Support Orbiter Payload Activity
» Provide Consultation for Battery Selection and Design
* Review Payload Hazard Reports for JSC Safety Panel
* In-house Payload Battery Development and Qualification

» Support Development of Payload Battery Safety Policies/Requirements
* Preparation & Implementation of JSC 20793, Battery Safety Handbook
* Redefine Payload Battery Satety Policies for Small Batteries

» Support Mission Operations
 |n-flight Problem Resolution
» Post-flight Failure Analysis/Corrective Action

UOISSOS IDL2UID)
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Shuttle Orbiter Programs:

Shuttle Orbiter program support involves the design, development, testing and evaluation and eventual qualification of

battery systems for GFE (Government Furnished Equipment). These batteries include a wide variety of chemistries and

sizes, as noted in the view graph. The applications listed are crew equipments, experiments, and payloads, any of which |
could be used in the cabin or on EVA (Extra-Vehicular Activity) in space vacuum. A major part of this activity invoives

efforts to improve the performance and safety of the batteries directed at these applications.

Payload support is provided in the areas of safety reviews and hazard report reviews. Consultation for the selection and
design of payload batteries is provided, as is support for the development and qualification of in-house payloads.

Support is also provided for the preparation and implementation of battery safety requirements documentation (JSC
20793, "Manned Space Vehicle Battery Safety Handbook"), and for the satety policy determination of various categories
of batteries; i.e., small batteries.

Finally, mission operational support is provided for the purpose of in-flight problem solving, hardware corrective action ,
and crew de-briefing activities.




Space Station Programs (ISSA)

» Monitor ISSA Ni-H2 Cell/Battery Development, Fabrication, Test & Delivery

o Saft Cell Contract
e Eagle-Picher Industries Cell Contract
¢ Loral Battery ORU Contract

doisyioy Aaanpg 200ds042y FSEN FE6T

» Maintain Cognizance of NASA-LeRC ISSA Support Tasks
e Crane Testing of Ni-H2 Technology Cells
¢ LeRC In-house Ni-H2 Testing
¢ Advanced Ni-H2 Technology Development

-Zg.—

» Support Development of Russian Segment Battery Specs & Standards
e Safety Requirements for Ni-Cd, Ag-Zn, and Small Batteries
e Verification Mechanisms Development
» Safety Issues ldentification

 DDT&E and Qualification of GFE Batteries for ISSA Applications
* Advanced Development for EMU Backpack
e Small Secondary Batteries for GFE (Ni-MH, Ag-Zn, Ni-Cd, Li-lon, etc.)
e Charger Development for Small Batteries

HOISS3S DL




Space Station Programs (ISSA):

The development, fabrication, test and delivery of ISSA Ni-H2 celis and batteries are monitored in support of the Space
Station Program Office at NASA-Johnson Space Center. There are two cell contractors; Saft Aerospace Batteries, and
Eagle-Picher industries. Both have delivered qualification cells and are beginning to deliver flight cells. Additionally, the
power systems contractor, Loral, is testing the battery ORU (Orbital Replacement Unit), and starting to build flight ORU's.
This activity is conducted under a task agreement with SSPO (Space Station Program Office).

NASA-LeRC is also supporting the SSPO under task agreements by testing current Ni-H2 cell technology at Crane and
in-house, and by in-house testing of advanced technology under deveiopment at LeRC. At JSC, cognizance is
maintained of this work.

doysyao gy Ly 2o0dsoray FOFN 661

Support is also provided to the SSPO in the area of developing specs and standards for the baltery systems on the
Russian Segment Modules. This support involves defining the salety requirements for the major battery systems used
on the Russian Segments (Ni-Cd and Ag-Zn batteries); understanding the design of the various systems; developing
verification mechanisms; and determining the safety issues o be resolved.

-ES-

Finally, effort is provided for the design, development, test and evaluation and eventual qualification of GFE batteries for

the numerous ISSA applications. Examples of these are an advanced EMU backpack battery, an advanced helmet light,
and small secondary batteries (Ni-MH, Ag-Zn, Ni-Cd, etc.) for GFE. Work is being performed to investigate new charger

technology for the new chemistries being developed; particularly for smail batteries.
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Advanced Technology Programs

« Evaluation of Performance/Safety of Advanced Chemistries:

e Li-lon e Ni-MH

 Ag-MH * Rechargeable Alkalines
* Li-Polymer * Advanced Ag-Zn

e Small Ni-H2  CPV Ni-H2

doysyao auanpg 2o0dsoidp FCEN FE6L

SBIR Programs in Secondary Battery Technology - Phase {/Phase Il

EIC - Zn-02, Phase | & Phase ||

EIC - Li-Solid State, Phase | & Phase |l

MATS! - Zn-0O2, Phase | & Phase |

Electro Energy, Inc. - Ag-MH, New Phase |

TPL, Inc. - Carbon Electrodes for Li-lon, New Phase |

Past Phase I's - Electrochimica, YTP, Ovonic, Technochem,
Energy innovations

123
o e o o o 0o

Lithium Cell Internal Short Circuit Hazard Control Development
* Lower Shorting Capability, but Keep Reasonable Capacity at C/8 Rate
e Flight Li-BCX Il D Cell with 0.4M Electrolyte with WGL
* Projected Program in Flight Li-BCX Il C & DD Cells with WGL
* Consider Same Approach with Alternate Vendor's Li-SOCI2 Cells

» Evaluation of Advanced Charger Technologies

UOISS24 1DAIUIN)

* Projected NASA-University-Industry Partnerships with Potential Grant Funding
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Advanced Technology Programs:

A major activity of these programs is the evaluation of performance and safety of the various advanced battery
chemistries now becoming available to users. These include those listed in the briefing chart. Mission environmental
simulalions over the rate, temperature and pressure conditions are conducted to cover the extremes of operating
conditions encountered. Also, abuse tests, such as short circuil, over discharge, charging and overcharging, and
extreme temperature exposure, Hazard controls are evaluated for these cells as well.

SBIR programs are listed in the briefing chart. JSC has three active Phase Il programs in place; with two new Phase I
programs about to be initiated. These programs allow the invesligation of new battery innovations which have the
potential of becoming viable commercial products. A major effort should be made by all NASA centers involved in the
SBIR program to make sure resulting activities are shared for the benefit ot all.

Lithium batteries have demonstrated the highest energy density available; however, the hazard potential is also high. A
program to control this hazard is under way at JSC, primarily for the hazard of internal and external short circuit.
Currently, flight C, D, and DD cells of the WGL Li-BCX chemislry are flown with a waiver for the hazard of an internal cell
short, for which there is no positive control. The institution of a 0.4 molarity electrolyte in a Li-BCX D cell has
demonstrated a level of control for this hazard not previously achieved. This electrolyte selection still allows sufficient
performance in capacity to allow its use for the present applications on the Shuttle Orbiter. Final verification of this
design is in progress; future programs will ba directed at the tlight C and DD cells of a Li-BCX I chemistry, as well as at |
alternate Li-LOCI2 cells now under evaluation as aiternate flight cells. Final verification of this control feature would

allow the deletion of the waiver and thus allow greater use of this high energy density cell for flight applications.

As noted earlier, evaluation of new charger technologies is under way, required to a great extent by the special charging
requirements of the various new cell chemistries such as Ni-MH and Li-lon. New pulse charging techniques are also
touted as having performance advantages, and need to be evaluated for potential application. '

Finally, new commercially oriented partnerships are being promoted between NASA, Universities, and Industries.
Space Act Agreements constitute one form of these partnerships; but with no associated funding currently available.
University grant funds may help to make these new agreements viable. Progress will be reported as these programs
develop.
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. Power
Tecanovoay
e ol Dmwision

National Aeronautics and
Space Administration

Lewis Research Cemer

1994 NASA AEROSPACE
BATTERY WORKSHOP

LEWIS RESEARCH CENTER
BATTERY PROGRAM
AN OVERVIEW

MICHELLE MANZO
AND
DR. PATRICIA O'DONNELL
HUNTSVILLE MARRIOT,

HUNTSVILLE, ALABAMA
NOVEMBER 15-17, 1994




P OWER
TECHNOLOGY
DIVISION

Nat eronauﬂcs and AG E N D A

Space Administration

Lewls Research Center
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- LeRC ORGANIZATION

- ADVANCED COMMUNICATIONS TECHNOLOGY SATELLITE (ACTS)
- INTERNATIONAL SPACE STATION ALPHA (ISSA)

- ELECTROCHEMICAL TECHNOLOGY BRANCH

- PARTNERSHIP FOR A NEW GENERATION OF VEHICLES (PNGV)

- ADVANCED IPV NICKEL-HYDROGEN DEVELOPMENT

- LIGHTWEIGHT NICKEL ELECTRODE DEVELOPMENT

- ADVANCED LIGHTWEIGHT CPV NICKEL-HYDROGEN DEVELOPMENT
- METAL HYDRIDE EVALUATION

- BIPOLAR NICKEL-METAL HYDRIDE BATTERY DESIGN

- NASA AEROSPACE FLIGHT BATTERY SYSTEMS PROGRAM
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POWEB
TECHNOLOGY

Natonal Aernectcs and NASA LEWIS RESEARCH CENTER Drvision

Space Administration

Lewis Research Center
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LEWIS RESEARCH CENTER
Ch OFRICE OF MISSION
b SAFETY AND
ASSURANCE
| | ] ]
ADMINISTRATION
EXTERNAL
AERONAUTICS ENGINEERING FLUIGHT SYSTEMS & COMPUTER PROGRANS
DIRECTORATE DIRECTORATE DIRECTORATE SERVICES DIRECTORATE
IIRECTORATE
AEROSPACE TECHNICAL
TECHNOLOGY SERVICES
DIRECTORATE MRECTORATE
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[CIBATTERY POWER SYSTEM PROGRAMS




POWER
TECHNOLOGY
DIVISION

Space Administration

Lewis Researc h Center
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ACTS

-09_

ADVANCED COMMUNICATIONS
TECHNOLOGY SATELLITE
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@ TECHNOLOGY
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Nationat Aeronautics and
Space Administration

Lewis Research Center
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Aovancep CommunicaTIONs TECHNOLOGY SATELLITE
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POWER SYSTEM: MARTIN MARIETTA (GE ASTRO SPACE)
BATTERY KEY PARAMETERS:
» 2 Ni-Cd BATTERIES WITH 19 Ah NAMEPLATE CAPACITY (22 CELLS EACH)
« 50% DEPTH-OF-DISCHARGE MAXIMUM
» MISSION REQUIREMENT 4 YEAR GEO REGIME WITH <400 CYCLES
» RECONDITIONING AVAILABLE
« INDIVIDUAL CELL VOLTAGE MONITORING AVAILABLE
» 4 CHARGE RATES AVAILABLE: C/7, C/20, C/30 C/60
« PLATE MANUFACTURING DATE: 1/90 (+) AND 2/90(-)
« CELLFILL DATE: 8/17/90
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National Aeronautics and
Space Adminisiration

Lewis Research Center
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POWER
TECHNOLOGY
DIVISION

ACTS

LAUNCHED SEPTEMBER ‘93

SUN EARTH ACQUISITION MANEUVER A SUCCESS
THREE ECLIPSE SEASONS

108 CHARGE/DISCHARGE CYCLES

OPERATING AT <50% DOD

TRICKLE CHARGE AT C/60

TEMPERATURE AT <8°C
CELLS REMAIN BALANCED

NO ANOMALIES WITH POWER SYSTEM TO DATE




POW‘ER
TECBNOLOGY
' Dmvision
Natronal Aeronautics and

Space Administrabion

Lewis Research Cenler
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INTERNATIONAL SPACE STATION ALPHA
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Ni/Ho BATTERY and CELL TESTING
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POWER
TECHNOLOGY
DIVISION

Natina eronautics and |SSA GOALS AND PROG RAMS

Space Administration

Lewis Research Center

dolysyio gy Lapng 2o0dsoday VSYN +66T

« INMARCH OF 1986, NICKEL-HYDROGEN (Ni/H2) CELLS WERE CHOSEN AS THE ENERGY
STORAGE SYSTEM FOR ISSA

-vg-

GOALS
- OBTAIN EXPERIENCE IN HANDLING AND TESTING Ni/H2 CELLS

« LEARN THE EFFECTS ON PERFORMANCE DUE TO DESIGN DIFFERENCES
+ PROVE 5-YEAR LIFE CAPABILITY IN A 90-MINUTE LOW-EARTH-ORBIT
+ IMPROVE PROCESS CONTROL AND OPTIMIZE CELL MANUFACTURING PARAMETERS AT

CELL VENDOR LEVEL
« PROGRAMS TO ACCOMPLISH GOALS

+ NON-PRIME
+ LeRC IN-HOUSE Ni/H2 TEST FACILITY IN BLDG. 309
« NitH2 CELL TESTING AT THE NAVAL SURFACE WARFARE CENTER (NSWC) AT

CRANE, IN

« PRIME
« CELL DEVELOPMENT PROGRAM WITH VENDORS
« ENGINEERING MODEL PROOF-OF-CONCEPT TEST AT NASA LeRC/PSF
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POWER
TECHNOLOGY
DIVISION

4

Nahonal Aeronautics and

e omosir - ENERGY STORAGE SUBSYSTEM NifH,

Lewis Research Center

ORU Box
STATION
38 CELLS PER ORU
. TWO ORUs PER BATTERY
P + NOMINAL 95V
T N . SIX BATTERIES PER PV MODULE
- 24 BATTERIES TOTAL AT ASSEMBLY COMPLETE
REQUIREMENT
> . o . ORU INTERFACE ENVELOPE 36"x36"x17"
NN o) . BATTERY ORU ASSEMBLY MASS 349.9 Ibs
Q‘ « N 0 -y . NOMINAL BATTERY CELL CAPACITY B1Ah
X S, 0 38 Cetl Battery , - MEAN TIME BETWEEN REPLACEMENT 5.0 yrs
-\\\\\ \ q- . Q- Conhgurahon . DES'GN LiFE 6.5 yrs
Iy « DESIGN CYCLE LIFE 37,960 cycles
N4 Radiant Fins - STORAGE LIFE 4 yrs
~ +  NOMINAL DEPTH OF DISCHARGE 35%

BATTERY ORU PROVIDES STATION POWER
DURING SOLAR ECLIPSE PERIODS
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National Aeronautics and
Space Administration

L.ewis Research Center
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POWER

IPV NICKEL HYDROGEN CELL TESTING  T’ecawovoay
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S INTERNATIONAL SPACE STATION ALPHA Drvision
Space Administration S U PPORT i
Lewis Research Center
CRANE TESTING IN-HOUSE TESTING
« LEO LIFE TESTS « LEO LIFE TESTS

CHARGE CONTROL INVESTIGATIONS
STORAGE INVESTIGATIONS

-Lg-

» 380 IPV Ni-Hp CELLS TESTED « 391PV Ni-Hp CELLS TESTED

« 65 Ah AND 81 Ah CAPACITY » 50 Ah AND 65 Ah CAPACITY

« 3 COMMERCIAL VENDORS » 3 COMMERCIAL VENDORS

» 109C and -59C TEMPERATURES + 100C AND -50C TEMPERATURES
« 35% AND 60% DEPTH-OF-DISCHARGE  35% DEPTH-OF-DISCHARGE

« 26% AND 31% KOH » 26% AND 31% KOH

« 5 CELL DESIGN VARIATIONS » 13 CELL DESIGN VARIATIONS

» 150 Ah CPV Ni-Ha BATTERY
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POWER
; TECHNOLOGY
Na ronautics and DIVISION

Space Administration

Lewis Research Center
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ELECTROCHEMICAL TECHNOLOGY BRANCH
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POWER
TECHNOLOGY
DIVISION

National Aeronautics and
Space Administration

Lewis Research Center

ELECTROCHEMICAL TECHNOLOGY BRANCH

ROLES

RESEARCH & TECHNOLOGY  DEVELOPING ELECTROCHEMICAL GENERATION AND
DEVELOPMENT STORAGE TECHNOLOGY TO A LEVEL OF READINESS
SUFFICIENT TO ENABLE OR ENHANCE FUTURE MISSIONS

PROGRAM MANAGEMENT  DEVELOPING AND MANAGING THE FOCUSED R&T AND
MISSION ORIENTED PROGRAMS WHICH WILL BRING THE
ELECTROCHEMICAL TECHNOLOGY ADVANCEMENTS TO
FRUITION
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Naton! Aeronauicsand ELECTROCHEMICAL TECHNOLOGY BRANCH

Space Administration

Lewis Research Center

BATTERIES

NICKEL-CADMIUM
NICKEL-METAL HYDRIDE
NICKEL-HYDROGEN
SODIUM-SULPHUR
LITHIUM-POLYMER
LITHIUM-CARBON DIOXIDE

FUEL CELLS

PEM
MOLTEN CARBONATE
SOLID OXIDE

POWER
TE'CHNOLOGY
DIVISION
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NEW GENERATION VEHICLE TECHNOLOGY TecanoLocy

DIVISION

National Aeronautics and

PEAKING POWER STORAGE

Lawis Rasaarch Center
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ISSUES
+ HIGH PEAK POWER
+ LIGHTWEIGHT
CHARGE/DISCHARGE CYCLE LIFE
UTILIZATION OF REGENERATIVE BRAKING {RAPID RECHARGE)
RECYCLABILITY/DISPOSAL
MANUFACTURABILITY/COST

POWER STORAGE SQURCES
BATTERIES
ULTRACAPACITORS

FLY WHEELS
REGENERATIVE FUEL CELLS

APPROACH

» EVALUATE SOA POWER MANAGEMENT DEVICES

+ DESIGN AND DEVELOP LIGHTWEIGHT COMPONENTS

- DEVELOP DESIGN OPTIONS FOR MAXIMUM PERFORMANCE
+ IMPROVE CURRENT EFFICIENCY

+ OPTIMIZE RAPID CHARGE/DISCHARGE PERFORMANCE

+ UTILIZE UNIQUE THERMAL MANAGEMENT SCHEMES

-‘[L-

EVALUATE ADVANCED DESIGNS

INTEGRATE SELECTED DESIGNS INTO EV SYSTEM CONCEPT
STUDY POWER MANAGEMENT INTERFACES (MOTOR/CONTROLLER)
FOCUS ON TECHNOLOGY OPTIONS TO REDUCE COSTS
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POWER

TEecanoLocy
Nationa! Aeronautics and DWISION
Spa‘ce Administration ADVANCED BATTER'ES
Lewis Research Center AUTOMOTIVE APPLICATIONS
INITIAL THRUST

» ADVANCED Ni ELECTRODES FOR Ni-MH BATTERIES
- SPACE ACT AGREEMENT (SAA) WITH USABC
- NASA DEVELOPED HIGH PERFORMANCE LIGHTWEIGHT Ni
ELECTRODES - COSTLY
- TERRESTRIAL ELECTRODES LOW COST - LOW
PERFORMANCE
- PROVIDE OPTIMIZED PERFORMANCE IN 2 YEARS

LONG TERM ACTIVITIES

. PURSUE ADVANCED NaS TECHNOLOGIES
- ~300 W-hr/kg

- Li-SOLID POLYMER
- INCREASED ENERGY DENSITY
- PACKAGING




POWER
@ TECWOLOGY
g DMBION

National Aeronaulics and
Space Admimstration

e Reseen tenet ADVANCED TECHNOLOGY FOR IPV
NICKEL-HYDROGEN FLIGHT CELLS

doysyso gy Sonvy aoodsoisy SN F661

GOAL

IMPROVE CYCLE LIFE AND PERFORMANCE OF NICKEL-HYDROGEN BATTERY

-€L-

OBJECTIVES
» VALIDATE SUPERIOR LEO CYCLE LIFE OF CELLS USING 26% KOH

. VALIDATE NASA LEWIS 125 Ah ADVANCED DESIGN IPV NICKEL-HYDROGEN CELL
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ADVANCED IPV NICKEL HYDROGEN TecunoLocy
National Aetonautics and BATTERY CELL DESIGN Dhivision

Space Administration

Lewis Research Center

doysyioy dianpg so0dsolsy YSYN F66T

" 125 Ah CELL PERFORMANCE )
» INNOVATIVE CELL DESIGN CONCEIVED w O CeLL 2
' AND PATENTED AT NASA LeRC g o CRL3
= s
' + ADVANCED FLIGHT CELLS CYCLED AT 60% é "
DOD, WITH NO CELL FAILURE g -
: -
SIGNIFICANCE: DECREASE IN LIFE | TEEEE IR EEEE
CYCLE COST ~ —

—( CELL FEATURES )= )

*+ 26% KOH - IMPROVES CYCLE LIFE
» SERRATED EDGE SEPARATOR - FACILITATES
GAS MOVEMENT

~ BREAKTHROUGH

Q » FLOATING STACK - ACCOMMODATES NICKEL

g ‘ ELECTRODE EXPANSION

3 lN LE o CYC L LI - CATALYZED WALL WICK IMPROVES THERMAL

8 E FE AND OXYGEN MANAGEMENT

e - A ' - ELECTROLYTE VOLUME TOLERANCE - MAINTAINS

g e e M PROPER STACK ELECTROLYTE

) N _J
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NASA LEWIS ADVANCED DESIGN T ECANOLOGY
N NICKEL HYDROGEN BATTERY TECHNOLOGY 1) IVISION
Lewns Resoarch Center SELECTED FOR EARTH OBSERVING SATELLITE (EOS)

EOS
LAUNCH 199

ADVANCED NICKEL HYDROGEN
SELECTED AS BASELINE FOR
EARTH OBSERVING SATELLITE - EOS

h

~ CELL PERFORMANCE N

GF JBIHAAGE

Nt

END

SELL TSUTAGE

R et re T R BRI ST B SR S
E e WYE YR cEE TE NrF (PeR ZFIE FAY PEE PR3 TR

CYCLE MINBER /

.

+ INNOVATIVE CELL DESIGN CONCEIVED AND

PATENTED AT NASA LEWIS

+ CELL FEATURES A CATALYZED WALL WICK FOR

- IMPROVED OXYGEN MANAGEMENT
- IMPROVED ELEGTROLYTE MANAGEMENT
- IMPROVED THERMAL MANAGEMENT

- CATALYZED WALL WICK FLIGHT CELLS PASS 5 YEAR

MARK AT 60% DOD WITH NO CELL FAILURES
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%’ National Aeronautics and IVISION
= Space Administrati
g : e ADVANCED LIGHTWEIGHT
— Lewis Research Center
S CPV BATTERY
é..

STATE-OF-ART

CPV BATTERY
4 ADVANCED |
3 CPV BATTERY |

Q 5]0 1(.IJD 1I50
FEATURES SPECIFIC ENERGY Whikg

* ADVANCED THERMAL MANAGEMENT
* LIGHTWEIGHT NICKEL ELECTRODE

+ LOW COST DESIGN

* LONG CYCLE LIFE

UOISSIS JDPUID)
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National Aeronautics and
Space Administraton

Lewis Research Center

POWER |
TWHNODOGY
DMSION

CPV NiH, MILESTONES

YEAR

1994 1995 1996 1997

v V¥V

i 4 h 4

50 Wh/kg Testing Advanced  Testing Advanced Cell 100 Whikg

SOA CPV Initiated ~ Component Completed Components CPV Design

Batteries Development Available

Procurred
From Vendors




POWER
TECHNOLOGY
DIVIBION

National Aeronautics and
Space Administration

ouis ressarcnconer LIGHTWEIGHT NICKEL-HYDROGEN CELL

« OBJECTIVE:

doysyaoy lisppg sopdsosdy PSEN FE6]T

- DEVELOP AND DEMONSTRATE A NICKEL ELECTRODE
FOR A NICKEL-HYDROGEN CELL WITH IMPROVED -
SPECIFIC ENERGY AND LIFE

_SL-

- GOAL:
- 100 W-hr/kg (2X SOA), 10 YEAR LIFE IN GEO
. SCOPE:
- LIGHTWEIGHT, LONG-LIVED GEO
+ DEVELOPMENTAL DESIGN EFFORTS
- MOVE INTO FOCUSED PROGRAM IN 94

HOISS3S JDLIUIL)

«+ PLATFORM POWER AND THERMAL MANAGEMENT
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Natignal Aeronautics and
Space Admimstration

Lewis Research Center

- NASA Mission Offices

- Commercial Aerospace Companies
(Communication Satellites)

- Commercial Battery Companies

POWER
TECHNOLOGY

LIGHTWEIGHT NICKElL HYDROGEN CELL Dvision

OBJECTIVE
Develop and demonstrate a nickel electrode for Ni-H2

cell which will increase the specific energy from 50
Whr/kg (SOA) to 100 Whr/kg.

PROGRESS
- Selected lightweight nickel electrode structure
- Utilized pore size engineering
- Increased specific energy
- Verified performance
- Demonstrated 10,000 cycles at 40% DOD

Cycle life

me - -
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0 2000 4000 6000 8000 10000
Number of Cycles

Utilization, %




POWER
TECH.NOLOGY
DIVISION

Naticnal Aeronautics and
Space Administration

Lewis Research Center LlG HTWE'GHT NICKEL'HYDROG EN CELL

dOlSyG 1 NddDG 3o0dSOdY FSEN FE6S

+ APPROACH:
- ELECTRODE FABRICATION AND CHARACTERIZATION

- HALF-CELL ELECTRODE TESTING

-08-

- BOILERPLATE CELL TESTING

- FLIGHT WEIGHT CELL TESTING ‘

- TECHNOLOGY TRANSFER
« FACILITIES: 1

- ELECTRODE PREPARATION, SCREENING, AND CHARACTERIZATION
LABORATORY ‘

UOISS3G 1D4UIL)

- 12 TEST STANDS WITH AUTOMATED DATA ACQUISITION
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5 ‘ K TecanoLocy
; J 10Md nautics and - - - DMSION
o oneutes STATE-OF-THE-ART \
i Lewis Fessarch Gonter NICKEL METAL HYDRIDE
o) BATTERY N
2 10 Ah CELL PERFORMANCE, 0%, DOD
1hg = - e e e s R ‘W
+ ADVANTAGEOUS FOR SMALL GEO SPACECRAFT i "
REQUIRING LESS THAN 1 kW OF POWER 5o
, + IMPROVED VOLUMETRIC AND GRAVIMETRIC § Y \W
do ENERGY DENSITY P l
+ REDUCED BATTERY COST 2
+ CYCLED FOR OVER 3300 CYCLES WITH NO CELL FAILURE T e
( VOLUMETRIC ENERGY ) ( GRAVIMETRIC ENERGY ) RELATIVE COST COMPARISOD
DENSITY COMPARISON DENSITY COMPARISON WITH SOA 1PV AS BASELINE
rlH \ [ -] i ﬁ‘o — —\
Ew S A
gm / .ﬂ'. - E"
R e £l s e » SR
L] — i——"oi’-" e == — » h
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POWER
TECHNOLOGY

i secoaseeot ADVANCED LIGHT WEIGHT, LOW COST Drvision

Space Administration

Lewis Research Center

NICKEL METAL HYDRIDE BATTERY

+ IMPROVE GRAVIMETRIC AND VOLUMETRIC ENERGY DENSITY 50% COMPARED TO
SOA NiMH BATTERIES BY USING LIGHTWEIGHT COMPONENTS

+ IMPROVE CYCLE LIFE BY INCREASING STABILITY OF NEGATIVE ELECTRODE
HYDRIDE MATERIAL

+ REDUCE BATTERY COST FOR COMMERCIAL SATELLITES

GRAVIMETRIC ENERGY ) VOLUMETRIC ENERGY RELATIVE COST COMPARISON
DENSITY COMPARISON DENSITY COMPARISON WITH SOA NIMH AS BASELINE
( ® (0 =0 [ ) ([ 10~ )
- m? ) /’ 0 @Q}@\
[] — vip/ 10 -—G‘V*O
4 4
2 1wl — . . ... R Lo b—)
% B 8
[Ty .
£ 50 g 150 p\\““‘/ §
: s 120 ;J}gf i
o
iol—}"ﬂ/ 110 o
» 20 0 00 », 20 a0 8o [
SOA LIGHTWEIGHT
\_ CARPACITY, Ahrs AN CAPACITY, Ahra ) K
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MNational Aeronaulics and
Space Admunisiration

Lowis Rasoarch Canter

Power
TECI{NOLOGY
DIVIBION

AEROSPACE METAL HYDRIDE CELLS

OBJECTIVE:
» EVALUATE METAL HYDRIDE SOA TECHNOLOGY

APPLICATIONS:
» FUTURE SPACECRAFT AND SCIENCE MISSIONS THAT USE
NICKEL CADMIUM

STATUS/ACCOMPLISHMENTS:
» 6,10 Ah EAGLE PICHER Ni-MH CELLS HAVE BEEN CYCLED FOR OVER
6000 LEO CYCLES (40% DOD, 100C}) WITH NO CELL FAILURE. THE
AVERAGE END OF DISCHARGE VOLTAGE IS 1.144

» 5, 24 Ah Ni-MH CELLS ORDERED FROM GATES HAVE BEEN
DELIVERED TO LeRC

+ 6,10 Ah EAGLE PICHER Ag-MH CELLS HAVE COMPLETED TESTING
AT CRANE

« 21,35 Ah AEROSPACE DESIGN Ni-MH CELLS HAVE BEEN ORDERED
FROM SANYO
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POWER
TECHNOLOGY
DIVIBION

National Aeronautics and
Space Administration

Lewis Research Center BIPOLAR NICKEL-METAL HYDRIDE
BATTERY DEVELOPMENT

GOAL:
+ ADVANCE NICKEL BATTERY TECHNOLOGY TO MEET NASA/CUSTOMER REQUIREMENTS

OBJECTIVE:

« DEVELOP DESIGN FOR FLIGHT-WEIGHT NICKEL METAL HYDRIDE BATTERY
+ DELIVER FLIGHT HARDWARE AS FOLLOW ON

APPROACH:

« INTEGRATE COMPONENT DEVELOPMENT (IN-HOUSE AND CONTRACT) WITH THE BIPOLAR
Ni-MH CONTRACT ‘
+ BIPOLAR Ni-MH CONTRACT (1995 AWARD)
TRADE STUDY
HYDRIDE DEVELOPMENT
BIPOLAR BATTERY DESIGN
FLIGHT HARDWARE (CONTRACT OPTION)

STATUS:
« RFP RELEASE- NOVEMBER
« COMPONENT DEVELOPMENT IS ONGOING



3 Power
3 TECfmowGY |
T Drvision
> National Asronautics and
_a: Space Administration
i Lewis Research Center
= BIPOLAR NICKEL-METAL HYDRIDE MILESTONES
_g
YEAR 1994 19895 1936 1997 1998 1999 2000
do
b
Trade Hardware
Study Doma
CONTRACT A Y \Y4 AV Y \Y \J
Conlract Prelimenary Improved Final Battery
Award Dasqgn Design Design Hargware
COMPONENT
DEVELOPMENT X Y A

Initlate Component Component

Component Improvement Solection

Development
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DNISION

N ics a
Space Administration

Lewis Research Center

dotysyaoy Aiaptog sovdsosdy SN F661

4 NASA AEROSPACE FLIGHT BATTERY
SYSTEMS PROGRAM
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POWER
TECHNOLOGY
DIVISION

National Aeronautics and
Space Administration

Lewis Research Center

PROGRAM OBJECTIVES

doigs Y 3 Lavgy oo0ds0ad) 11N FE6T

ENHANCE CELL/BATTERY SAFETY, PERFORMANCE AND RELIABILITY
OF BATTERIES FOR SPACE POWER SYSTEMS

-Lg-

MAINTAIN CURRENT BATTERY TECHNOLOGY

INCREASE FUNDAMENTAL UNDERSTANDING OF PRIMARY AND
SECONDARY CELLS

PROVIDE A MEANS TO BRING FORTH ADVANCED TECHNOLOGY FOR
FLIGHT USE

ASSIST FLIGHT PROGRAMS IN MINIMIZING BATTERY TECHNOLOGY
RELATED FLIGHT RISKS

ENSURE THAT SAFE, RELIABLE BATTERIES ARE AVAILABLE FOR
NASA’s FUTURE MISSIONS
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Power
TECI‘E\IOLOGY
Nati Aeronautics and DIVISION

Space Administration

Lewis Research Center

APPROACH

doysyio, 1y &uajog 200dso4op FSEN H661

ESTABLISH SPECIFICATIONS, DESIGN AND OPERATIONAL GUIDELINES FOR
PRIMARY AND SECONDARY CELLS AND BATTERIES

-88-

PROVIDE FOR IMPROVED CELL/BATTERY MANUFACTURING PROCESS
CONTROL

OPEN AND MAINTAIN COMMUNICATION LINES WITHIN NASA AND THE
AEROSPACE COMMUNITY

PROVIDE FOR QUALIFICATION OF NEW TECHNOLOGIES - COORDINATE
BATTERY TECHNOLOGY ACTIVITIES BETWEEN CODE X AND CODE Q

INCREASE THE FUNDAMENTAL UNDERSTANDING OF PRIMARY AND
SECONDARY CELLS

IMPLEMENT INDEPENDENT CHECKS AND BALANCES FOR CELL
VERIFICATIONS
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Nationa! Aeronautics and

Space Administration

Lewis Research Center

POWER
TECENOLOGY
DIVISION

NASA AEROSPACE FLIGHT BATTERY
SYSTEMS PROGRAMS

LEWIS RESEARCH CENTER TASKS
NICKEL-HYDROGEN GUIDELINES DOCUMENT
BATTERY DATA BASE
IMPEDANCE NDE
NICKEL-CADMIUM VERIFICATION OF SECONDARY CELLS
NICKEL-HYDROGEN CELL COMPONENT AND DESIGN EVALUATION
NICKEL-HYDROGEN CPV TECHNOLOGY EVALUATION
DEVELOPMENT OF SEPARATOR TEST PROCEDURES
NICKEL METAL-HYDRIDE TECHNOLOGY EVALUATION
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POWER
TECHNOLOGY
DIVISION

National Aeronautics and
Space Administration

Lewis Research Center

SUMMARY

THE LEWIS RESEARCH CENTER BATTERY ACTIVITIES

INTEGRATE TOGETHER TO FORM A PROGRAM THAT

SUPPORTS THE LEWIS RESEARCH CENTER ROLE AS
“CENTER OF EXCELLENCE FOR SPACE POWER”
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MSFC Flight Programs and
Battery-Related Activities

Jeffrey C. Brewer
Marshall Space Flight Center

NASA Aerospace Battery Workshop
Huntsville Marriott, Huntsville, AL
November 15, 1994
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-MSFC thht Programs
= Battery-Related Activites
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m Program Activities Status
m Test Descriptions

m Test Objectives

m Test Results
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MSFC FlzghtPrograms
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s Hubble Space Telescope

sAdvanced X-ray Astrophysics
Facility -- Imaging

mSolid Rocket Booster and
External Tank

-26-




Program Actzvmes Status
s Maintaining extensive testbed

for GSKFC

s Engineering support to GSFC
through experience with
testbed +

dosyiogy Adapng so0dsoiay PSEN FE61
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Hubble Space Telescope

§ 2o0d5013F RN 1661

Test Descriptions
mSix-battery system test

mFlight spare battery test
m Three 4-cell packs test

doysysoy Lo

-S6-

mSix Ni-Cd 4-cell packs test




I

T est Objectlves

mSix-battery system test
m Determine operating characteristics of the
. batteries
| m Investigate on-orbit anomalies
m Test proposed variations prior to
implementation on orbit

mFlight spare battery test

‘ m Flight cell life test
: ® Observe aging characteristics

doysyioy) Saonpg 200dS04F VSN FE6T
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Hubble Space T elescope

Test Objectives

s Three 4-cell packs test

m Similar to six-battery system test, but more
aggressive in its investigations

doysyaoyy Layog soudsoidy ySIN 1661

- =mSix Ni-Cd 4-cell packs test
m Continue life test of original flight-type
Ni-Cd cells




Hubble Space :

T estwResult;
= Six-battery system test

® Nominal performance of batteries
" Value of full EPS testbed proven
immeasurable

m Over 29850 cycles completed
‘mFlight spare battery test

m Nominal performance of battery
m Over 29350 cycles completed

doysyioy Lianog sov0dsotay YSEN F661
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Test Results

m Three 4-cell packs test

» Nominal performance of cells often
through extreme test conditions

doysyao gy Lopoy

= Over 29700, 31500, and 30500 cycles
completed on FSB, TM1, and TM?2 packs,
respectively
mSix Ni-Cd 4-cell packs test
. ® Over 41400 cycles completed

® No failures -- over 40 Ah capacity
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Program Activities Status

mCurrently in PDR

mFlight cell procurement to
begin mid-1995

mLaunch planned for
September 1998
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- Advanced X-ray Astrophysics
- Facility -- Imaging

mFive-cell pack (30 Ah EP
Ni-H:) accelerated mission
simulation test

=EPS breadboard test to begin
in 1995

s Test Descriptions

-101-




Advanced X-ray Astroph
Faczltty -~ Imagmg
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Test Objectives

m Five-cell pack test
m Accelerated life test for flight design cells

s EPS breadboard test

n Evaluate and verify EPS algorithms
® Design evaluation and mission operations

support
n Evaluate battery performance under
mission profile

-¢01-
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Advanced X-ray Astrophysics
Facility -- Imaging

vy soudsota): FSFN 1661
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Test Results

mFive-cell pack test
m Exceptional performance through first half
of mission
m Electrical characterization proceeding well
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Pro gram Actzvmes Status

~ aBST Ag-Zn qualified for SRB
*  Range Safety System (RSS)

n Effort continuing on ET RSS
battery

s OFI/DFI alternate source
qualification proceeding
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Solid Rocket Booster and
External Tank

Test Description

s Three-vendor (BST, EP, YTP)
characterization test

wgf 20dsOLY KN 1661

dulgsyae g Laay
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Test Objectives
mCharacterize capacity vs. wet

+
\
life on RSS-de51gn cells




Solld Rocket Booster and
Extemal T ank
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T est Results
mInitial testing completed

mTest results being delivered to
manufacturers

aNot currently available for
public dissemination

-901-
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Battery-Related Acttvmes

A FSEN 166

s Students for the Exploratlon
and Development of Space
Satellite (SEDSAT)

mCenter Director's
Discretionary Fund (CDDF)

mCode Q Battery Program
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Program Activities Status
= Providing technical expertise

mLaunch scheduled for June
1997

doysyaoqf Lianpg aondsosap FSEN FE6T
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= Baselined Ni1-MH for flight

m EP 10 Ah prismatic cells
m 32 cells from CDDF funding for flight and
characterization
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Test Descriptions

o doudsosap [ SN 1661
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mOne 16-cell EP 10 Ah prismatic
Ni-MH pack (CDDF)
mTwo 16-cell (SAFT & Gates)
7 Ah cylindrical Ni-Cd packs
mSystem breadboard
mTwelve EP 10 Ah prismatic
o Ni-MH cells (CDDF)

-601-
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aNI-MH and Ni-Cd packs

m Characterize electrical performance of
each

m Provide data to aide in flight cell selection

mSystem breadboard test

m EPS characterization and verification

s Twelve EP Ni-MH cells

m Flight cell characterization

doysyaoy deaprog sovdsorsy ySIN FEST
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SEDSAT

Test Results

sEP Ni-MH pack

m Over 6100 cycles completed

sSAFT/Gates Ni-Cd packs
m Over 6200 cycles completed

=System breadboard test

m Not yet started

' Twelve EP Ni-MH cells

m Not yet started

] 2o0d8043 N FE6T
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Program Activities Status
sInvestigating metal hydride

technologies

s Ni-MH -- 48 cells (20 dedicated to
SEDSAT flight battery and spares,
28 for SEDSAT testing)

m Ag-MH -- 8 cells

sCurrently in fourth year of
funding

doysyio Keonpgr 200ds043F FSFN FE6T
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Test Descriptions

mOne 16-cell EP 10 Ah
prismatic NI-MH pack

doysyso,yy Layogy 2o0dsoaay KN F661

(SEDSAT)
s Twelve EP 10 Ah prismatic
Ni-MH cells (SEDSAT) *

Ag-MH cells

uOIS5Ig [D4aU

mEight EP 20 Ah prismatic '
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mEP Ni-MH pack

m Characterize electrical performance
® Provide data to aide in flight cell selection

- mTwelve EP Ni-MH cells
m Flight cell characterization
sEight EP Ag-MH cells
m Cell characterization
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Test Results
:  =EP Ni-MH pack
m Over 6100 cycles completed
- m'Twelve EP Ni-MH cells

® Not yet started

=Eight EP Ag-MH cells

m Not yet started




dovsyiogy Aianpg 200ds043y FSEN F66T

sNASA Aerospace Battery

Workshop
aNi-H. Stress Test Definition

mNi-H: and Ni-Cd DPA
Guidelines Document
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Code Q Battery Program
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Test Description

mNi-H: stress test definition
® Six 5-cell 48 Ah EP Ni-H: packs

doigsyaoy Koo

m Three at 20 ° C -- 40, 50, and 60 % DOD
m Three at 10 ° C -- 50, 60, and 70 % DOD

L1t
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mSupplement existing data
from which a 2-year stress
profile can be defined

mCharacterize i1dentical cells in
likely stress profile range

-811-




CodeQ Battery Program

Test Results
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mTest cells were delivered late

October
mTest cells are in storage at

MSFC
mTest will begin in January

1995
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A RE-EXAMINATION OF THE CAPABILITIES
OF SILVER-OXIDE/ZINC CELLS FOR
POTENTIAL AEROSPACE APPLICATIONS

HARIAN LEWIS. MARK THOMAS, AND WM JOHNSON
NAVAL SURFACE WARFARE CENTER DIVISION, CRANE

ﬂ CRANE INDIANA .7
LD {IISYILE KE\"R.CK‘(_.

0'94

1994 NASA AEROSPACE BATTERY WORKSHOP
HUNTSVILLE. ALABAMA
15 NOVEMBER 1994

1994 NASA Aerospace Battery Workshop -121- Genera ! Session
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RECENT PROBLEMS WITH CYCLE LIFE AND WET-STAND
LIFE FOR DOMESTIC TECHNOLOGY RECHARGEABLE CELLS

CLAIMS OF DR. V. BAGOTZKY OF THE FRUMKIN INSTITUTE
FOR ELECTROCHEMISTRY, OF SUBSTANTIALLY GREATER
LIFETIMES FOR AgO/Zn CELLS, AND THEIR USE IN RUSSIAN
UNMANNED SATELLITES FOR POWER REQUIREMENTS

AVAILABILITY OF CELLS FROM FRUMKIN INSTITUTE FOR
TESTING

RUSSIAN TECHNOLOGY CELLS STATED AS 100 Ahr RATING,
DRY, UNCHARGED (NO OTHER INFORMATION PROVIDED)

DOMESTIC CELLS AVAILABLE WERE 110 Ahr RATING,
HIGH-RATE, DRY, CHARGED
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* EXPERIMENTAL

CELLS WEIGHED, FILLED, AND SUBJECTED TO TOP-OFF
CHARGE (I10A RATE TO 203V DC)

-£Cl-

TWO CONDITIONING CYCLES APPLIED (20A RATE
DISCHARGE TO 120V DC. 10A RATE CHARGE TO 203V DC)

TEST REGIME SELECTED SIMILAR TO THAT FOR ET
(ELECTRONICS) BATTERY CELLS FOR THE SEAL DELIVERY
VEHICLE (SDV) -
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SILVER OXIDE/ZINC CELL CAPABILITIES
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CYCLE LIFE - LOW RATE CELLS: /5 DISCHARGE,
C/10 CHARGE, 5-RUSSIAN, 3-DOMESTIC

- EVERY 10TH CYCLE, A PERFORMANCE DISHCARGE TO 120V DC
(FIRST ON 5TH CYCLE, SECOND, ETC. ON 10TH, 20TH)
REMAINING NINE CYCLE DISCHARGES TO 50% DoD
ALL CHARGES "BALANCED" (TO 203V DC)

1%

- WET LIFE: 3-RUSSIAN, 3-DOMESTIC

- THIRTY DAY STAND-IN-CHARGE STATE PERFORMANCE
DISCHARGE AT C/5 RATE TO 120V DC, 2 HR OPEN CIRCUIT,
BALANCED C/10 CHARGE TO 203V DC.

- MATERIAL ANALYSIS
FOR PLATE CHEMISTRY, ADDITIVES

- DPA ON FAILED CELLS
10 DETERMINE FAILURE MODES

HOISSag [p4aUar)




' SILVER OXIDE/ZINC CELL CAPABILITIES

X
Y4
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* RESULTS AND DISCUSSION

# DESIGN OF RESPECTIVE CELLS

-SCl1-

# ELECTROLYTE COMPOSITION FOR RESPECTIVE CELLS
# MATERIAL ANALYSIS OF RESPECTIVE CELLS
# CYCLE LIFE AND WET-STAND LIFE DATA

~ RUSSIAN CELLS CYCLED AT TWICE THE CURRENT DENSITY
OF DOMESTIC CELLS (84mA/m® vs. 45SmAsm?*) THUS
RUSSIAN CELLS WERE "STRESSED"

HOISSaG [D4dMar)




- TABLE 1
COMPARISON OF RUSSIAN AND DOMESTIC CELLS

B DOMESTIC CELLS RUSSIAN CELLS

U-Wrap Positives U-Wrap Negatives

Negatives use no visible binder Negatives use porous paper and a
PVA binder

| Plates are placed parallel to face of Plates are perpendicular to face of
cell cell

Grid collector on dry charged Wire loop collector on dry uncharged

Positive plates use 2 nylon wick Positive plates use a nylon slip cover
stagger folded sonic weld sealed

Electrolyte uses few/no additives Electrolyte uses ZnO, LiOH, and
Na,B,0, additives

Cellophane separator 1.0mil wood Cellophane separator is 1.5mil cotton
pulp type/silver treated linter type/non-treated

Plates are specially designed for each | Plates are standardized and selected
application for each application (?7)

Cases are specially designed for each | Cases are standardized and selected
application for each application (?)

1994 NASA Aerospace Battery Workshop -126- General Session




COMPOSITION OF RUSSIAN ELECTROLYTE

Potassium Hydroxide 530£10g/1
Zinc Oxide 40+5¢/1

- Lithium Hydroxide 1523¢g/1
Sodium Tetraborate (anhydrous) | 5515g/1

1994 NASA Aerospace Batiery Workshop -127- General Session

|
| TABLE 2




, TABLE 3
CHARGED CATHODE COMPOSITIONS'

AgO Ag,0 | Ag,CO, Ag Hg Cu(ppm)

Domest! 60.72 25.12 4,98 4.43 5.8
| Domest2 | 6327 | 2817 | 425 4.03 5.4
Domest3 | 5836 { 31.83 | 347 4.52 5.3
Ave 6078 | 2837 | 423 4.33 5.5

Russl 46.88 38.86 9.82 3.03 0.08 1.3
Russ?2 61.25 28.13 4.93 2.67 0.11 1.5
Russ3 48.46 35.74 R.73 3.29 0.11 1.2

Avg 52.20 34.24 1.83 3.00 0.10 1.3

~ vAfter top-oftf and two conditioning cycles, composition in percent unless
indicated otherwise

1994 NASH Aerospace Battery Workshop -128- General Session




. TABLE 4 ;
AW CHARGED ANODE COMPOSITIONS

—

Sample ’ Total Zn | Zn0O ZnCO, Hg Aglppm) |
(Domestl | 9454 | 1738 | 188 | 110 | 2023
Domest2 | 93.94 16.76 1.81 1.10 144.5

Domest3 | 9294 | 19.06 2.04 114 | 737
Avg 93.81 17.73 1.91 111 | 1403

Russ] 88.81 23.09 1.54 1.68 13.89

|
Russ? R5.83 24.26 -1.42 1.47 7.83
Russ3 88.95 28.57 1.27 1.72 7.61

Avg 87.86 25.31 1.41 1.62 9.78
~FAfter top-olf and two conditioning cycles, cOmposition in percent unless
indicated otherwise

1994 NASA Aerospace Battery Workshap -129- General Session




PERFORMANCE DISCHARGE COMPARISONS OF 100 AHR CELLS
REPRESENTATIVE OF BOTH DOMESTIC AND FOREIGN
TECHNOLOGY
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PERFORMANCE DISCHARGE COMPARISONS OF 100 AHR CELLS FROM
FOREIGN SOURCES, 100 AHR CELLS FROM DOMESTIC SOURCES,AND
200 AHR DOMESTIC CELLS OF THE SAME VOLUME (ET)
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WETLIFE DISCHARGE COMPARISONS OF 100 AHR CELLS FROM
DOMESTIC SOURCES, AND 200 AHR DOMESTIC, AND 200 AHR
DOMESTIC CELLS OF THE SAME VOLUME (ET)
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# SILVER OXIDE/ZINC RECHARGEABLE TECHNOLOGY APPEARS
CAPABLE OF AT LEAST 200 CYCLES TO 50% DoD

# FOREIGN TECHNOLOGY CELLS ARE PROBABLY CAPABLE OF

GREATER CYCLE LIFE AT CURRENT DENSITIES MORE APPROPRIATE
TO TECHNOLOGY STANDARDS

# SEPARATOR SOURCE/COMPOSITION HAS BEEN SHOWN PREVIOUSLY
TO BE CAPABLE OF A SIGNIFICANT CONTRIBUTION TO CELL LIFE

# ELECTROLYTE COMPOSITION MAY RETARD ZINC SOLUBILITY AND
THUS RESULT IN RETENTION OF ANODE 'SHAPE" AND
REDUCTION OF DENDRITE GROWTH

# DOMESTIC CELLS WERE NOT REPRESENTATIVE OF DOMESTIC
CAPABILITY




Primary Zinc-Air
Batteries

Ron Putt, MATSI
Terrill Atwater, ARL
Bob Bragg, NASA-JSC

MATSI 11/156/94 NASA

994 NAS ' Work =135~
1994 NASA Aerospace Battery Workshop 135 Genera ! Session



OVERALL CELL

Zn+ %0, —>Zn0 1.2V

MATSI 11/15/94 NASA

1994 NASA Aerospace Battery Workshap -136- General Session
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® Excellent Specific Energy
— 300-500 Wh/kg

® Moderate Power
— C/10 - C/100 Rates Preferred

® Safe
— Rate-Limited By Oxygen Transport

® Inexpensive
— Lowest Cost Per Wh In Production

® Low Environmental Impact
— Factory Recycling Will Be Available

MATSI 11/15/94 NASA

x
i
CHARACTERISTICS

1924 NASH derospace Battery Workshop -137-



CELL COMPONENTS

Py F e - o

® Anode

—67.5% Battery-Grade Zinc Powder
— 35 W% Potassium Hydroxide
—0.6% Gellant

® Separator
— EPM Impregnated PVA

@ Cathode

— Two-Layer PTFE-Bonded Gas
Diffusion Electrode

MATSI 11/15/94 NASA

1991 NASA Aerospace Battery Workshop -138- General Session



CATHODE AIR ACCESS HOLES CATHODE
SHEET
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ANODE ANODE COLLAPSABLE GAS CURRENT
TERMINAL FOAM LAYER VENT COLLECTOR

*U.S. PATENT 5,328,778. FOREIGN AND OTHER U.S. PATENTS PENDING.

MATSH 11/15/94 NASA

1994 NASA Aerospace Battery W ‘orkshop -139- General Session




Average Cell Voltage
‘vs. Current Density
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Current Density (mA/cm”2)
MATSI 11/15/94 NASA

1994 NASA Aerospace Battery Workshop -140- General Session




ANODE UTILIZATION

—_—— e T

U =97 +325In (1-i70)

vs. CURRENT DENSITY

100
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50

0 10 20 30 40 50
Currert Density (ma/crm2)
MATSI 11/15/94 NASA

1994 NASH - ' Work -141-
184 Aerospace Battery Workshop 141 Genera ! Session
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M-6 BATTERY CELL

LAYOUT

Y -

——— -,
VIR e

0.5" thick

MATSI 11/15/94 NASA

1994 NASA Aerospace Battery Workshop -143- Genera ! Session



M-6 ALKALINE-AIR™
BATTERY

MATSI 11/15/94 NASA

1994 NASA Aerospace Battery Workshop -144- General Session




CARBON-ZINC “D” CELL
PERFORMANCE
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05 | I Practical limit
o . , is reached at
02 about 180 mA

Cell Voltage

00 0 5 10 15 20 25 30 35 40 4I5
Run Time in Hours
~-60 mA —— 125w ClmEg AT T
MATSI 11/15/94 NASA

1994 NAS Aerospace Baitery Workshop -145- General Session



HEAVY DUTY “D” CELL
PERFORMANCE

s AU Y=

® |
o)
E :
= |
> ; :
8 oo Practical limit
04 is reached at .
about 360 mA Il
0.0 .
0 5 10 15 20 25 30 35 40 45
Run Time in Hours
——125 mA ——250 mA -0—500 ma |
MATSI 11/15/94 NASA

1994 NASA Aerospace Battery Workshop -146- General Session




ALKALINE “D” CELL
PERFORMANCE

-

o \\\ e
g | |
O oz . . . .
> Practical limit
S " is reached at

04 about 1000 mA

02 !- .

oo !

4] 5 10 15§ 20 25 a0 35 A0
Run Time in Hours

MATSI 11/15/94 NASA

1994 NASA Aerospace Battery Workshop -147- Genera ! Session




MATSI “M” CELL
PERFORMANCE

i P

16
14 | -
1.2 et i — i
o *—h-“‘x‘\
D 1.0 . S .
E 0.8 ' ‘
D 05 ‘ ‘Practical limit
VIR S rcached at ‘
| about 3000 mA I
| | | | ’
0.0 : : ! :
0 5 10 15 20 25 . 30 as 40 45
Run Time in Hours
—— 1000 mA -a— 2000 MmA —a— 3000 mA
MATSI 11/15/94 NASA

1994 NASA Aerospace Battery Workshop -148- General Session




Nickel-Hydrogen Design Session

1994 NASH Aerospace Bateery Workshop -149-



A FIRST PRINCIPLES NiH, BATTERY MODEL:

A NEW APPROACH
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1995 NASA BATTERY WORKSHOP
INUNTSVILLE, ALABAMA

-IS1-

NOVEMBER 15, 1994

Paul Timmerman
Jet Propulsion Laboratory / California Institute of Technology

John Weidner
University of S. Carolina / Department ol Chemical Engineering
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OUTLINE

GOALS OF BATTERY MODEL DEVELOPMENT
HISTORY OF FINITE DIFFERENCE BATTERY MODELS
APPROACH

COMPARISONS TO EARLIER APPROACHES
ADVANTAGES OF PLANAR MODEL

DISADVANTAGES OF PLANAR MODEL

RESULTS

PORT TO PERSONAL COMPUTERS

CONCLUSIONS
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GOALS

DEVELOP FIRST PRINCIPLES MODEL FFOR NI-H2 AEROSPACE BATTERY
AVOID UNNECESSARY COMPLEXITY AND COMPUTATION
PROVIDE DETAILED DESCRIPTION OF ALL LIMITING CONDITTONS

ENABLE RAPID CHANGES TO MODEL TO SPEED DEVELOPMENT
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HISTORY OF FINITE DIFFERENCE BATTERY MODELS

FIRST BATTERY MODELS OF LEAD-ACID IN 1970’S (TIEDEMAN AND NEWMAN)

TIHE TYPICAL BATTERY MODEL IN 1980°S

USED NEWMAN’S BANDJ ROUTINE TO SOLVYE POROUS ELECTRODE PROBLEM
TREATED EACII COMPONENT AS A POROUS REGION
FAN AND WHITE ADAPTED TECHNIQULE FOR NICAD CELL MODEL
JPL EXPANSION OF CELL MODEL TO INCLUDE BATTERY FEATURES
IMPROVED ACTIVE MA'l‘ERlAL_'liREA'I‘MIEN'l‘ IN THE 1990°S
SOLVE TRANSPORT THROUGIH THIN FIL.M PROBLEM
REQUIRES ADDITIONAL NUMERICAL SOLUTION FOR FILM TREATMENT
PSEUDO 2-D MODELS SOLVED BOTH POROUS ELECTRODE AND THIN FILM TRANSPORT
MAO AND WHITE: NICKEL HHYDROGEN l)lSCllAR(;;E PERFORMANCE MODEL

DEVIDTS AND WIITE: NICKEL CADMIUM PERFORMANCE MODEL
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PLANAR MODEL APPROACH

ACHIEVE AN ANALYTICAL SOLUTION TO TREATMENT OF FILM
REPLACE NUMERICAL TREATMENTS SUCI AS BANDJ AND PSEUDO2
INCLUDE DIFFUSION OF PROTONS AND CONDUCTION OF ELECTRONS

ANALYTICAL SOLUTION TO FILM PROTON TRANSPORT PROBLEM IS

SMALLER
FASTER
EASIER TO MODIFY

IGNORES POROUS ELECTRODE CONTRIBUTIONS - IONIC TRANSPORT

LW. WEIDNER AND P.J. TIMMERMAN, JECS VOL. 141, NO. 2, FEBRUARY 1994,




POROUS ELECTRODE MODEL SCHEMATIC

Nicke! Hydrogen
Electrode Separator Elecirode
rd
v

e

Center of the BElectrode

Mickel
Sunsirate

Acuve
Material

Eiecirolyte

Nickel /

Substrate

Aclive
Matenal

Electrolyte

1) MAQO-Z, DEVIDTS-P, WHITE-RE, NEWMAN-J, THEORETICAL ANALYSIS
OF THE DISCHARGE PERFORMANCE OF A NIOOH/H-2 CELL, JOURNAL OF
THE ELECTROCHEMICAL SOCIETY, VOL: 141 (1):54-63(1994)

1994 NASA Aerospace Battery Workshop -156- Nickel-Hydrogen Design Session
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Nickel-Hydrogen Design Session
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COMPARISONS: TRANSPORT

PSEUDO-TWO DIMENSIONAL MODEIL

doysyoyy liagpog oo0dsoLsy ySEN P61

PROTON TRANSPORT IN X- DIMENSION IS NEGLECTED

-861-

LIQUID PHASE TRANSPORT IN Y-DIMENSION NEGLECTED
PLANAR ELECTRODE MODEL

POROUS ELECTRODE STRUCTURE NEGLECTED

OHMS LAW IN SUBSTRATE IGNORED

OHMS LAW IN SOLUTION IGNORED

uoyssag uBtsaq uaBolpAr-1oyo1N




DISADVANTAGES

LACK OF POROUS ELECTRODE TREATMENT IS LARGEST EFFECT
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ANALYTICAL SOLUTION FOR LIQUID PIIASE MAY ALSO BE DEVELOPED

-651-

HIGH CURRENT RATES MAY SHOW SLIGHTLY LESS OVER-POTENTIALS

NICKEL SUBSTRATE CONDUCTION IS NOT INCLUDED
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ADVANTAGES OF PLANAR MODEL

FASTER EXECUTION

doysyio Aeapwg aopdsotay YSEN H661

SMALLER MEMORY REQUIREMENTS

-091-

EASIER TO CHANGE FUNDAMENTAL EQUATIONS

EASIER TO WRITE BATTERY MODEL AROUND

NEW MODELS CAN BE BUILT CHEAPER, FASTER, BETTER

uoissag udisa(] usBodpArr-1ayorN




Planar Mode! Discharec: Three Rates

e
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State-of-Charge
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1994 NASA Aerospace Battery Workshop -162- Nickel-Hydrogen Design Session
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Cell Voltage
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Planar Model Charge: Three Rates
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COMPARISON OF FOUR MODELS

PROGRAM OPTIM EXECUT CPU MEMORY NUMBER OF  TIME PER
NAME LEVEL,  SIZE TIME N VAD ITERATIONS ITERATIONS
nicad_0d IFAST 114 kb 7.07 sec n/a 387 18.3 mSec
nicad_0d NONLE 181 kb 8.71 sec 94.1 kb 387 22.5 mSec
nicad_1d FAST 271 kb 38.9 sec n/a 339 115 mSec
nicad_1d NONIE 752 kb 275 sec 437.4 kb 339 811 mSece
nih2_0d FAST 128 kb 9.9 sec na 501 19.4 mSec
nih2_0d NONE 220 kb 10.2 sec 107.5 kby 501 20.3 mSec
nih2_2d FFAST 389 kb 37.5 sec n/a 269 139 mSec
nih2_2d NONE 506 kb 105 sec 369.9 269 390 mSec
Notes: 1.} Comparisons were made for a simple C/2 discharge at 200C.

2.)  They were performed on a Sun Microsystems SPARCstation Model 10.
3.) 77 Compiler vers 2.0 and Optimization Flags (-cg92 -fast -04).
4.)  Memory size not available in optimized case.
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CONCLUSIONS

NEW, PROMISING METHOD O BATTERY MODELING DEMONSTRATED
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THE FUTURE

PLANAR CELL MODELS OF NI-CD, NIH2, NI-MH ARE BEING DEVELOPED
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Progress Towards Computer Simulation of NiH,
Battery Performance Over Life

Albert H Zimmermanarnd MV Quinzio

Elccironics Technolooy Center

The Aerospace Corporation

E! Scuounda, California 90245
The long-term perfor ca'c!c attery cells has trac‘i:iona!!y been verified
through lite-testing, a procedure that generally reg nres sigrnificant commitments of funding and test
resources  In the situation of nicke! h-.-droh-- attery cells, which have th capability of providing
Ferce : ; yorp g
extremealy lony cxc life, the time and cost required to conduct even accelerated testing has become

&)
3
l’)

a scrious impe 110 ransiiioning techn o|n.gj.‘ improvements into spacecrafl applications. The
utilization of computer simuiations to indicate the c!:mgcs in performance o 'oc expected in response
to desien or operating c‘ anees in nicke! hvdrogen celis s zl.y.c‘”o a pan !_v tractive tool in
advanced battery development, as well as for verifing performance in dn”:’cren: applications
Computer-based simulutions of the leng-term performance of rechargeable bauery cells have
typically have very fimited success in the past There are 2 number of reasons for the lack in progress

in this area F..st, and prohazbly mest imponant, all battery cells are relatively complex
electrochemical systems, in which performance Is dictated by a large number of interacting physical
and chemical processes While the co:*-r“ N :a!( reisa 5]”".(1(_‘ nt part of the pro bI T, I many
instances the fundamental chemical and physical processes underlying 1on"--crﬂ1 d(.g acation and its
effects on performance hase not even been undersiood SL\.on’*_ while specific chemical and physical
changes within celt components have been as:soc:a:-,d with degradation, there has becn ro generalized
simulation architecture that enables the chemical and physical structure (and changes therein) to be
transtated into cell pcrt’ormancc For the nickel hrdregen battery cell, our knowledge of the
underlying reactions that control the performance of this cell has progressed to where it clearly 1s
possible to model them  The recent development of a relatively generalized cell modeling approach’
provides a framework for translating the chemical and physical structure of the compenents inside
a cell into its performance characteristics over its entire cvcle life . This report describes our approach
to this task in terms of defining those processes deemed critical in controlling performance over life,
and the model architecture required to translare the fundamental cell processes into performance

profiles.

Model Architecture

The general architecture for the modeling method employed here has been described in detall
in Refs 1 and 2 This modeling approach breaks a nicke! hydrogen cell into a number of finite
elements that encompass all internal cell components and materials * These include gas spaces, wall
wicks, nicke! electrodes, separators, and hydroven electrodes  The reagents that move through these
components are electrolvte, hydrogen gas, and oxygen gas  These materials move throughout the
cell under the combined forces of migration, convection, capillary pressure, and diffusion.

The performance of the nickel electrode, which typically limits cell life, is critical in defining
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performance over life. The nickel electrode model used here is based on the finite element model
described in Ref. 1. This model describes the active material in the nickel electrode as a porous
deposit within pores of a given diameter in a nickel metal substrate. Charge transport is allowed by
movement of holes and protons in the solid active material grains, and movement of ions in the
electrolyte. The charge transfer processes considered at the interface between the active material
grains and the electrolyte include oxidation of B-Ni(OH),, oxidation and reduction of B-NiOOH,
reduction of v-N1OOH, oxidation and thermal decomposition of «-Ni(OH),, oxygen evolution from
both B-NiOOH and v-NiOOH, and the reaction of hydrogen gas with the charged materials. At the
interface between the sintered nickel substrate and the active matertal, corrosion of nickel is allowed,
as well as catalytic oxidation of hydrogen gas and catalytic reduction of oxygen gas.

Models that have been previously utilized to describe the nickel electrode"? are based on a
one dimensional layer of active material placed in contact with a substrate surface. While this is
clearly an excellent local description of the physical structure of the nickel electrode, as indicated in
Fig. 1 there is a wide distribution of layer thicknesses and substrate structures occurring in real nickel
electrodes. We have found that there are significant performance differences between the results from
model simulations for the realistic structure of Fig. 1 and the simplistic one-dimensional approach
that has been used in the past. As indicated in Fig. 2, a model based on the 3-dimensional structure
cross-sectioned in Fig.1 provides much more realistic charge behavior, particularly chargg efficiency
as the fully charged state is approached, than does the idealized one-dimensional model. Thus, a key
aspect of simulating performance over life is to include in the simulation the real structure of the sinter
substrate, as well as all other cell components. It is not realistic to expect a model to be capable of
predicting performance over life without also providing that model a complete description of the
internal structure of all cell components. Thus, a three-dimensional model of the pores within the
nickel electrode will be used in this study. The structure of these pores will be measured from actual
nickel electrodes of the same type as those being simulated in the operating cells.

Degradation Modes

The modet described in the above paragraphs has been demonstrated"** to be capable of
accurately predicting cell performance for any specific structures within the nickel electrodes or the
nickel hydrogen cell. Thus, the remaining task in simulating performance over life is to predict how
the chemical and physical structure of the internal cell components change over life. The degradation
modes that will be focussed on in this study involve the nickel electrode and are: (1) substrate
corrosion, (2) active material phase changes, (3) substrate swelling, (4) active material extrusion, (5)
electrode cracking, and (6) short-circuiting through the separator. The rate of each of these
degradation processes will be based on the underlying driving forces for the processes, such as
voltage, density changes, pressure differentials, and chemical gradients.

Substrate corrosion is assumed to be occurring on a passivated nickel surface, on which the
rate of corrosion is linearly dependent on the voltage. In addition it is assuned that the volume
changes from oxidation and reduction of the oxides on the nickel surface will periodically fracture the
passivation layer. Thus, corrosion will occur over the surface area of the sintered substrate at a rate
proportional to the active material voltage at the interface with the substrate, and also at an additional
rate proportional to the changes in density of the active material immediately adjacent to the metal
surface. In this model, the layer of active material immediately adjacent to the sinter is about 100
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Angstroms thick. Sinter corrosion will decrease substrate area, increase active material density near
the substrate, decrease cobalt additive levels near the substrate. increase eleciroivte concentration,
and increase cell hydrogen pressure  The increase in active material from corrosion can, in some
instances, cause increased capacity to be available in the nickel electrode  The model described
above will be used 1o determine the combined effect of all these charges on performance when a
realistic three-dimensional sintered sireciure is used

Phase chanzes in the nickel electrode active materizl will occur during the simulation process
in response to gradients that develop in electrolvte concentration, temperature, and potentizl through
the cell. The electrochemizal reactions discussed above and programmed into the nickel electrode
simulation module will assure that the different phases will interconvert duning ¢veling in the manner
expected in a real battery cell

Nickel elecirode swelting will be allowed to occur at a rate based on the difference between
the positive and negative forces normal to the elecirode surface. Forces that drive swe ling are
expansion of active material Jurng discharge or phase chanzes, and electrolvie hydrodvnamic forces,
and uas pressure differentiais The swelling of the electrode structure will be based on the m:gm'ude
of these Forc'*s that are calculated by the model calong with the mechanical strength preperties of the
electrode itself  Swelling within each element of the electirode will be assumed 1o occur via a
homogenous expansion of the three-dimensiona! structure of the sinter,

Active material exirusion will be driven by essentizllv the szme forces as nicke! electrode
swelling, but is based on the elasticity of he acuve material Additonally, the ".\'c materiz! will be
allowed to extrude not only from one element into another within the nickel electrode, butinio the
separator as wall  Extrusion of active material into ard through the separatm can produce short
circuit paths, with the short circuit current 'o’: q dc;*cncc':t on the rezistivity of the active material
In a properly constructed nicke! hvdrogen cell. such short circuits are probzbly the ultimate failure
mode, since they can cause the cell state of charge to drop below that ne aded 1o sustain cveling. The
physical extrusion of active material from the siniered substrate will result in 2 decrease in available
active material for charge discharze eveling

Cracking of nicke! electrodes can occur as a result of swelling if the sintered structure if
forced past its yield point, or if corrosion etches away interconnecting metal. For this approach to
effectively model cell capacity loss due to eracking of the sinter structure, the cumulative deformation
forces in the sinter structure relative to the force needed to cause separation of the sinter must be
modeled. The plan at present is to track these forces as the sinter structure is allowed to swell, and
to adjust the conductivity paths to reflect separation of the conductive matrix.  Cracking of the
conductive matrix will force more current to be carried through the active materizl, thus will result
in earlter depletion and lower utilization

Present Degradation Model Status

The present life cycle degradation model consists first of a three dimensional cell model, that
includes a three dimensional microscopic mode! of the nickel electrode. The nickel electrode model,
which is most critical to modeling the performance of the nickel hydrogen cell, can track the
formation of different active material phases throuzh the cell stack (or s:acks) the charee efficiency,
the self-discharae, and the voltage vs. capacity behavior during cyeling if it has the physical and
chemical state of the imernal cell compenenis well defined. The second part of this life cycle model
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defines how the physical and chemical state of the internal cell components are to be adjusted as the
cells cycles. This portion of the model is now under development, with the adjustments in sinter
structure due to corrosion having been put into a preliminary simulation model. This preliminary
model is gonsistent with about 40% corrosion of a typical sinter structure after 40,000 LEO cycles
at 80% depth of discharge. The various degradation modes discussed above are each being
developed as individual modules that are capable of making small adjustments to the state of the cell
components after each cyclic interval, :

The computational approach used here for simulating a nickel hydrogen cell life test is to
utilize two work-stations. These networked work-stations will be programmed to run a celt model
through a life test, periodically calculating updated cell performance and stress forces. The stress
forces are used to adjust the physical and chemical state of the cell components, with these
adjustments being typically 0.1 to 1% over a cyclic interval. Cyclic intervals would vary according
to the rate of change of cell performance parameters. Early in the cycling the computers will update
cell performance every few cycles, while after thousands of cycles, 10-100 cycles may be allowed to
elapse between computational updates. When the cell begins to fail after extensive cycling,
computational updates will again be performed relatively frequently. This approach is expected to
give a fuil life test in about 1 month of time using a two-processor approach, assuming that individual
cycles can be run at about a real time rate (as suggested in preliminary calculations).

Conclusions

An approach to simulating a life test of a nickel hydrogen battery cell in a computer system
has been outlined. This approach is based on two key elements. The first of these is a model of the
nickel hydrogen cell that can very accurately predict performance from a detailed knowledge of the
physical and chemical states of the internal cell components. This first element is now largely
developed and ready to integrate into a life test simulation. The second key element is a degradation
model that utilizes internal stresses and forces that are obtained from the dynamic cycling of the cell
model, to periodically adjust the physical and chemical state of the cell components to reflect the key
degradation processes. While at present the second part of this effort is not fully developed, we are
confident that this general simulation approach can successfully be used to follow and predict the
performance of battery cells during their operational life. We anticipate applications of this approach
to the characterization and validation of design advances, the design of power systems, and the
operational management of nickel hydrogen batteries in spacecraft power systems.
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LONG LIFE 80Ah STANDARD IPV NiH2Z BATTERY CELL

J. D. Armantrout and J. S. Waller
Lockheed Missiles & Space Company, Inc.
1111 Lockheed Way
Sunnyvale, CA 94089

SUMMARY

A standard Nickel-Hydrogen (NiH2) Individual Pressure Vessel (IPV) battery cell is needed to
meet future low cost, high performance mission requirements for NASA, military, and civil space
programs. A common or standard cell design has evolved from the heritage of HST, Milstar and
other Air Force Mantech cell designs with substantial flight experience, while incorporating some
of the historical COMSAT cell design features described in Reference (1), Key features include
slurry process nicke! electrodes having high strength, long life and high yield (lower cost), and
dual layer Zircar separators for improved KOH retention, uniformity and longer life. The cell
design will have a zirconium oxide wall wick inside the pressure vessel to redistribute electrolyte
and extend life. The slurry electrode will be 35 mils thick to take advantage of qualified cell
mechanical configurations and proven assembly and activation techniques developed by Eagle
Picher Industries (EPI) for the Hubble Space Telescope (HST) RNH-90-3 and “Generic HST”
RNH-90-5 cell designs with back-to-back nicke! electrodes produced by the dry sinter process.
The 80Ah common cell design can be scaled to meet capacity requirements from 60Ah to 100Ah.
Producibility, commonality and long life performance will be enhanced with the robust cell design
described herein.

BACKGROUND

The battery cell technology flow shown in Figure 1 summarizes evolution of various battery cell
designs at LMSC beginning with the Air Force NiH2 Flight Experiment. This led to development
of the RNH-76-3 cell design by EPI. Back-to-back truncated disk slurry aqueous (Bell) process
nickel electrodes developed in the 1970s by COMSAT were combined with asbestos separator
material for the RNH-76-3 cell design. Back-to-back pinecapple slice dry sinter aqueous (Bell)
process nickel electrodes were later developed in the 1980s by EPI for HST and Milstar battery
applications. These applications utilize Zircar separators in conjunction with cell stack design
concepts developed by Hughes Aircraft Corporation and the Air Force, which were later qualified
for the HST RNH-90-3, “Generic HST™ RNH-90-5 and Milstar RNH-76-11 Mantech cells.
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Performance advantages of the Mantech cell type used by LMSC include lower cell impedance
from use of Zircar material in place of asbestos separator used for the COMSAT cell, greater yield
in cell build due to decreased sensitivity to electrolyte quantity, and greater energy density due to
the high porosity (84%) dry sinter plaque. The COMSAT cell design, using slurry 80% porosity
plaque with improved strength properties, has improved plate yield (lower cost) versus the dry
sinter plaque cell design. A desire to combine the best characteristics of the COMSAT and
Mantech cell configurations has led to the common cell design described herein.

GENERAL CELL DESCRIPTION

The standard cell design described herein has been designated an RNH-90-9 cell by EPI based on
similarity to the RNH-90-5 cell design. The design builds upon heritage of HST, Milstar and other
Air Force Mantech cell designs with substantial flight experience, while incorporating some of the
historical COMSAT cell design features described in Reference (1). The 80Ah NiH2 battery cell
will have 48 slurry process nickel electrodes contained in 2 9.0 inch long pressure vessel with a
0.030 inch nominal wall thickness. Key features include slurry process nickel electrodes with 80%
porosity for high strength, long life and high yield (lower cost), and dual layer Zircar separators
for improved KOH retention, uniformity and longer life. The electrolyte concentration will be 31%
KOH in the discharged state for improved low temperature discharge voltage performance. The
cell design will have a zrconium oxide wall wick inside the pressure vessel to redestribute
electrolyte and extend life. While LMSC has chosen a 48-electrode version of the common cell to
avoid mechanical requalification, this design could be easily scaled to meet capacity requirements
from 60Ah to 100Ah. The slurry electrodes will be 35 mils thick to take advantage of qualified
Mantech cell mechanical configurations, and proven assembly and activation techniques identified
in Reference (2) for the HST RNH-90-3 cell design with back-to-back nickel electrodes produced
by the dr;r sinter process. The common cell design will have 5/16 inch terminals and four electrode
tab thicknesses of S, 7, 9 and 11 mils for lower cell impedance at discharge rates greater than 40A.
The cell will weigh approximately 2072g and have a rating of 80Ah at a 40A (C/2) discharge rate to
1.10V/cell (24.2V/Battery) following a standard charge at 0°C. Nickel precharge in the range from
15% to 20% should result in 2 maximum expected operating pressure (MEOP) of 1075 psi at
beginning of life (BOL) for this cell design. It has been demonstrated that pressure vessels made
with 0.030 inch base Inconel 718 material provide a nominal safety margin of 3X for an MEOP of
1100 psi on RNH-76-3 cells.
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The common cell is not optimized for minimum weight for BOL capacity performance, however,
in theory, stronger plate material should have longer life under similar operating conditions. This
would allow greater DOD operation for the common cell in both geosynchronous and low earth
orbit (LEO) applications which should minimize or eliminate the weight penalty. Test data
summarized in Reference (3) show operational performance characteristics over the temperature
range from -10°C to +20°C for the RNH-90-5 cell design with back-to-back nickel electrodes
produced By the dry sinter process. The common cell, designated as RNH-90-9, should have
similar electrical performance characteristics as the “Generic HST™ RNH-90-5 cell design. The cell
would have a rating of 80Ah at a 40A (C/2) discharge rate to 1.10V/cell (24.2V/battery) following
a standard charge at 0°C. Testing of the RNH-90-5 cell was accomplished to identify usefulness of
the common cell in a generic LEO application. This short term testing identified advantages over
the COMSAT cell type which the common cell will replace. Other predicted performance and
operating characteristics of the cell are discussed in the following section.

PERFORMANCE PREDICTION

The electrical and thermal performance of an RNH-90-5 cell similar to that used on HST was
initially characterized over a matrix of operating conditions from -10°Cto +20°C. Testing included
standard capacity tests and electrical cycling using 12-hour cycling regimens incorporating constant
DOD cycles with step changes in the cell current at three points in the discharge as described in
Reference (3). Subsequently, cycling was performed to characterize cell voltage under both
constant charge/constant discharge conditions required for a LEO operating environment at +10°C.
Four discharge rates (40A, 55A, 75A and 90A) were used in a cyclic scheme which subjected cells
to a constant 44 percent DOD each cycle. Because of the relatively high charge rate (38A) required
to maintain energy balance for the LEO test, it was necessary to raise the voltage/temperature (V/T)
charge termination leve! to 1.54V/cell (33.9V/battery) to achieve stabilization during the test. Post
+10°C capacity testing shows a usable capacity of 70Ah for a recharge ratio of 1.02 to 1.20V/cell
(26.4V/battery) at a 40A (C/2) discharge rate. V/T optimization should allow for a greater usable
capacity. The discharge scheme for the four distinct cycles was as follows:
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Cycle A: 40A for 13.3 min., 75A for 7.1 min.
55A for 9.7 min., 90A for 5.9 min.

Cycle B: S5A for 9.7 min., 90A for 5.9 min.
40A for 13.3 min., 75A for 7.1 min.

Cycle C: 90A for 5.9 min., 40A for 13.3 min.
75A for 7.1 min., 55A for 9.7 min.

Cycle D 75A for 7.1 min., 55A for 9.7 min.
S0A for 5.9 min., 40A for 13.3 min.

Cycles were performed in the order A,B,C,D,A,B,C,D etc. Cycling was repeated until “stability”
was reached. Stability is reached when time to charge off for consecutive cycles does not differ by
more than 4 minutes and the discharge voltage is stable. Data shown in Attachment 1 summarize
test results obtained at the four discharge rates for these operating conditions. These data
demonstrate capability of the “Generic HST” RNH-90-5 cell design to operate at a maximum DOD
of 44% and meet a peak 80A load for a 22-cell battery over a voltage range from 26.4V to 33.9V
at +10°C. It is expected that the standard 80Ah NiH2 battery cell described herein will have similar
electrical performance characteristics as the “Generic HST” RNH-90-5 cell.
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(1) RNH-90-5 Characterization Tests Conducted By Eagle Picher Industries
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RNH—-90—-5
Characterization Tests
10°C Cycle A
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RNH—90—-5
Characterization Tests

10°C Cycle B
Discharge #11 (V/T 10)
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RNH—-90-5
Characterization Tests

10°C Cycle C
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Characterization Tests
10°C Cycle D
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LMSC NIH2 BATTERY DESIGN APPLICATIONS ?&&%

PROGRAM* CELLTYPE POSITIVE SEPARATOR TERMINAL

A AF(76AH) DRY SINTER ZIRCAR AXIAL

B AF(80AH) DRY SINTER ZIRCAR RABBIT
C AF(88AH) DRY SINTER ZIRCAR RABBIT
D COMSAT(83AH) SLURRY ASBESTOS RABBIT
E AF(40AH) SLURRY ZIRCAR RABBIT
F COMSAT(90AH) SLURRY ASBESTOS RABBIT

*EXCLUDES AF FLIGHT EXPERIMENT NIH2 BATTERY
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PRESENT COMSAT ARCHITECTURE =

« COMSAT NiH2 CELL ARCHITECTURE SELECTED OVER AIR
FORCE (AF) CELL DESIGN IN 1986 DUE TO ACCELERATED
GROUND TEST DATA FROM 1970’S AND GEOSYNCHRONOUS
EARTH ORBIT (GEO) FLIGHT EXPERIENCE IN THE 1980’S

- MORE THAN 50,000 LOW EARTH ORBIT (LEO) CYCLES
COMPLETED AT 30% DEPTH-OF-DISCHARGE (DOD)
ON RNH-30-1 COMSAT CELL DESIGN

- SIXINTELSAT V COMMERCIAL SATELLITES LAUNCHED
BETWEEN 1983 AND 1985 WITH RNH-30-1 BATTERY
CELLS OPERATED AT 60% DOD

« TRUNCATED DISK ELECTRODE STACK COMPONENTS WITH
TEFLONATED CELL CASE USED IN COMSAT BACK-TO-BACK
CELL DESIGN WITH WET SLURRY PLAQUE SINTERING
PROCESS AND ASBESTOS SEPARATOR FOR RNH-76-3 CELL



USAF/MANTECH ARCHITECTURE ==‘7=;A\Pf"

 HUGHES AIRCRAFT COMPANY (HAC) BEGAN DEVELOPMENT
OF NIH2 CELLS FOR LEO APPLICATIONS AT SAME TIME AS
COMSAT/INTELSAT DEVELOPMENT EFFORT [N 1970’S
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- AF NIH2 FLIGHT EXPERIMENT LAUNCHED IN 1977

« USAF MANTECH CELL DEVELOPMENT STARTED IN 1981 AT
YARDNEY USING COMSAT AND AF DESIGN TECHNOLOGY

-§0¢-

» EAGLE-PICHER INDUSTRIES (EPl) MANTECH CELL DESIGN
COMBINED TECHNOLOGY FROM COMSAT AND USAF
MANTECH DESIGNS FOR MILSTAR AND HST BATTERY CELLS

« ELECTRODE STACK COMPONENTS (PINEAPPLE-SLICE
CONFIGURATION) USED IN AF BACK-TO-BACK CELL DESIGN
WITH DRY SINTER AQUEOUS PROCESS AND ZIRCAR
SEPARATOR MATERIAL FOR “GENERIC HST” RNH-90-5 CELL
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- SHARED DEVELOPMENT AND PROCUREMENT WILL REDUCE
COST AND RISK FOR 80Ah RNH-90-9 CELL DESIGN

« LMSC WILL USE/PROPOSE ON ALL CURRENT HI-POWER
NASA AND MILITARY NiH2 BATTERY APPLICATIONS
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« STANDARD BATTERY CELL DESIGN FEATURES INCLUDE:

-90¢-

- SLURRY NICKEL ELECTRODES FOR LONG LIFE AND
HIGH YIELD (LOWER COST) BASED ON FLIGHT PROVEN
DESIGNS DEVELOPED OVER LAST 20 YEARS

LMSC NiH2 COMMON CELL SUMMARY ‘?XP
- DUAL LAYER ZIRCAR SEPARATORS FOR IMPROVED
KOH RETENTION, UNIFORMITY AND LONGER LIFE ;
- ZIRCONIUM OXIDE WALL WICK TO REDISTRIBUTE
ELECTROLYTE AND EXTEND LIFE PERFORMANCE
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POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS

POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS
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POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS

INTRODUCTION: |

SINCE 1965, SAFT HAS USED POLYAMID SEPARATORS IN ITS NiCd AND NiH2 CELLS.

CYCLABILITY OF THIS SEPARATOR IS PROVEN.

OBJECTIVES OF THE STUDY :

—» CLEARLY IDENTIFY MODIFICATIONS OF THE SEPARATOR DURING CYCLING.

—» SHOW THAT THEY HAVE NO IMPACT ON THE CELL CYCLABILITY.

CONTENT :
—» COMPARISON BETWEEN NEW AND AGED SEPARATORS (FROM CELLS
WHICH HAVE BEEN CYCLED).
—m COMPARISON BETWEEN SEPARATORS LOCATED IN CONTACT WITH
POSITIVE OR NEGATIVE ELECTRODES IN THE CELL.
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POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS
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[“MESEPARATOR/CHARACTERISTICS |

1.1 -CHEMICAL: FTR3

FELT : NON WOVENTISSUE — —» MIXTURE OF POLYAMID 6-6 (NYLON 6-6)
AND POLYAMID 6

-clc-

POLYAMID 6-6 —~[— FIN—(C L y— NH— —(C ), gclﬁ];—

| l
0O 0

1.2 - DIMENSIONNAL :

SPECIFICATION : 0.14 + 0.03 mm {LHOMARGY : micrometer)

E POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS
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POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS
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POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS

FAILED CELLS FROM TWO CYCLING TESTS WERE USED TO PERFORM THIS STUDY.

2.1-TESTS PERFORMED

PARTS OF THESE RESULTS HAVE BEEN PRESENTED LAST YEAR BY Y.BORTHOMIEU AND D.DUQUESNE
GEO
- VHS50BL CYCLING : 20 PERIODS PERFORMED IN ACCELERATED CONDITIONS (T=10"C)
Demonstrate the GEQ life cycle with a constant DOD profile (70 %) for 18 GEO seasons

Between season 19th and 20 th : GEO cycle with real 70 % DOD
Reconditionning after each season

LEO

- HRN42 CYCLING BEGUN IN 1985 : 38,000 CYCLES PERFORMED (T=10"C, DOD=40 %) ; TEST still running

Test the suitability of HRN design (electrochemistry) for LEQO missions
Compare taper versus cut-off charge management
Test in horizontal position
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SAFT POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS

FIH25TYPE.OF CYCLING '3+ |
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2-2 DPA RESULTS

N
w T ; MI ~ Numberof}
| Cell Type | CYCLING | TEST ‘ Cycles Reason of Removal
l | Performer  completed |
VHS50BL i GEO AE/SP 20 $easons; EQOD Voltage below 1V
n°g i ILow EQDV since the beginning of
i ‘cycling

=
)
x HRN42 LEO ESA 31629 Short circuit
= n°s
&
¥
5
5) _ SN _ - -
§.

DPA QObservations

‘Ageing of electrochemical com ponenls

- drying negative electrode
{due to acceptance tesl deviation :
:H2 leakage on test equipment

No critical ageing of the separator
i
Short due to the positive swelling :

Old design limitation :
no posilive expansion
accommodation system
No critical ageing of the separator :




POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS
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3.1 - SIZE

“91Z-

3.1.1 - THICKNESS

3.1.2 - SURFACIC DENSITY

3.1.3 - APPARENT DENSITY

3.1.4 - CONCLUSION
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| SAFT | POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS

3 SEPABf\TOR CHARACTERlZATlON
B R SIZE% i e

3.1.1.- THICKNESS

LHOMARGY MI 20 (efectrical micrometer) --> 2 sqcm contact surface, 1 bar pressure service, 4 seconds time lag
SEPARATORS IN A DRY STATE

FOUR MEASUREMENTS FOR EACH SEPARATOR

MEASUREMENTS ON 20 SEPARATORS ABOUT

| RESULTS
NEW AGED

_ HRN 42 +
°F. .T;m T *4117% a

VHS 60 BL +

A +12%

HRN 42 - VHS 50 BL-

T +8% 8%

FTR3
(0.144 + 0.005)mm

NEW SEPARATOR, NEVER IMPREGNATED
NOT AN ABSOLUTE INITIAL REFERENCE
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- MODIFICATION OF TEXTURE FIBER DURING CYCLING

B. POSITIVES/NEGATIVES DIFFERENCES

- DUE CERTAINLY TO 02 EVOLUTION DIFFERENCES
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SAF T POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS

‘3 -SEPARATOR CHARACTERIZ_ATION
i 34 4SIZE (CONTD) ¢

3.1.2.- SURFACIC DENSITY ; WEIGHT PER SURFACE UNIT

SEPARATORS IN A DRY STATE
MEASUREMENTS ON 20 SEPARATORS ABOUT
WEIGHTING ON EACH SEPARATOR (S = 92.5 sqcm)

RESULTS

NEW AGED

HRN 42 +
+24%
VHS 50 BL +
FTR3 C+4%
(51+ 3) g/cm?
NEVER IMPREGNATED i‘*‘-f?eft +2%
HRN 42 -
*‘c--‘.‘f";'tsr:z_;:‘.‘;xzd‘%;;%%qg:T;a-:::--




POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS
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- DEPENDS ON NUMBER OF CYCLE

B. HIGHER SURFACIC DENSITY FOR THE POSITIVE
SEPARATOR OF HRN 42 CELL

- POSITIVE HYDROXYDE DEPOSIT
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A. TRENDS ARE THE SAME THAN FOR THICKNESS :
\
|
|




POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS

: BZSEPARATOR CHARACTERIZATION
it HMTSIZE (CONT’D)W Lot TR

du‘!”"”’.” “:"'"UUH -’JUJS()JJ[/ FSEN FO6S
w
>
n
—

3.1.3.- APPARENT DENSITY : WEIGHT PER VOLUME UNIT

APPARENT DENSITY RO IS LINKED TO SURFACE DENSITY p AND THICKNESS THROUGH THE RELATION :

-1¢c-

I RdO =px 10/e |

RESULTS
NEW AGED

HRN 42 +

m@-gﬁw NS w+5% o] ql'ﬂﬁm
FTR3 4'/’/

350 g/dm3 T _["VHS 50 BL + & VHS 50BL -

T WA T TR G IR e g TR
HRN 42 -

ks SRR TR o

et
=
3
»=
~
K
.
ey
3
ra
(]
=
]
2.
<]
3
3
-
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POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS
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SEPARATOR MODIFICATIONS WITH CYCLING ARE
CHARACTERIZED BY :

¢l

- THICKNESS AND SURFACIC DENSITY INCREASE

- HIGHER THICKNESS FOR THE POSITIVE SEPARATOR

REMARK : THE POSITIVE AND NEGATIVE SEPARATORS BEHAVIOUR IS THE SAME FOR ALL LOCATION INSIDE TH
CELL.
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POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS

3.2 - MECHANICAL CHARACTERISTICS

3.2.1 - MECHANICAL RESISTANCE

3.2.2 - COMPRESSIBILITY MEASUREMENTS
3.2.2.1 - WITH DRY SEPARATORS

3.2.2.2 - WITH KOH ELECTROLYTE

3.2.3 - CONCLUSION
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POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS

TRACTION APPARATUS : LHOMARGY DI 20 (RATE 30 mm/mn, LENGTH BETWEEN JAWS : 110 mm)
DETERMINATION OF THE BREAKING LOAD FOR THE WHOLE SEPARATOR

RESULTS

|| SEPARATORS | STRENGTIH | VARIATION | ELONGATION | VARIATION “
TYPE (daN) (%) (%)
NEW FTR 3 6.5 7 31 ]
SEPARATORS || Impregnated 6.2 =T5 30 :-3
" FTR 3
| HRN 42 + a4l 37 18.8 -39
AGED HRN 42 - 3.8 a5 208 KT
" SEPARATORS [ VHS 50+ 6.6 IS 238 232
VHS 50 - 7 8 256 17




POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS

dutgsya0 4y Ladjing 20ds040F VXN F661
i
>
m 1
— .

LA "SEPARATOR.CHARACTERIZATION
Eé A EMECHANICACHARAGTERISTICS' (CONT D)

i

3.2.2.- COMPRESSIBILITY MEASUREMENTS

-§¢¢-

DRY AND IMPREGNATED SEPARATORS COMPRESSION BETWEEN 0 AND 100 daN

--> THE CELL REPRESENTATIVE STRENGTH IS FROM 10 TO 30 daN

ONE SAMPLE : FIVE SEPARATORS WITH 28.3 sqcm

COMPRESSION SURFACE : 4.9 sqcm

>
z
s}
bl
~
'?-
vy
Denad
=
3
b
N
2
3
%
3
o]
3
Ly
Ly
<
S
=




/p)
—
1
L
@)
o — .
L rmsn\.umm
< AHWWHH
Z LI N B
” |
> : 2
Q
AVn | e AHJ_,\‘W
H I
L] |
m _~ me ..mﬂ;aoo
R N ; ) |
O e __
M n me b
4 = o
o & ., me € > 187%F
L wmm z
| o O
= % v
= I % IR
> A TN
= = \_\ \\
o ‘ e
3 w €9
2 = \_‘_:
o ,
o
LLJ
o
>
i
(] o
o > 7 3 38 3 8 °
i (unu) SSHNNOIHL
o A
o

1994 NASA Aerospace Battery Workshop -226- Nickel-Hydrogen Design Session




'SAFT| POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS

M0 SEPARATOR CHARACTERIZATION -
3 24 MECHANICALICHAR! '];ERISTICS T
W OMERESSIBINTTY IMEASUREMENTS (CONT'D)
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3.2.2.3.- WITH KOH ELECTROLYTE

THICKNESS = F(COMPRESSION)

KO impregnated scepatators

-LZT-

B
E
— - TR
v
v - VIS
i - VIS .
é o RN
- - 1IN .

0 20 a0 8] R 100
COMPRESSION (dalN)
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POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS
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WE DEDUCT THE COMPRESSIBILITY AT 90 daN :

COMPRESSIBILITY AT 90 daN ||

SEPARATORS "— DRY IM PREGI\IArl‘E;;—:J

FTR 3 50,9% 98%
VHS 50+ l 65,4% 87.3% rJ
VHS 50- l 76,1% - 89.3%
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i HRN 42+ 81,4% 99%
}
| HRN 42- | 88,1% 99.9% |‘
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POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS
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[FT3Z2 3XCONCLUSION™ ™"

» THE KOH SEPARATORS CYCLING LEAD TO A SLIGHT DECREASE OF

-6CC

THEIR MECHANICAL RESISTANCE AND AN INCREASE OF THE COMPRESSIBILITY LEVEL.

- BOTH, NEW OR AGED SEPARATORS ARE NOT BRITTLE AND EASY TO HANDLE.
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POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS
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3.3 - PHYSICO - CHEMICAL MEASUREMENTS

-0€T-

3.3.1 - ELECTROLYTE ABSORPTION
3.3.2 - ELECTROLYTE DIFFUSION
3.3.3 - ELECTROLYTE RETENTION
3.3.4 - CHEMICAL ANALYSIS

3.3.5 - CONCLUSION
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POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS

b

P‘RATORC RACTER!ZATION*“
CO-CHEM ALMEASUREMENTS m

3.3.1 - ELECTROLYTE ABSORPTION :

3.3.1,1.- WITHOUT PRESTRESS :

AGED
HRN 42 -
o Al i
NEW
HRN 42 + & VHS 50BL -
N 11
_ VASKO0BL 3
/ s.‘“'.;" ) 12%
FTR3
249 g/m2
ABSORPTION BETTER FOR : HRN 42 /VHS 50 BL/FTR 3

NEGATIVES / POSITIVES SEPARATORS
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3.3.1.2 - WITH PRESTRESS :

One sample : 5 separators (6 sqcm each) stack
Compression strength : 5, 10 and 20 daN

3
N
S KOH ABSORPTION
P=20daN

- 150
E
2
o = &3 = ——F)
o 100 < e ¢ = FTR 3
o = ; - VHS +
< — -

= w -4 VHS -
=]

% oy = HRN +

% & 50 = - HRN -
«

3

R

=

g 0 | 1 1

g 0 20 40 60 80

1’ TIME (mn)
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POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS

3 - SEPARATOR CARACTERIZATION
3.3.1 - ELECTROLYTE ABSORPTION
3.3:1.2 - WITH BRESTRESS (CONT'D) |

AT 70 MN OF ABSORPTION :

ABSORPTION AT SdaN

ABSORPTION AT 20 daN

SEPARATOR || AVERAGE (w'm") [ INCREASE (") [TAVERAGE (ewn } [ INCREASE (70)

THRN 42 I T R
HRN 42 - K 16 104 S 21
VHS 50 + 1474 21 105 3 20
VHS 50 - 1381 T Vg 2 12
FTR 3 1216 / X7 4 /

KOH ABSORPTION
LOWER > HIGHER
NEW > AGED SEPARATORS
NEGATIVES > POSITIVES
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POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS

Sample surface : 3.14 sqcm
Double compartement : some water on one side, KOH (1.55 %) on the other side.
pH measurement = f(time)

KO DIFFUSION = F(TIME)

0.015

- VHS +
- VHS -
4 HRN +
=- HRN -
- FTR 3 ncuf
- FTR 3 inb.

(=]
o
_

0.005

Diffused OH- moles/cm?

0 50 100 150 200 250
TIME (s)

DRY FTR3 ( FIBERS NOT REORGANIZED)
IMPREGNATED FTR3 > HRN 42 > VHS 50 BL




POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS

' 37 SEPARATO R'CARACTERIZATION
- 3.3.3ELECTROLYTE RETENTION
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Impregnated sample one night
Gravity effect

3.3.3.1 - WITHOUT COMPRESSION :

-SEe-

RETENTION=F(TIML)

Without votnipresaion

.
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Rt 0\“ . :
240 i e FTR3inh
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AFTER ONE HOUR :

§ SEPARATORS KOH LOSS (%) VARIATION (%)
' IMPREGNATED FTR 3 74.9 /
HRN 42 + 60.4 19
HRN 42 - 54.9 27
VHS 50+ 57.9 .23 |
| VHS 50 - 58.4 222
=
&
R
3
S .
i{ KOH RETENTION : AGED > IMPREGNATED FTR3
% POSITIVE > NEGATIVE SEPARATOR
g
=5




[SAFT| POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS

1o
)

;isa-:it‘:iﬂil;ELECTROWTEHRETENT]ON (CONT‘D E

T

doigsyao gy Sarnng wudsosay? YSEN H661

3.3.3.2 - WITH COMPRESSION :

RETENTION " F(COMPRESSION)
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Compression (dalN)

RETENTION : IMPREGNATED FTR3 > NEWFTR 3
AGED SEPARATORS > NEWFTR3
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POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS
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CYCLING :

KOH ABSORPTION INCREASES WITH OR WITHOUT PRESTRESS.
KOH DIFFUSION DECREASES.
POSITIVE > NEGATIVEFOR: ABSORPTION

DIFFUSION

RETENTION

NO DIFFERENCE IN THE INFRA-RED SPECTRUM.
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doysyio4 Ao 200ds043y YSYN P66

SIZE :

——m» THICKNESS, SURFACIC DENSITY INCREASE.

MECHANICAL CHARACTERISTICS :

-0vC-

—» EASY TO HANDLE

—m SLIGHT DECREASE IN MECHANICAL RESISTANCE

——m INCREASE IN COMPRESSIBILITY

PHYSICO - CHEMICAL MEASUREMENTS :
—» KOH ABSORPTION, RETENTION INCREASE
—» KOH DIFFUSION DECREASES
—» NO CHANGE IN THE CHEMICAL ANALYSIS
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POLYAMID SEPARATOR BEHAVIOUR IN NiH2 CELLS

"4 e

"CONCLUSION (CONTD) " |

» CHANGES IN THE SEPARATOR CHARACTERISTICS AFTER CYCLING HAVE BEEN

IDENTIFIED.

»THIS INCREASES OUR KNOWLEDGE OF THE POLYAM!ID SEPARATOR BEHAVIOUR

IN NiH2 CELLS.

» ONLY SLIGHT DIFFERENCES BETWEEN NEW AND AGED SEPARATORS WERE

NOTICED.

»THIS STRENGTHENS SAFT CHOICE TO USE THIS SEPARATOR IN NiH2 AND

NiCd CELLS.




High-Rate/High-Temperature Capability of a Single-
Layer Zircar-Separator Nickel-Hydrogen Cell

James R Whesler
Eagle Picher Ind Joplin MO

Abstract

A 50 ampere-hour nickel-hydrogen ce!l with a sirgle-'ayer Zircar separator stack design
was fully charged and then discharged at a 2C current rate to an end voltage of 1 volt.
This extreme test resulted in high temgeratures which were recorded at three locations
on the ce!l i.e.. the ce!ll wall the boss (barre! of the compression seal). and a terminal.
The results provide new information atout the hich-temperature and high-discharge-rate
capabilities of nickel-hydrogen cells This infcrmation also adds to the grewing data
base for single-layer zirconium-oxide-clcth {Z:rcar separator cell designs.

Cell Description

The cell used in the tests described here 1s a 3V inch-diameter RNH 50482 ManTech
design with a nomina! capacity of 50 Ak A typicai cell is shown in figure 1.
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Figure 1. RNH 50-49 Nicke! Hydrogen Ce!l

By "ManTech" is meant an Eagle Picher design which uses pineapple-slice-shaped
electrodes and stack elements. a central polysulfcne core. continucus nickel-foil leads
on electrodes, and a wall-wick to ensure a recircu'ating path to return and equifibrate
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electrolyte throughout the cell stack. Other features include a spring washer for uniform
stack compression, a small wall gap and separator/electrolyte contact with the cell wall
to facilitate heat transfer. One feature in this cell that makes it slightly different from
other ManTech production cells is the application of a thin, plated coating of gold to the
hemispheres on either end. The purpose of this is to lower the thermal emittance of the
nermaily-cooler cell ends and thereby reduce the thermal gradient within the cell.

The development cell chosen for this test differs from the production version in that its
stack contains one layer of zirconium-oxide cloth per positive electrode instead of one
fayer of asbestos. The cell was constructed with a production lot and all other materials
were Identical to these in the production cells. This design is notable for having the
highest ratio of conductor resistance to area of electrode of any other 3.5-inch diameter
size celi currently in production at Eagle Picher. The reason for this is weight-savings.
The design. with either separator, successfully met all acceptance-test requirements.

Test Design

The test described here was performed primarily to confirm the 2C current-carrying
rating of a Vi-inch nickel terminal in a 50 Ah nickel-hydrogen cell. Secondary objectives
were to confirm the survivability of the terminal seals and the cell itself at high rates and
temperatures, and to test the robustness of single-layer Zircar separator under the same
conditions.

The test was conducted in the open air of an-air-conditioned test laboratory, and no
special effort was made to cool it during this period of testing. The cell was
instrumented with thermocouples on the cell wall {opposite the cell stack), on the boss
(barrel of the compression seal}, and on the tip of the negative terminal. It was given a
standard charge (5.25 amps for 16 hours) and then discharged to 0.7 volts at 100 amps.
Capacity was measured to 1.0 volts, and aiso to 0.7 volts in anticipation of the voltage
depression caused by high current and the resultant high IR drop in stack and leads.

The cell was then shorted down to below 0.1 volts with a 0.2 ohm resistor, and the test
was repeated. The discharge rate the second time was increased to 125 amps to
provide an over-test and to increase performance confidence. To detect any leakage
which might result from the softening of the Nyion terminal seals by the high test
temperatures, a phenolphthalein leak test was performed on the terminal seals at the
end of all charges and discharges.

Following the high-rate cycles the cell was given a phenolphthalein leak check, placed in
a cooling cart and given a standard cycle using the same charge regime as before, but a
normal 30 amp discharge. This was intended to indicate whether any performance
decline had resulted from the testing.

Test Results
The cell delivered appropriately good capacity on all cycles. No leaks occurred despite
temperatures as high as 189°F. See tables 1 and 2 for summaries of capacity and

temperature. A graph of the thermocouple temperatures on the second high-rate cycle
are shown in figures 2 and 3. The plots for the first cycle were similar, but not quite so
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high. The evident late rise in the terminal temperature in figure 3 was due tc a
connection problem with the thermocouple

Cel! Capacity (Ah)

Table 1

| 0.7vchts | 1.0 volls
Test 1 (100 amps) 600 53.3
Test 2 {125 amps) 5586 416
Standard 10°C (30 amps) | ------ 64.4
Table 2
Thermocouple Temgerature (°F)
100 amp 125 amp
dischargce | discharge
Negative Terminal 110 143
Boss (seal) 156 176
Cell Wall 189 188

Conclusions

The warm starting temperature and the selection of a cell with thin leads made it a
severe test. Despite the fact that the test cell has electrode leads lighter than any other
Eagle Picher production cell, it performed well at the 2C and 2.5C rates without any
decline in performance at a normal temperature. The final standard capacity of 64.4 Ah
compares favorably, within normal test variance, with the cell's origina! 10°C ATP
capacity of 65.2 Ah. Finally, its Nylon seals did not leak despite exposure to at least

176°F.

The results support the conclusion that this type of cell, including its single Zircar
separator design, and the Ziegler Nylon compression seal are robust under harsh
conditions. The seal withstood a temperature of 176°F and the cell a temperature of
189°F. The actual temperatures internal to the seatl and cell stack were certainly higher
than this, although they could not be measured directly.

It is generally recognized that temperature has some effect on the cycle life of batteries
in general,' and it should be reassuring that this type of cell can endure this kind of
exposure with no apparent degradation of performance. The presence of the wall wick
in the design affords a mechanism to re-distribute any water displaced by the
temperature extremes. While a judgment about the tong-term effects of high
temperatures is not within the scope of this paper, there is no reason to expect the
ultimate cycle life to be degraded by a short-term exposure as in the test described
here, particularly since this cell design has a wall wick to redistribute any electrolyte
which might be displaced by temperature gradients during testing.
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/ Air Force Ni-H, Cell Test Program \
State of Charge Test
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1994 NASA Aerospace Battery Workshop

Huntsville, AL

Nickel Hydrogen cells are being cycled under a LEO test regime to examine the benefits of
operating the cells at lower States of Charge (SOC) than typically used. A group of four cells are
being cycled using a voltage limiting charge regime that limits the State of Charge that the cells

are allowed to reach. The test cells are being compared to identical cells being cycled at or near
100% State of Charge using a constant current charge regime.
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Presented at:

Prepared bv:  Bruce Moore, NSWC Crane Div.
\ Capt. Douglas Smellie, USAF
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Air Force Ni1-H, Cell Test Program

State of Charge Test

Purpose
Examine the benefits of operating Nickel Hydrogen cells at

lower States of Charge (SOC) than identical cells being cycled
at similar LEO conditions approaching 100% SOC.

Goals

Determine the effects of lower SOC on cell performance.

Exceed the number of cycles that the sister cells reach before
failure.

- )

Four 50 AmpHr 3.5" diameter cells manufactured by Eagle Picher in Joplin Mo. are being used
for the test, part numbers RNH50-43 and RNH50-53. RNH50-43 uses a back-to-back stack
design with a 26% KOH electrolyte concentration . RNH50-53 uses an alternating stack with an
electrolyte concentration of 31% KOH.

Each of the two designs were originally split up into two packs of ten cells each, 3314E and
3214E. They are running an identical constant current test regimes with a C/D ratio of 1.03 to
1.04 at 40% Depth of Discharge and 10 degrees C. Approximately one year or 5000 cycles later
the four cell SOC test pack, 3001C, was started. Two cells from each design were combined into
one pack. The charge and discharge for the SOC test pack are identical to the original packs with
a voltage limit placed on the charge cycle that will cause the current to taper towards the end of
the charge.
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Air Force Ni-H, Cell Test Program

State of Charge Test

| Manufacturer Eagle Picher. Joplin
? Capacity | 50 AmpHr
Size ! 312"
Separator ! Asbestos
i Part # . RNHS50-43 RNH 50-53
. Stack Configuration Back to Back Altemanng
' KOH Concentration | 26% 51% |

Air Force Ni-H, Cell Test Program

State of Charge Test
3001C |
- “‘) K -
| Pack ID SOC Test [ 3214E | 3314E
# of Cells | 4 ! 10 1 10 |
RNH50-43 , R ‘ R
Part # N iiso<y | RNHSO43 | RNHSO-53
DOD | 40%
Temperature | 10 Degrees C
Discharge | 40 A for .5 Hr
26.11 A with 26.11 A for .766 Hr
Charge taper for 1 Hr 2.58 A for 253 Hr

\C

|(Voltage Limited) Recharge = 103% /

1994 NASA Aerospace Battery Workshap -249- Nickel-Hyvdrogen Design Session




Air Force Ni-H, Cell Test Program

State of Charge Test

State of Charge Definition

100% SOC -The point during a C/2 Charge that the cell
pressure no longer increases at a linear rate.

0% SOC - The point during a C rate Discharge that the cell
voltage reaches 1.0 volt.

SOC will be checked prior to life cycle and will be checked
every 5000-10000 cycles.

\_ /

For the purposes of this test, 100% state of charge is defined as the point during a C/2 charge that
the cell pressure no longer increases at a linear rate. 0% state of charge is the point during a C
rate discharge that the cell voltage reaches 1.0 volts. Prior to starting life cycle, the four cells
destined for the SOC test were cycled to find the zero and one hundred percent SOC points.
According to the results the pressures related to those points are 80 and 590 psi respectively.
Although this data is probably accurate for the cell in its current state it is not useful information
for the purposes of life cycle testing.

An examination of the Trend Plot for 33 14E shows that at the beginning of life, the End of
Charge (EOC) pressures were at the same 590 psi for the SOC test cells. After only 1000 cycles
the EOC pressures were reduced to approximately 425 psi. It appears that changes occur very
quickly during the first 1000 cycles of a life cycle regime. Since the SOC test cells seem to follow
the characteristics of their sister cells, the 425 psi EOC pressure value was assumed for 100%
SOC.

The target SOC for the test cells is 60 to 70%. This value was chosen to keep the cells at
significantly below 100% SOC and to provide for a reserve capacity at the end of discharge, in
this case 20 to 30% of rated capacity. Assuming the previously stated values of 425 pst for 100%
SOC and 80 psi for 0% SOC, the pressure should be maintained at 304 psi for 65% SOC.

1994 NASA Aerospace Battery Workshop -250- Nickel-Hydrogen Design Session




Air Force Ni-H, Cell Test Program

State of Charge Test

1.50- C Rate Discharge to 1.0V -600

Average Cell Voltage
Cell Pressure (PSD

2 4 6 3 1.0 1.
Charge Time (Hrs)

Air Force Ni-H, Cell Test Program

State of Charge Test

1 60- C/2 Charge : j 700
| | ;
é::: 150+  Cell Voltage /Weoo :_7.
2 S500
< 140 e 1 00 <
- 130 o T
< 13 5 Z
3 /’/C:;Prcssurc '5300 bl
er 120 - i (-3
£ | e 1200 =
b !
< 1'107.'/ %, 50C 4100 =

0 5 1:0 15 20 25 30
Charge Time (Hrs)
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NSWC Crane Pack ID 3214E 10 cells

Voltage/Pressure/Recharge EOC/EOD Trend Plot 08/05/93 - 10/25/94
EPI 50 AmpHr 3.5" 40% DOD 10DegC 26% KOH  Back2Back Stack

X V-avg < Hi Voltage £ Lo Voltage

Voltage
1.60

!
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Cycle Number
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NSWC Crane Pack ID 3314E 10 cells

Voltage/Pressure/Recharge EQC/EQD Trend Plot 07/23/93 - 10/21/94
EPI 50 AmpHr 3.5 40% DOD 10 Deg C 31% KOH Alternating Stack

# V-avg < Hi Voltage & Lo Voltage
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NSWC Crane Pack ID 3001C 4 cells

Voltage/Pressure/Recharge EQC/EQD Trend Plat 07/21/94 - 10/26/94
Eagle Picher 50 AmpHr 3.5 40% DOD 10DegC  SOC Test

~ V-avg < Hi Voltage & Lo Voltage
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State of Charge Test

Air Force Ni1-H, Cell Test Program

Pre Life Cvcle Cell Capacities

C Rate to 1.0 Volt

RNHS0-43 RNH50-53

 Temp | 3314E 3001C  3214E | 3001C |
5°C | 6294 | 6084 6569 | 6523 |
0°C | 686+ | 6733 7414 | 7560

T 10°C | 5810 | 55.68 6498 | 6241
20°C_|__5158 | 5230 5915 | 5878
30°C | 4937 | 4985 53.56 ] _ Ss.11 |

Capacities for pack 3001C were measured after | vear standing open circuit,
discharged at 5 degrees C.

The SOC test cells will be cycled with a C/2 charge and C rate discharge again at 5000 cycles to
determine the pressure values for 0 and 10096 SOC. The SOC/pressure relationship will also be

checked again every 5000 to 10000 cycles.

Prior to life cycle testing the four SOC test cells were stored discharge, open circuit at 5§ degrees
centigrade for one year. Comparison of the sister cells that started life cycle testing one year
before the SOC test cells show very little difference in the capacities. The reported capacity
values for the SOC test cells in pack 3001C are after the one year stand. The capacity was not
checked when they were received.

1994 NASA Aerospace Battery Workshop

-255-
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AIr Force N1-H, Cell Test Program

State of Charge Test

Pack Average Volts

Discharge/Charge Profiles
Cycle 1000

[
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Air Force Ni-H, Cell Test Program

State of Charge Test
Pack 3214E and 3314E Voltage/Current Profile for Cycle 1000
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Air Force Ni-H, Cell Test Program

Cell Current

State of Charge Test
Pack 3001C Voltage/Current Profile for Cycle 1000
30-
, Current™ .
20- - .
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Air Force Ni-H, Cell Test Program

State of Charge Test

Watt Hrs

1994 NASA Aerospace Battery Workshop

Average Power Output per Cell During Discharge
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Air Force Ni-H, Cell Test Program

State of Charge Test

Concerns

designs.

-

Sample is small. Only four cells are being used for the
comparison of the SOC charge regime.

Possibility of voltage divergence because of the different cell

Possible effect of capacity checks on life of cell.

.

1994 NASA Aerospace Battery Workshop
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Design and Fabrication of the EOS—AM1 Battery Assembly

by

6S¢-

D.J. Keys, G.M. Rao, H.E. Wannemacher, R.B. Wingard
NASA/GSFC

C.W. Bennett, W.M. Gibbs, E.W. Grob and A.F. Mucciacciaro
MARTIN MARIETTA ASTRO SPACE

(Performed under NASA Contract NAS5-32500)
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e Spacecraft Interfaces
o Top Level Requirements
e Design Summary
— Electrical
— Thermal
— Mechanical
— Battery Assembly
e Design Drivers
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Battery Assembly/Spacecraft interface

Power Equipment Module Battery (PBAT)

HighGain

Velocit
o Antenna ty

Direction

/

A Solar Array
'.._.-" "“w‘%. !- — Assembly
IS

s

doysyao 33 g 2Uds0LY 1SIN 1661

Housekeeping
Equipment
Modules

)
&
A’O‘q‘d
Power lé‘\' ’k N

g ;
= |
5
3 Earth \(
Q Direction
=3 Instruments
°'§ ] Propulsion 2
§ Module
S Hex Bay Battery (BBAT)
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Integrated Battery Assemblies
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Top Level Requirements

: ¢ Electrical Requirement Actual or Prediction
: — Capacity (Amp Hours Minimum)
3 — - 58.8 at 0°C 65.0
: —— 57.0 at 10°C 64.5
——50.0 at 20°C 54.5
——42.0 at 30°C 51.5
% — Voltage
—— 54.0 to 89.1 70.2 to 80.4 (Max Science)
—— 54.0 to 89.1 71.8 to 80.9 (Survival and Safe)
— Depth of Discharge
; —— 30% Max 19.1% (Max Science, 54 cells)
E — — 35% Max 19.6% (Max Science, 53 cells)
> — — 30% Max 10.0% (Survival and Safe)
’; — Current
: —— 30 Amps Max Discharge 20.7 Amps (Max Science, 53 cells)

— — 23 Amps Max Charge 12.2 Amps (Max Science, 53 cells)
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=

g; e Mechanical Requirement Actual or Prediction

: — Mass (Maximum)

; —— 310.1 (PBAT) 299.7 (10.4 Ibs Contingency)
g ~ - 315.9 (BBAT) 304.7 (11.2 Ibs Contingency)

— Structural Load Cases
— — Launch acceleration environment

— — Qualification levei acoustic loading

-¥9C-

 Thermal Requirement Actual or Prediction
— Operating Temperature Limits

-~ —-5°C to 10°C 2.6°C to 4.7°C (Min Science)
; —— -59C to 10°C 1.2°9C to 3.9°C (Max Science)
§ ~ Thermal Gradients
: — — Cell to Cell 3°C max 2.4°C (EOL Cold)
§ — - Stack to Dome 7°C max 2.19C (EOL Cold)
: — — Dome to Dome 10°C max 2.3°C (EOL Cold)

—— PBAT to BBAT 3°C max 1.5°C (EOL Cold)
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Design Summary
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Parameter

e Four fused outputs
e Isolated pyro bus
o Conductive thermal design
¢ Open cell protection
e Cell pressure telemetry
— GSE/Flight isolation
e Heater control
— multiple cells per circuit
— Nine primary circuits
— Nine backup circuits
— Thermistor control

Implementation

Fuse Board

Pyro bus relay assembly

Cell/sleeve assembly & baseplate
Bypass switch assembly (one per cell)
BPM (4 per BAT)

GSE/Flight transfer relay assembly
Separate primary and backup circuits
Six cells per circuit

Through HCESA

Through HCESA

one thermistor per cell (controls Pri. & B/U)

— Over and under temp. protection High and low temp. T—stats/circuit

e Flight cell voltage telemetry

e Flight cell temp. telemetry

Through HCES5A (for each cell)
Through HCESA (for each cell)
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Design Summary
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Parameter

e Ground cell voltage monitor
¢ Ground letdown function
o Ground BPM cell temp. monitor
¢ Verifiable double insulation
o Charge power connection
e Redundant V/T control
e BAT health status telemetry
- Battery current
— Battery voltage
— Battery voltage (expanded)
— Battery panel temperature
e Connector interface
— Isolated power and signals
— Isolated primary and backup

Implementation

GSE/letdown relay assembly
GSE/letdown relay assembly

GSE T, umbilical

TP1, TP2, TP3 via GSE T,,,, umbilical
Charge power diode assembly
Three circuits to PDU

Via PDU

Primary and backup via meter shunt
Primary and backup

Primary and backup

Primary and backup

Seventeen (17) connectors

Yes |

Yes
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BDU

GSE

PDL"

PDU

HCE

HCE

HCE,

HCE

Functional Block Diagram

1994 NASA Aerospace Battery Workshop
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Chg Power Rin (X3) (GSE)
Bzt V Rin {GSE)
Bat V Pri Rin
tVBURn

t V Exp PriRtn
:t VExp B/URn
V/TRin (X3)

pPDU
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Signal, Command and Telemetry Interfaces@

1994 NASA Aerospace Battery Workshop

Battery

< Cmd Letdown Relays

. 1 _
Sig Cell Volts (1 mav'.

Sig Letdown Relay

i
Status

BAT Test Point (1,2)

GSE

?%SE%A Cmd GSE/FIt Trans

PBAT
and
BBAT

Relay

Sig Green Wire
P

Sig Cell Temp ﬁiav'

Sig BAT Volts

Sig GSE/Flt Trans Relay

=
Status
Sig Cell Press QL_VV

GSE
ZERO

HCE Sig Cell Temp (1-54)
e
» Sig Cell Volts (1-54)
Heater
Control
Electron-
ics
Cmd Pyro Bus H:me..
Cmd Pyro Bus U.mmmc_w-
BDU .Ammm Pyro Bus Rly Status
» Sig Panel Temp (1,2)
Bus Sig BPM Output (1-4)
Data = L
Unit | Sig GSE/t Trans Relay
Status (1,2)
ig BAT V/T (1-3
PRl (1-3)
Sig BAT Current (1,2
Sig BAT Volts Pri
e
Distribu—| Sig BAT Volts Exp Pri
tion (e
Unit .Arm_m BAT Volts Exp B/U
-268-
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Hir Pwr Pri alwv|'_ BAT Pwr N.S»num
Htr Pwr Cntr Pri (1-9) >
I BPC
| mm.—ﬂ Hv.-a..—.. wn—u Mul Aﬂl@v w.‘wvm: Wn—d nw.#v.ﬂuau
e
HCE Hir Pwr B/U (1-9)
Htr Pwr Cntr B/U Glmw_.
Hir Pwr Rtn B/U (1-9)
—
Battery Pyro Bus Pwr -
Assembly
) PRA
Pvro Bus Rin
PBAT pe—
and
BBAT
Charge Pwr
e
Charge Rin
J—
GSE .
BPM Pwr > BPM Pwr a.b
e
le BPM Pwr Rin PDU
BPM Pwr Rtn a,b
-

Signal, Command and Telemetry Interfaces’@
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Three Cell Pack Electrical Design

Most Negative Three Cell Pack Power Connections

To Next
TCcP

I To ESD Bleed
‘ Resistor Assy

Al

— Pwr Rin

doysy.io, uanpg 200d50497 VSEN FE6T

— wr Rin

— I'wr Rin

-— Pwr Rtn
— Chg Pwr Rtn
— Chg Pwr Rtn

BwW ‘
|
|

: — Chyg Pwr Rtn

+ _
i
|
\
|
\

BYY BW

Bus Bar + _ Bus Bar

-0LT-

— Pyro Bus Rta
— Pyro Bus Rtn
— P’yro Bus Rtn

— I’yro Bus Rtn

/ / ! — Bat V Rin GSE
[t51/E79 &8 | B 79  ¢us B e o — Bat V Pri Rtn
7

/ 7 — Bat V /U Rin

— Bat V Exp Pri Rtn
— Bat V Exp B/U Rtn
— VT 1 Rtn

— VT 2 Rtn

— VI3 Rin

— Cell Letdown

— Cell 1 Neg Tlm

(BT3) BT2) (BT1)

A3 A2 Al

1015538 UBIST UIS0LPATT-1ayIIN

L A23-K2-A2 L A23-K1-C2 L A23 K1-B2

— J17-52 : — J17-53 — J17-54
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Verifiable Double Insulation

TP1B—,

At BAT
ssy level)

ESD Bleed
Resistor Circuit
This circuit is added at

the battery asscmbly
level

TP1A

(At cellisleeve and

three cell pack leved
'..— """"""""" . v
el TP2 Rl PO " |
. TP2
! st NiH2 /
: 1 meg ohm| 100K ohm 1S Cell - Sleeve
Insulation

(Cotherm, RTV, G10, Kapton)

Battery Assembly
Honeycomb Panel
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Three Cell Pack Heater Circuits
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Heater Circuit 1 J13-1
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Three Cell Pack Heater Circuits
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Battery Assembly Modular Design

e 54 Cell/Sleeve assemblies
— 54 Bypass switch assemblies
e 18 Three cell pack assemblies
e Electrical subassemblies
— 4 Battery Pressure Monitor Assembly (BPM)
— 1 Meter Shunt Assembly
— 2 GSE/Flight Transfer Assembly
— 1 GSE/Letdown Relay Assembly
— 1 Pyro Bus Relay Assembly
— 1 Charge Power Diode Assembly
— 1 ESD Bleed Resistor Circuit Assembly
e Cover/Connector Box Assembly (with 17 connectors)
— 1 Fuse Board Assembly
o Built and test all subassemblies
— Cell/sleeve assemblies
— Three cell pack assemblies
— Electrical subassembilies
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Battery Assembly Modular Design @E

 Integrate at the battery assembly level
— Install Three Cell Packs to honeycomb panel
— Install electrical subassemblies to honeycomb panel
— Complete final point to point wiring
— Route wires to connectors

doiygsyao §1 Laopwg 0dsoia)y FSEN F661

— Install battery cover
0 — Tape all cover seams with copper tape for EMC requirement
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Cell/Sleeve Assembly
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Three Cell Pack

Intercell Busbar (2X)
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Battery Assembly

PBAT Panel Layout
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Battery Assembly

BBAT Panel Layout

Pyro Bus Flight Transfer
Charge Power Y / Relay Assy

Diodé Assy \ Relay Assy \
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Power Module Battery Cover

Panel and Cover 1
299.7 Ibs
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Hex Bay Battery Cover

Panel and Cover
304.7 lbs
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Design Drivers

e Tight thermal gradient requirements drive battery design
— Conductive design
— Material selection

doysyiogy dionpg ao0ds04dy FSEN FE6T

— Mechanical design impact
— Heater circuit design
— Increased electrical complexity

o Electrical Complexity
— modular design approach

-¢8C

— individual cell voltage and temperature telemetry
— 17 connectors with 428 wires for spacecraft interface
— open cell protection device

e« EMC
—.063” thick cover required

— large weight impact

HOISSIS UBISHT UaB0LPAEf-1o5IN

— gold plated sintered washers

— copper tape at seams
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AND HOW TO KEEP IT

Geoff Dudley & Max Schautz

European Space research and Technology Centre
Noordwijk, The Netherlands

1994 NASA Aerospace Battery Workshop

Huntsville Marriott
Huntsville, Alabama, USA

November 15-17, 1994
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SILVER CADMIUM BATTERY CAPACITY
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HISTORY OF USE BY ESA \

Sifver cadmium batteries have been used on a considerable
number of ESA scientific spacecraft where high levels of
magnetic cleanliness were mandatory:

SPACECRAFT LAUNCH DATE  Number of batteries

HEOS -1 Dec. 1968 1(5 Ah)

HEOS - 2 Jan 1972 1(5 Ah)

GEOS 1 April 1977 1(16 Ah)
ISEE -B Oct 1977 1(10 Ah)
GEOS 2 July 1978 1(16 Ah)
GIOTTO July 1985 4 (16 Ah)
CLUSTER (x4 S/C) Dec. 1995 4 x5(16 Ah)

e /

Yardney silver cadmium cells have been used on all the above spacecraft. Geos, Giotto and
Cluster use the YS16(S)-4 16 Ahcell. The battery design for Cluster is identical to Giotto.

The 4 Cluster spacecraft will be in elliptical 66 hour poiar orbits. During the 2.5 year mission the
batteries will see a total of about 35 charge-discharge cycles with a maximum depth of discharge
of 65%. 32 of these will take place during 4 short eclipse seasons which occur roughly every

6 months.
CLUSTER BATTERIES \

« 7EM+3QM+20FM + 2FS =32 BATTERIES

* Each Battery contains 14 16 AH Yardney Ag-Cd cells
{identical battery design to Giotto)

* Min 22 cells required in order to make matched battery of 14
cells. Additional 44 cells procured for special tests

* 748 dry cells fabricated Dec. 1991
* EM celfs activated Jan, 1992. Capacity nominal
* QM cells activated June 1992. Capacity nominal

- | /

Cell activation entails filling with electrolyte, 3.5 formation cycles, cell sealing, last formation
discharge, 5 stabilization cycles, and 2 acceptance cycles. This is carried out in groups of 22
cells. Matching cycles are then performed and the 16 best matched cells shipped for battery
manufacture (14 cells + 2 spares).

1994 NASA Aerospace Battery Workshop -286- Advanced T echnolaéies Session




@\ BATTERY MANAGELENT COMPARISON \
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Based on expected spacecraft conditions, the
following standard capacity cycles were defined:

* GIOTTO:

~ Charge: 0.53 A lo 1.51 V (average) lolfowed by taper charge
ending when curren!t reaches 0.18 4

- Discharge 8BA constant current to 6.9 V (average)

* CLUSTER:

— Charge: 0.53 A to 1.51 V {average), no taper charge
- Discharge 44 constant current to 0.9 V (average)

\_ /

In contrast to the Giotto program, taper charging 's not implemented for Cluster. Bcoth programs
employ a trickle charge when the batlery voilage falls Celow 12,43 (1.39 Vicell).

i
5
&

CLUSTER BATTERY FABRICATION Problemn 1

esa

EM 1-5 Battery construction June-Nov. 1992
= Battery electrical tests in Oct. 1992 :

- Expected capacity: 16 - 17 Ah
- Acceplance minimum capacity: 152 Ah
- Measured capacity: 11.5-12.2Ah!

EM 6-7 & QM battery construction Oct.-Nov. 1993

* Battery electrical tests in Nov. 1993:
- Measured capacity: 13.4- 148 Ah!

N /

Cells were not cycled by the battery manufacturer until after battery construction, which involves
potting the cells into the aluminum structure. The fow capacity was foung both Eelcre and afler
battery vibration and therma! vacuum lests.

1994 NASH derospace Battery Workshop -287- Advanced Technologies Session
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» ESTEC Energy Storage Section was asked for
practical assistance May 1993. 3 parallel activities
initiated:

— Comparative cycling of spare EM and Giotto cells which had
been in cold storage in the ESTEC European Space Battery Test
Centre for 8 years followed by tear-down analyses

— Review of cell activation data, procedures and QA
documentation

— Extraction of relevant cell and battery data from earlier
programs in order to establish a norm against which to compare
the Cluster data

- /

Cells were immersed in a water bath at 20 deg.C for all electrical tests. The reference electrodes
were pieces of cadmium wire, mechanically cleaned and washed in hydrochloric acid, water and
potassium hydroxide immediately before insertion into the cell. Inside an oxygen - filled glove
box, cell tops were pierced with a 1 mm drill and a ©.4 ml electrolyte sample taken with a syringe.
The reference electrode, sheathed in PTFE tubing except for the last 1 cm, was inserted and
the cell re-sealed with epoxy cement.

INITIAL CYCLE RESULT SUMMARY \

CELL Storage |Capacity |Chg.-limiting |Disch.-limiting [ K2CO3
fime (Ah) electrode efectrode | (wt%)
OLD CELL 922 105y (118 Ag cd 13.7
GIOTTO 451 By 124 Ag £d 7.6
CLUSTEREMO12 |20m 13.8 Ag Cd 10.0
CLUSTER QM 466 {14m 15.8 Ag Ag 9.8
FRESHCELLOD6 {1m 18.5 Ag Ag 9.8

/

It is noteworthy that the lower capacity cells are all cadmium - limited on discharge. As cells age,
carbenate ions build up in the electrolyte as a by-product of oxidation of the cellophane
separators. The level of carbonate present was considered an important parameter both as an
indicator of the extent of the attack and because high levels are known to impede operation of
the cadmium electrcdes. The concentrations measured in the test cells were unexpectedly
high, but the activaticn of cell 006 at ESTEC revealed that the levels already reach about 6 wt.%
at the time cells are first sealed. This is formed presumably during the deliberate overcharge that
takes place during the first formation charge.

o
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REFERENCE ELECTRODE RESULTS (end of 4A discharge)
New (006) QM spare (466) EN spare (012)

N o
5% $ o0 \ 12n \

! 3
Ca-ret Cd-ref cd.fef/
T ____,_.'-4"' --—-—-——4—‘—J
" nn ri . €t
R A A Te Ao tLE Ar o >

Cycles with reference elecirides wore extended 10 1,56V on charge angd 0.2V on discharge
(excapt for calf 006 which ory weni 16 0.9 V on dischargel. In all cases charce was limiteZ by
the silver electrode since the cagdmiem reference - cadmium e'eeircde polentizl remaired within
+/- 20 mV nght up to the end of charge. On discharge (akove). both electrodes can bé seen
eventually 1o polarize with rescect 10 the cadmium reference On the basis of which electrode
polanzed first, one could conclude that the discharge capacities of the two electrodes were
within 0.5 Ah of each other in all cases including the ‘fresh’ celt C0& (the curves fcr which can be
supenmposed upon these of QL 46€). This 1s not enounh to explain the differences in
capacity. However, fresh cells should have a much larger excess cadmium cacacily than the
result for cell 006 suggestes so it 1s pronably not valide 1o estimate quantitztive electrode
capacity differences from this type of data

« STORAGE DISCHARGED AT -12 DEG.C IS
EFFECTIVE

» EMCELL AND CELLS STORED FOR LONG TIME
ARE CADMIUM-LIMITED ON DISCHARGE

« QM AND 'FRESH" CELLS ARE SILVER-LIMITED ON
DISCHARGE

» DIFFERENCE IN CAPACITY BETWEEN GIOTTO
AND CLUSTER STANDARD CYCLE IS <0.5 Ah

\- /

The question was raised as to the best storage temperature and state of charge lor silver
cadmium cells. The remarkably high capacities still available frem the cells stored for many years
at ESTEC confirm that -12 deg. C is a suitable temperature.  Althcugh most probably
discharged when put into storage, we cannot confirm this with certainty.
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CELL TEARDOWN ANALYSIS \

* No significant differences between cells
found:

—State of cellophane separators similar
for all cells

—Surface appearance of electrodes
(electron scanning microscopy) very
similar

\ /

Cells were dismantied in the oxygen-filled glove box to avoid further carbonation. A sample of
the electrolyte was recovered for analysis and the components were washed in distilled"water
and allowed to dry. The extent of silver penetration of the cellophane separator was estimated
from its appearance and later by atomic absorption analysis. Electrode surfaces were examined
under a scanning electron microscope. The results did not show any abnormalities in any of the
cells studied. Cell 006, which had not been stored long and had seen only moderate cycling
showed somewhat less silver penetration of the cellophane but the electrode surfaces were
indistinguishable from the stored cells.

REVIEW OF EM & GM CFL1 FORMATION \

* Dry cell build nominal

* During activation the following could have impacts
on subsequent performance:

— Over temperature during parts of EM 1-4 formation {slightly less
for EM 5-7)

— Interruptions during first formation charge of QM cells.
— Cell wetting procedure identified as critical (procedures
changed from program to program

* None of the above could be conclusively linked to
the differences in subsequent behaviour of EM and

QM cells and batteries

o _ /

The factors above could all play a role in subseguent performance. In particular, the first attempt
to activate dry Cluster cells at ESTEC confirmed how sensitive the obtained capacity is to the
thoroughness of the electrolyte filling step.
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CAPACITY COMPARISON WITH EARLIER PROGRAMS
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It can be sean that the capacities of Ciuster EW Eatter 65 1-5 fall sicnificantly be!cw the trend for
al! other ce''s and battenes. Spare EM cells and Cister QM cells ard battenes cor re other
hand, are nat anomalous. Ciuster BN batlenes €.7 wrich 2sc gave caractes telow the
acceptance 'evel (15.2 Ah), nevenheless show cacac:ties which are nominal whe- the nearly 2
years) interval since activation 1s 1aken inic acccunt. Since the cells in EM 8.7 were activeted in
paralle! with battery EM 5, this sugges!s that the difference may have more !¢ ¢ with the
storage condiigns since activation than with the cell fcrmaticn. Whilst Batteries were cererzlly
stored discharged at ambient temperature, detaifed records of time bateries stert gt cifferent
temperatures and states of charge and are not avadatle (and were nct reguired).

%‘ CONCLUSIONS FROM INITIAL INVESTIGATIONS \
had

eSa

= THERE IS NOTHING WRONG WITH THE DRY CELLS
» CLUSTER EM 1-5BATTERY CAPACITIES ARE ABNORMALLY
LOw

» CLUSTEREN 6-7 AND QM BATTERY CAPACITIES. (AS WELL
AS SPARE EM & QM CELL CAPACITIES). ALTHOUGH LOW.

ARE WHAT WOULD BE EXPECTED FROM PAST
EXPERIENCE WHEN TIME SINCE CELL ACTIVATION IS

TAKEN INTO ACCOUNT

» IT SHOULD BE POSSIBLE TO MAKE FLIGHT BATTERIES
WITH REQUIRED CAPACITY PROVIDED:

~ Time between activation and battery acceptance < 6 months
- Storage of cells and batteries cold when not in use
- Cell formation carried out precisely to specification

N /
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CLUSTER EM BATTERY INTEGRATION TESTS Problem 2 \

» At the start of integration tests in July 1993,
the EM battery capacities had declined
further to between 10.1 and 11.7Ah

* By Feb. 1994, at the start of cycling on the
Cluster PFM, capacities down to 3.5 to 4.2
Ah!

* The capacity needed at end of mission is
estimated as 10 Ah

o /

Since their construction, the EM batteries had been stored discharged at ambient temperature
for 4 months before they were needed for integration testing. Before the start of these tests, a
further standard capacity check was carried out and revealed a further drop in capacity of all 5
batteries. By February 1994, at the start of cycling test on the Cluster proto-flight model,
capacities had fallen dramatically. Comparing the shapes of the battery voltage curves during
cycling at various times reveals significant changes. particularly during charge in the second
plateau region.
Battery EM 4 Cell Voitage During Charge

"o F‘MM‘M
. / _

= Cell accept’. cycie 13, 92/02/27

Average cell voilage

\ —¢-Battery cap cycle, 32/11/28

~=—tm——Gtart PFM cycling 94/02/04

—ZPFM cycle 5 94/02/11

0 2 4 [+ 8 ta 12 14 16 18
Ah

This compares the average cell voltage charge curves of the cells used to make battery EM 4
with the curves measured at battery level before the start of integration testing. The curves are
dominated by the transition from the first plateau {Ag ----> Ag20) to the second {(Ag20---->
AgQ). Although these over-simplified reactions would suggest a ratio of the capacity of the
second to the first plateau as 1;1, in practice a cell a fresh celt gives a ratic of about 2.5:1 as was
the case for the EM 4 cells immediately after activation, It can be seen that this ratio has fallen to
about 0.5:1. While the capacity of the first plateau has also fallen, the majority of the capacity
reduction is associated with the second plateau, charge being terminated when the average cell
voltage reaches 1.51 V.

1994 NASA Aerospace Battery Workshop -292- Advanced Technologies Session




Average cell voltage

T4

Here the same second plateay charge data 1s shown on an expanded scale. The change in
shape of the charge voltage curses can now be seen clearly. From the reference elecirode data
from single cell tests we heleve that these changes are due only 16 the sifver electrode. ( EM
battenes are not yet availlat'e ‘or relerence electrede tests). The last curve shows that it s
possible 1o regain some lost cacacity by regeat cycles.

Second Plateau Charge During Life Cycle Test at 20 deg.C

T .
—_—— e 30
. B Af
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1 47 p
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145

1 44
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Ah

Second plateau averaqe cell voltage charge curves are shown from a 100% DoD life cycle test
ontwo cells at ESTEC. (Fiuctuations during cycle 2 were due 1o instabilities in the temperature
of the water bath). Although the cell voltage increases with number of cycles, the increase is
rather uniform and the fall in capacity of the second plateau is moderate. The capacity of the first
plateau falls by less than 1 Ah a'ter 66 cyc'es. These results demonstrate the cell's capability to
meet the capacity requiremenis at the end of the mission.  The observation that storage could
cause more capacity loss than continuous cycling had, however, not been anticipated and
therefore needed further investigation.
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Internal Resistance as Function of State of Charge (cell 006)

60

~—=-8—— Charge

——D— Discharge ztb:.
20
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W)
o

Ah

The change in charge voltage curve with storage was considered most likely to be the refsult of
silver electrode kinetic limitations caused, for example by morphoiogical changes or surface
contamination. Internal ohmic resistance measurements should provide useful information.
The 'fresh’ ceifl {006) was subjected to current-interruption internal resistance measurements
during cne complete charge - discharge cycle. Results are shown for charge (solid squares) ,
going from left to right and discharge (open squares), going from right to left. Results are based
upcn voltage measurements 2 mS before and after the current was reduced to zero by an
electronic switch. Reference electrode measurements in the same cell confirmed that the large
resistance changes are associated with the silver electrode. This is a known feature of the
couple, but it explains how sensitive the second piateau voitage could be to small changes in
the silver electrode surface. (The fall in resistance towards the end of charge is probably
associated with the onset of oxygen evolution. Comparative resistance data are not yet
available for cells exhibiting second plateau capacity loss.

g%?g SUMMARY OF OBSERVATIONS \
g o

* Cells meet life/capacity requirements after
accelerated life tests at 100% DoD

* The shape of the charge curve changes more with
storage at ambient temperature than with life-
cycling .

* The majority of capacity loss on storage is a result
of the increase in second plateau charge voltage

* Available reference electrode measurements on
single cells lead us to believe that this is due to the
silver electrode.

* The effect is partially reversible with extra cycling

\- /
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Cell Storage test at Yardney

Cell Second Plateau Charge after storage for 6 months
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To settle remaining doubts over the best storace corctions. Yardrey stored § groues of 4 cells
for 6 montrs at 0%, 25%, 50°%: and 100%. charged a1 -12 dez C.

Standard capacity cyc!es at 20 deq. C. alter remcve Ffrom stcrace were perfcrmed. ang the
second plateau charge regen s shown ateve. It car **e seen tha! 2!l celle stered 2t -12 deg .C
irrespective of state oi charge. showed little change whereas the group stored &t 25 deg. C
show a loss of 310 4 Ah from the second plateau. The charge curve was rather simifartothat cf a2
cell subjected 10 66 cycles (see vu-gragh 17). (The vanability m voltage near 10 the plateau
lransition 1s due 10 the low number of measurements icne per houn).

nepumudawgevmw-emwm \

* Confirms storage at -12 deg. C. is desirable

» State of charge has less effect on charge curve
(but storage highly charged is expected to
accelerate separator degradation rate)

* The capacity of the lower charge plateau is not
affected at all

* Flight cells and batteries will be stored discharged
at -12 deg.C whenever not in use

- /

As a result of these findings, strict rules for storage of fight cells and batleries are in preparation,
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RECOVERY OF CAPACITY POSSIBLE? \

« Special charge techniques aimed at
improving charge voltage curve
investigated at ESTEC:

~ High current (1 A) followed by taper charge at 1.51 V
» gave no Improvement

—~ “Reflux" pulse charge
» gave modest improvement (~ 1Ah}

» Details will be reported elsewhere

N /

A natural question is whether the capacity loss is recoverable or permanent. So far, only slight
recovery has been possible, so it is essential to avoid such losses in the first place.

— N

« Confirms that cells and batteries should be stored
cold and discharged

» Full recovery of capacity loss due to poor storage
conditions does not appear possible

» Main concern is effect of long non-eclipse periods
during mission (5 months at ~ 20 deg.C)

s BUT: GEOS had similar non-eclipse periods and
gave no battery problems during mission

N /

Whereas long periods of non-use at ambient temperature and a charged state can easily be
avoided on the ground, they are unavoidable during the mission, where the temperature during
eclipse-free periods is expected to be in the region of 20 deg.C.
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CHANGES TO OH-BOARD MANAGEMENT \

» Decision to cycle batteries more during
non-eclipse periods (minimum 2/5 batteries
have to be available charged at any time):

- original plan: 2 months charged. 3 months discharged

- new plan: 1 month charged, 1 -2 months
discharged..............

* Mission simulation battery test in progress
at Yardney modified to conform to new plan

\_ /

The change in plan reduces he maxmum time any battery will be left charged and un-cycled
from 2 months 1o 1 month.

AFTER EM INTEGRATIOMN TESTS Problem 3 \

»” esa

* Integration tests involved intermittent
cycling with irregular interruptions

» After PFM cycling tests, battery capacity
less than 1 Ah'!

- Obvious severe mismatch between the states of charge of
the different cells.

~ Some cells must have been overcharged and others
reversed during cycling

\- /

During integration tests, baltery cycling was stanted and stopped according 1o the needs of the

equipment under test. Conseguently balteries sometimes remained for prolonged periods at
intermediate states of charge. As a result individual cell's state of charge began fo diverge. This
in turn led the mos! charged cells tending 1o be overcharged and the least charged cells
reversed in subsequent cycles, because maximum and minimum voltages are defined only at
battery level.
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Discharge of Battery EM 4 with Individual Cell resistors
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Battery EM 4 was discharged connecting 2.8 ohm resisters across each cell. The voltage curves
show an enormous dispersion of 8 Ah between the extreme cells.

Battery EM 4 Charge After Reconditioning
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Following the above 'reconditioning' discharge, the next charge was normal again in the sense
that the dispersion in plateau transition times between cells in the battery was 0.50 Ah, very
close to that observed immediately after battery manufacture (0.53 Ah) and even to that during
acceptance cycling of the cells that were made into the battery. This is quite remarkable
considering the abuse some cells had suffered.
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@ CELL MATCHING WITHIN BATTERY \
> @Sa

o Extra capacity loss due to cell mis-match
recovered by individual cell discharge

« Problem due to overcharge and reversal of some
cells.

« Before PFM cycle testing, spread of individual cell
plateau transition times had remained between
0.45 and 0.65 Ah, remarkably constant

o J

Cells in a hattery maintain therr relative state of crarge during normal cycling and storage.
Prolonged cenods at intermed:ate states of charge will evertually lead to mis-maich. but the
overcharge and reversal some cells evicently sufferec cunng the PFIA cycle test were probably
the main cause. Reconditioning has restored cell's relatve states of charge but not the
capacily fost dunng storage and due to ce!l overcharge and reversal,

f’,};\’*‘ MAXIMUM SAFE CHARGE VOLTAGE \
%S esa

« Cell capacity can be increased by using higher
charge voltage cut-off limit

« BUT dangerously high cell voltages could be
reached in case of cell mis-match

« AND individual celi voltages not accessible by
telemetry

\_ Y,

Tests on battery EM 3. in which the end of charge vcitage limit had been slightly raised. shewed
that the capacity could be increased by several amgpere-heurs because it was then possitle 1o
get past the ‘hump’ in the second platéau charge curve. Wis nevenhcless essentia! o azveld any
cel' in a battery being charged into the region where Cyygen 's evoived from the siver electrcce,
pbecause the recombination reaction in such a ficcded celtis too siow 1o prevent the build up of
dangerousty high pressure in the cell. .
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iy DECISIONS \

» To add cell level reconditioning hardware
on board

— Battery discharge every month to include individual cell
deep discharge to ensure cell match

* To determine maximum safe cell voltage

~ Tests begun at ESTEC to determine voltage at which
oxygen evolution begins to occur

- _ /

Because of the experience with cell mis-match and the unavailability of individuai cell voltage
data during the mission, it was decided to implement individual cell reconditioning on board the
Cluster spacecraft.  In addition it was decided to determine at what charge voltage {at normal
charge current) oxygen evolution begins to occur.

CELL PRESSURE TEST RESULTS

1.2
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Cells were opened in an oxygen filled glove box and a pressure transducer fitted through a hole
drilled in the fill tube and sealed with epoxy cement. Since the cells were clamped across their
large faces and the free space in the cell plus pressure transducer remained practically constant,
the rate of generation of oxygen is roughly proportional to the rate of pressure increase. There
is a clear difference in the behavior of the old Giotto cell, which begins oxygen evolution at 1.51
V at normal charge rates, and the Cluster cell. Since it appears that this voltage decreases with
aging, it will be necessary to carry out further measurements on Cluster cells in an "end of life"
condition.
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CONCLUSIONS \

 This investigation has to a considerable
extent been a re-learning process

« Recommendations have been made for
activation, storage and handling of flight
cells and batteries

s We are confident that when the above are
observed problems will not recur.

- /

Because of the infrequent use of sitver cadmium Lzteries, continuity in knowledge of how 1o
handle them has baen hard to maintain and this exercise has been somewhat of a re-learning
process. Whilst we believe we know hcw 1o avoid these problems during preparation of the
flight batteries, it i1s iniended to continue these :nvestigations wih the aim of better
understanding the underlying processes responsible for them.
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Design and Performance Data
for Sealed
Fiber Nickel-Cadmium
(FNC) Cells
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Whe is Acme Aerospace
- ..

© Acme Aerospace is a division of the Acme Electric Corporation, featuring
four product lines:

* Sealed Fiber Ni-Cd cells for aviation, space, and the specialty market.
* Industrial vented Fiber Ni-Cd cells.

* Airborne battery charges power converter and related equipment.

* Custom power system engineering.

doysyioq Lionpg 2o0dsosay FCEN F66T

© Acme Aerospace owns the exclusive license to manufacture and sell
the sealed FNC (Fiber Nickel-Cadmium) batteries from DAUG Hoppecke
of Germany for the aerospace military market.

-b0¢-

© Battery production commenced in 1991.

© The FNC Battery, unknown in North America until 1990, has been selected as the
OEM battery for the:

Boeing 777 Longbow Apache
MD-90 F-22

°  Several space quality cells under test and more in development and
under contract.
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FNC

Cycle Life Data
200 Ah FNC Traction Cell (KFMP 200)
100 % DOD, Discharge Load 100 Amp

Capacity (Ah)
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FNC NMain Features
.. .-

Use of Fiber Plate (negative and positive)

© Use of Recombination Plates

doysyiopt ooy aopdsosay YSFN F661
C

°  Use of Fully Wet Separator

°  Larger Amount of Electrolyte per Ahr.

-90¢-

°  Negative Internal Pressure

°  Hydrogen Removal Catalyst
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Plaque
Impregnation
Positive Loading

Separator

Ni-Cd Cells

Component Comparison
... I

NASA
Standard

Sintered Nickel
Chemical/Electrochemical
2g/cc Void

30-80 micron pore size nylon

Acme

ENC
Nickel-plated Felt
Mechanical
1.5¢g/cc Void
2-5 micron pore size PP

or 20-40 micron pore
size nylon

FNC
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Recombination Plates
Overcharge Pressure
Hydrogen Removal
Capability

Inner Electrodes
Distance

Electrolyte
ml/Ah

Measured Negative/Positive

Capacity

Space Ni-Cd Cells

Stack Comparison
I

NASA
Standard

NO

> 30 PSIA

NO

8-10 mil

2.5-3.5

1.5-2

Acfne
FNC

YES

<5PSIA

YES

11-13 mil

n

4.5

N
)

2.4

FNC
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Typical Design Parameters

SPFNC Cells
s .

Electrodes Active Area

Positive Electrode Loading

Positive Electrode Charge Density
Negative Electrodes Theoretical Capacity
Negative Electrodes Flooded Capacity

Separator Material
Inner Electrode Distance

Electrolyte Concentration

Electrolyte Volume
Cell Impedance (mohm Ah)

Specific Energy (Cell Level)

55 cm*/Ah

1.5g/cc Void

0.15 Ah/g

3.3 Rated Capacity
2.5 Rated Capacity
PP or Nylon

11 - 13 Mil

30 - 32% KOH
2 - 3% LIOH

4.3 mi/Ah
30

34 - 43 Whikg

FNC
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Typical Discharge Characteristics
for FNC Sealed X-type Cells

Battery Voltage (21 Cell normalized)
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= Charging Characleristics
- X81 Cell, 24°C
s Pressure (abs psi)
8 Voltage (normalized to 5 cells) Temperature (°C)
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Accelerated LEO Stress Test
20°C / 40% DOD FNC

END OF DISCHARGE VOLTAGE (40% DOD)
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ACME 7 AMPERE-HDUR NICKEL CADMIUM CELLS
END-CF-CHARGE CELL VOLTAGES DURING AN ACCELERATED LEO REGIME AT 20 DEGREES CELSIUS
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ACME 7 AMPERE-HOUR NICKEL CADMIUM CELLS
END-OF-CHARGE CURRENT DURING AN ACCELERATED LEO REGIME AT 20 DEGREES CELSIUS
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3 CELL RATED TOTAL

g TYPE CAPACITY WEIGHT WIDTH LENGTH HEIGHT

i’é‘ (Ah/1h t01.0Vpc)  (Ibs.) (kg) (inches) (mm) (inches) (mm) (inches) (Mmm)

§
X7 6.5 063 028 | 224 57 94 24| 412 105
X15 15 125 057 | 241 61 114 291 7.03 178
X18 17 162 073 | 266 67 | 1.41 36 | 579 147

g X26 26 250 1.13 | 453 115 99 25| 661 168

' X44 44 380 1.72{ 453 115 | 162 41| 661 168
X55 55 452 205 | 453 115 | 213 54| 652 166
X68 68 571 259 | 453 115 | 233 59| 652 166
X81 81 690 3.13 | 453 115 | 213 54| 882 224
XX23 23 250 1.13 | 4.53 115 99 25| 661 168
XX40 40 379 172 | 453 115 | 162 41| 661 168
XX47 47 452 205| 453 115 | 2143 54| 652 166
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FNC Peripheral Advantages

.}

© More tolerable to manufacturing variations.

© Potential for shorter development and qualification time for new cells.

doysyio4y Leanpg 200dsoday PSEN k66T

© Lower cost.

° Capacity up to 150 Ah possible.

-0ce-
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SUMMARY

Improved fiber plates are utilized in Ni-Cd cells for a variety
of applications.

Sealed cell design uses oxygen recombination plates that
allow the use of a dendrite-resistive fully wet separator.

Conservative design: low posifive mass loading, high negative to positive
capacity ratio, high electrolyte per Ah.

Negative cell pressure at all times.
Robust against manufacturing variations.
Cycle life testing ongoing.

Potential for increased reliability with reduced cost compared
to standard cells.

Ready for full space qualification programs.




NASA BATTERY TESTBED
CAPABILITIES AND RESULTS
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Frank Deligiannis, Sal DiStefano,
and Dave Perrone

1994 NASA Aerospace Battery Workshop
Huntsville Marriott
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‘ BACKGROUND |

» A COUPLE OF NASA SATELLITES (UARS & CGRO) EXPERIENCED
ANOMALIES WITH THEIR Ni-Cd BATTERIES - EARLY 1992

doysyiop Lioupg sovdsotay FSEN F661

» BATTERIES DEVELOPED LARGE HALF-BATTERY VOLTAGE
DIFFERENTIALS (>100 mV) EARLY IN LIFE (<1 YR)

“pCe-

» A BATTERY ON CGRO WAS REMOVED OFF LINE DUE TO THE
HALF-BATTERY VOLTAGE DIFFERENTIAL EXCEEDING 750 mV

» UPCOMING LAUNCHES OF EUVE & TOPEX WITH SIMILAR
DESIGN BATTERIES - MID 1992

» BATTERY MANAGEMENT WAS INITIATED ON MOST MISSIONS
-MANY NON-TRADITIONAL METHODS OF OPERATION APPEARED

» NASA BATTERY TESTBED EFFORT WAS INITIATED

ENERGY STORAGE SYSTEMS GROUP |
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NASA TESTBED OBJECTIVE I

» DETERMINE ON THE GROUND THE IMPACT OF VARIOUS
OPERATIONAL STRATEGIES PRIOR TO IMPLEMENTATION
ON THE SPACECRAFT
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AP0

l APPROACH |

» DEVELOP COMPUTER CONTROLLED TESTING WHICH WILL
ENABLE FAST RECONFIGURATION TO MODEL VARIOUS BATTERY
SYSTEMS: CGRO, UARS, EUVE TOPEX AND OTHER FUTURE NASA

MISSIONS

» OBTAIN & OPERATE IMBALANCED BATTERIES WITH HIGH
HALF-BATTERY VOLTAGE DIFFERENTIALS

» IMPLEMENT VARIOUS OPERATIONAL STRATEGIES SUCH AS

- DEEP DISCHARGES DURING FULL SUN PERIODS
- CONSTANT CURRENT MODES OF CHARGING

- ETC.

- ENERGY STORAGE SYSTEMS GROUP |
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l TESTBED CAPABILITIES |

» CURRENTLY CONFIGURED TO HANDLE THREE 50 Ah NiCd
BATTERIES IN PARALLEL

doysyioy Layvy sovdsossyy VSVN F661

» SIMULATION THROUGH COMPUTER HARDWARE & SOFTWARE

» VARIOUS CHARGE/DISCHARGE MODES CAN BE IMPLEMENTED
(CONSTANT CURRENT, CONSTANT POWER, CONSTANT VOLTAGE etc)

LTt

» SIMULATION OF ORBIT PROFILES WITH VARYING OCCULTATION
PERIODS

» TEMPERATURE, VOLTAGE, CURRENT LIMITS CAN BE SET

» 24 HOUR AUTOMATED OPERATION

UoIsSag $213010UYIA [ PISUDADY
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1 TESTBED CAPABILITIES (cont.) I

» POWER & ORBIT PROFILES EASILY CHANGED BY COMPUTER
COMMAND

doysyioy Aianpg 2opdsosay VSFN F661

» MONITORING & DATA COLLECTION OF INDIVIDUAL CELL
VOLTAGES, BATTERY CURRENTS, TEMPERATURES & VOLTAGES
INCLUDING PARAMETERS SUCH AS PEAK CHARGE CURRENT,
TAPER CURRENT, C/D RATIO, NET OVERCHARGE etc.

-8¢¢-

» THERMAL ENVIRONMENT CONTROLLED BY AN ENVIRONMENTAL
CHAMBER

» SYSTEM HAS MAX 40 A PER BATTERY CURRENT CAPABILITY

» SYSTEM HAS MAX 60 V PER BATTERY VOLTAGE CAPABILITY \

ENERGY STORAGE SYSTEMS GROUP I
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NASA BATTERY TEST BED 1554 s2om 1000V

120A100mVY 120A11C0mY 12081 00mY
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60 VOLT - 120 AMP
TEST STATION
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| CURRENT TEST REGIME & BATTERIES I

» THREE 22-CELL 50 Ah BATTERIES

doysyioy Aianpg so0dsoldy YOVN FE6T

- TWO BATTERIES APPROXIMATELY 8 YEARS OLD, HAVE BEEN
USED AS TEST BATTERIES ON CGRO AND TOPEX

- ONE BATTERY WAS BUILT WITH CELLS FROM FOUR LOTS
CGRO LOT, UARS LOT, EUVE FLIGHT LOT, EUVE LOT
MOST CELLS WERE CYCLED FOR AT LEAST 1 YEAR

-0¢ce-

» IMPLEMENTED ONE OF THE ORIGINAL UARS PROFILE
- 18% DOD

95.5 MINUTE ORBIT

V/T 5

3 C

34 A PEAK CHARGE CURRENT

HOIS$25 $218010UYII T PaouDApy
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NASA BATTERY TEST BED -- BATTERY A,B & C
CYCLE 400 AT 18% DOD AT 3 DEGREES CELSIUS
BATTERY VOLTAGE & HALF BATTERY DIFFERENTIAL
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NASA BATTERY TEST BED
CYCLE 400 AT 18% DOD AT 3 DEGREES CELSIUS

%
30 |
20

10 +

40 &

20 4

lllllllll

_30 i 1 L L] 1

20 30 40 50 60 70 80
. MINUTES




dotysy.0, 4 Lanpy asvdsosay ySEN #661

NASA BATTERY TEST BED -- BATTERY A
CYCLE 400 AT 18% DOD AT 3 DEGREES CELSIUS
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NASA BATTERY TEST BED -- BATTERY B
CYCLE 400 AT 18% DOD AT 3 DEGREES CELSIUS
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NASA BATTERY TEST BED -- BATTERY C
CYCLE 400 AT 18% DOD AT 3 DEGREES CELSIUS
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NASA BATTERY TEST BED -- BATTERY A,B & C
CYCLE 800 AT 10% DOD AT 3 DEGREES CELSIUS
BATTERY VOLTAGE & HALF BATTERY DIFFERENTIAL

BATTERY C.
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NASA BATTERY TEST BED -- BATTERY A
CYCLE 800 AT 10% DOD AT 3 DEGREES CELSIUS
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NASA BATTERY TEST BED -- BATTERY C
CYCLE 800 AT 10% DOD AT 3 DEGREES CELSIUS
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‘ SUMMARY |

» COMPLETED THE COMPUTER SOFTWARE & HARDWARE

doysyao gy Leanng sovdsosay FSFN F661

» OBTAINED THREE BATTERIES FOR TESTING

» ESTABLISHED A PERFORMANCE DATABASKE OF THE THREE
BATTERIES UNDER THE UARS PROFILE

-Ive-

» CREATED A IMBALANCED BATTERY SYSTEM

» FUTURE PLANS ARE TO IMPLEMENT VARIOUS OPERATIONAL
STRATEGIES TO CORRECT THE IMBALANCE

L0IS53S SNB0OUYII | PINUDSPY
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SUMMARY
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e SUCCESSFULLY DEMONSTRATED THE OPERATION
OF A SPACECRAFT BATTERY TESTBED

— HARDWARE IS CONFIGURED TO ACCOMMODATE MULTIPLE
BATTERIES (i.e. 3 X 22 CELL NiCd)

— SOFTWARE CAN IMPLEMENT ANY ORBITAL PROFILE

e ESTABLISHED A PERFORMANCE DATA BASE FOR
THE MODULAR POWER SUBSYSTEM (MPS)
CHARACTERISTIC OF SEVERAL NASA ORBITING
SATELLITES (GRO,UARS,EUVE, TOPEX/Poseidon)

— UARS ORBITAL PROFILE IMPLEMENTED ON TEST BATTERIES
— INITIATED ANALYSIS OF BATTERY MANAGEMENT TECHNIQUES

-Lhe-
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N/‘\S/\ Johnson Space Center Engineering Direclorate

Propulsion and Power Division
Eric Darcy 11/16/94

1994 NASA Aerospace Battery Workshop
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Calorimetric Evaluation

of

“Spe-

Commercial Ni-MH Cells and Chargers

with
Brent M. Hughes
Lockheed Engineering & Sciences Company

1015535 §1B0[0UYD3 | PINTADY




The test objectives are to evaluate the electrical and thermal performance of commercial Ni-MI1 cells and to evaluate the
effectiveness of commercial charge control circuits. The ultimate design objectives are to determine which cell designs are most
suitable for scale-up and to guide the design of future Shuttie and Station based battery chargers.
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N/\S/\ Johnson Space Cenler Enginecering Direclorate

Propulsion and Power Division
Eric Darcy 11/16/94

Outline

» Description of Ni-MH cells and chargers

doisyao i Lapng 3wdsosdly [N 1661

» Cycling experiment using Taguchi techniques

 Calorimetric comparison of best performing cells

-Lbe-

 Summary conclusions

KOS5 $B0[0UYII ] PINTADY




The cells tested were those most readily available. Some were purchased while others were sampled to us. The most notable
exclusion are Panasonic cells. Efforts are under way to obtain these for future evaluation.
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N/\S/\ Johnson Space Center Engineering Direclorate

z - Propulsion and Power Division

g2 Description of Cells

3 Eric Darcy 11/16/94

< Cell Manufacturer Cell Size Ah rating DoM Hydride formulation

3 Ovonic C 3.25 92 AB,
Harding* A 1.8 93 AB,

Gold Peak* 7/5A 2.5 94 AB,
Maxell 4/3A 2.3 94 AB,

@ Sanyo* 4/3A 2.3 93 AB;

b Sanyo 4/3AU 2.4 94 AB,
Toshiba* 4/5A 1.5 93 AB.
Furukawa Prismatic 0.55 93 AB,
Yuasa* Prismatic 3.0 94 AB.
Yuasa* 4/3A 2.4 94 AB,

* have limited cycling performance data.
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This Austrian product uses a novel last charge approach which starts fast and declines in a stair-step manner. The techaique
reduces the maximum charge voltage (power) needed. Unfortunately, this charger sometimes failed to terminate when the current
was adjusted from its factory selting. Thus, only C-cells where tested with (his charger.
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N/\S/\ Johnson Space Center Engineering Direclorate

Propulsion and Power Division
Eric Darcy 11/16/94

Enstore Charger

Model # - ECS-Il by Enstore, Inc.

Input - constant voltage AC (110 V or 220V) or DC (11 V)

doigsyao,gf Lapng soudsoddy 1SN 1661

Output - continuously pulsing charge current with 4 step sequence.
* Step 1 - 100% of initial setting to about 75% SOC
» Step 2 - 75% of initial setting to about 95% SOC
* Step 3 - 38% of initial setting to about 100% SOC
* Step 4 - lower duty cycle of pulses at step 3 level maintained indefinitely

-ISt-

Charge Rates - 2 to 8 A, but with Evaluation Board only successful at4 A

Charge Termination Methods
* proprietary voltage inflection
* maximum voltage
* maximum temperature

Other Features/Limits ‘
* can be set to charge Ni-Cd and Pb/PbO, batteries
* termination was inconsistent at any setting other than 4 A.
* requires a 6 k2 NTC thermistor.

HOIS§ IS SaIBojouyIaf pasLwAPY




This declining stair-step current profile results in a camelback heat profile which minimizes peak charge voltage and heat.
Enstore, Inc., acknowledged this termination problem and is performing further development to correct it.
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N/\S/\ Johnson Space Center

Engineering Directorate

Enstore Charger Sequience

Propulsion and Power Division

11/16/94

Eric Darcy
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The Benchmarq charger uses a negative slope algorithm, which has proven successful with Ni-Cd cells, and couples it with a cell
temperature rise algorithm. Besides the Enstore charger, it has the least amount of current rate settings. The chip has an input pin
to activate discharge of a battery before initiating charge.
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N/\S/\ Johnson Space Center Engineering Directorate

Propulsion and Power Division
Eric Darcy J11/16/94

Benchmarq Charger

Model # - bq2003 by Benchmarq Microelectronics, Inc.

Input - constant voltage of 11 V (or constant current with additional circuitry)

doysyio g Lonng aowdsodaly FXVYN +661

Output - constant current set by user with resistors

Charge Rates - C/4, C/2, C, 2C, and 4C

-GSE-

Primary Charge Termination Methods
* temperature rise (AT/At)
* negative voltage slope (-dV/ot)
Secondary Charge Termination Methods
 maximum temperature (user tweakable)
» maximum voltage (user tweakable)
* timer (360, 180, 90, 45, and 23 minutes)

Top-off and Trickie Charge
* top-off is set equivalent to 1/10 the duty cycle of fast charge
» trickle rate constant (user configurable with resistors)

UOISSIS SAB0[OUYII [ PoN@APY

Other Features/Limits
e discharge before charge initiation




The Maxim charger is the simplest tested. It has the least amount of features. Charge current {luctuations can occur if the power
transistor is not carefully matched to the control circuit. The resulling voltage fluctuations troubles the zero slope algorithm.
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N/\S/\ Johnson Space Center Engineering Directorate

Propulsion and Power Division
Eric Darcy _11/16/94

Maxim Charger

Model # - Max 712 by Maxim Integrated Products

Input - Constant voltage of 11 V (No constant current capability)

doysyioy Keanvy sovdsosdy YSFN F661

Output - Constant current set by user with resistor(s)

Charge Rates - 3C, 2C, 1.5C, 1C, C/2, C/2.5, and C/4

-LSE-

Primary Charge Termination Methods
* maximum voltage point (AV/At < 0)
» max temperature (user tweakable)
Secondary Charge Termination Methods
* max voltage (user tweakable)
e timer (22, 33, 45, 66, 90, 132, 180, and 264 minutes)

Trickle Charge
* built-in trickle set to 1/8 of fast charge rate.
* can be set to other values with additional circuitry

Other Features/Limits
» Power transitor must be carefully matched to the control circuit to prevent
instabilities in the output.
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N/\S/\ Johnson Space Center

Engineering Direclorale

Propulsion and Power Division

ICS Charger

Eric Darcy

11/16/94

Model # - ICS 1702 by Integrated Circuits Systems, Inc.

Input - Constant current or constant voltage of 11 V. Configured by user.

Output - Constant current with discharge pulses (Reflex).
Current is limited by size of external transitor.

Charge Rates - C/4, C/3, C/2.5, C/2, C/1.5,1C, 1.3C, 2C, and 4C

Primary Charge Termination Methods
* voltage inflection (02V/ot?2 =0)
« temperature slope approximately = 0.7°C/min
* negative voltage slope (-dV/dt)
Secondary Charge Termination Methods
* maximum voltage (user tweakable)
* maximum temperature (user tweakable)

e timer (273, 242, 210, 142, 107, 73, 55, 37, and 19 minutes)

Trickle Charge - 2 hr topping and indefinite maintenance charge available

Other Features/Limits
» discharge pulse current is set by user

» 2 min soft start period prevents false volitage inflection termination




N/\S/\ Johnson Space Center Engineering Directorate

Propulsion and Power Division
Eric Darcy 11/16/94

Reflex charge profile
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The objective of the experiment is to determine which combination of factors contribule to maximum discharge capacity as a % of
nameplate capacity after 100 cycles. A secondary objective was to determine the Ah C/D rativs of cach combination. All three
Harding batteries (consisting ol A-cclls) failed within 80 cycles Lo deliver appreciable capacity. They were replaced with Gold
Peak cells.
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N/\S/\ Johnson Space Conter Engineearing Directorate
I

Cycling experiment using Taguchi Propulsion and Power Division ‘
techniques Eric Darcy .11/16/94 ;

1 st Performance Evaluation using L18 Taguchi Matrix
3 cell types - Harding A, Sanyo 4/3A, and Toshiba 4/5A
» 3 chargers - Benchmarq, ICS, and Maxim
* 3 charge rates - 3/C, C, and 2C
« 3 trickle charge rates - C/100, manufacturer setting, and C/10
» 3 trickle charge times - 5 min, 1 hr, and 2 hr
* 3 charge and discharge rest times - 2 min, 15 min, 30 min
e 2 temperatures - 25 and 5deg C
* 1 discharge rate - C rate to 1 volt/cell

Performance criteria
» Discharge capacity (as % of nameplate) vs cycle number

After Harding cells failed, they were replaced with Gold Peak 7/5A cells.




This plot shows the cycling performance of Sanyo 4/3A batteries with 3 different chargers at room temperature, Sanyo cells
performed very consistently. Benchmarq terminated after 85-87% charge input at a C rate probably due to its sensitive
temperature rise termination algorithm. Interestingly, ICS achieved a lower C/D Ah ratio at 2C than Maxim did at C/3, while
discharge output was nearly identical.
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N/\S/\ Johnson Space Center

Engineering Direclorale

Sanyo 4/3A cell cycling

Propulsion and Power Division

Eric Darcy 11/16/94
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Toshiba batteries were also consistent performers with all the chargers. Curiously, the rate of charge did not effect the discharge
output (90% of nameplate capacity). ICS inconsistencies were due (o a "testing" bug.
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N/\S/\ Johnson Space Center

Engineering Direclorate

Propulsion and Power Division

Toshiba 4/5A cell cycling

Eric Darcy 11/16/94
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Engineering Directorate
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Propulsion and Power Division

d Peak 7/5A cell cycling

Eric Darcy 11/16/94
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At 10 °C, Sanyo cells were consistent like at room temperature. Note that the discharge output of the Benchmarq C/3 charge was
identical to the Maxim 2C charge. Both benefited from C/100 trickle period. ICS terminated at 90% charge input, and thus, fared
weakly at this lower lemperature.
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NASA

Johnson Space Center

Engineering Directorate

Sanyo 4/3A cell cycling at 10°C

Propulsion and Power Division

Eric Darcy 11/16/94
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Propulsion and Power Division

Toshiba 4/5A cell cycling at 10°C .
Eric Darcy

11/16/94
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Gold Peak 7/5A cells at 10°C

Eric Darcy

11/16/94
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Cell type was the overwhelming factor affecting discharge output after 100 cycles because the Gold Peak cells performed so
poorly. The contribution attributed to experimental error was higher than all other factors.
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N/\S/\ Johnson Space Center Engineering Directorate

Propulsion and Power Division
Eric Darcy _11/16/94

Main Effects Analysis

Percentage Contribution of Each Factor
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* Cell type was the most important factor effecting % of discharge capacity
* All other factors were less important than experimental error




Nevertheless, the effects of varying the levels of cach factor can be observed. Room temperature was 20% better than 10 °C.
Strangely, the three hour and 2C rates were betler than C rate. Benchmarq and ICS chargers faired better than Maxim. A future
experiment is needed with only one cell type to more accurately pin point the cffects of the chargers, charge rate, etc.
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Effects of Varying Levels

Propulsion and Power Division

Eric Darcy

11/16/94
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The cells and chargers listed have becn evaluated in the calorimeter. Only the best performing cells will be discussed today. The
majority of the cells were tested with the ICS charger because of its performance and its constant current input made current
adjustments very convenient. The cycling conditions included long rest periods alter trickle charge and discharge to allow
integration of the heat profile to calculate thermal energy.
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N/\S/\ Johnson Space Center Engineering Direclorate

Propulsion and Power Division

Experimental Plan - Calorimetry

Eric Darcy 11/16/94

Cell types tested to date
¢ Ovonic C
e Sanyo 4/3A and 4/3AU
* Gold Peak 7/5A
e Yuasa 4/3A and prismatic
* Toshiba 4/5A
» Maxell 4/3A
e Sanyo Ni-Cd C

Chargers
* Benchmarq Microelectronics, bq2300
* Integrated Circuit Systems, 1CS-1702
 Maxim Integrated Products, Maxim712

Cycling conditions
» C charge and discharge rates
e 0.1 A trickle charge for 1 hour immediately after charge
* 2 hr rest after trickle charge and discharge
* 1 volt/cell discharge cut-off
* Room temperature water bath controlled environment
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The Sanyo 4/3A cell had the lowest steady state heat rate on charge and discharge. However, it was significantly overcharged by
the ICS charger as is evident by the severe heat spike. This overly influences the total charge thermal energy calculation. Ata C
rate this cell only delivered 94% of its 2.3 Ah nameplate capacity. Sanyo says that the cell N/P ratio is nearly 2.0 and that the
nickel electrode is the sintered type. This is clearly a low impedance cell but with limited capacity delivery at higher rates.




doysyao gy Lonugf 2ovdsosdp FSEN HO6T

-£8¢-

WOIS53G §2180[0UYII [ PISUDAPY

N/\S/\ Johnson Space Center

Engineering Direclorale

Sanyo 4/3A cells with ICS charger

Propulsion and Power Division
. 11/16/94

Eric Darcy
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The new Sanyo 4/3AU cell yields a 0.1 Ah more capacity at the same rate but runs very much hotter. Specifically, 1.85 times
hotter, in terms of steady state heat, on discharge aud 2.43 times hotter on charge. Sunyo says the nickel electrode is non-
sintered. Clearly, impedance changes alone can not account for this differcnce. I suspect hydride modifications have changed the
heat of hydriding and dehydriding. Intcrestingly, this cell suffered less overcharge heat than the 4/3A, maybe because temperature
algorithms terminated the AU cell.
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Propulsion and Power Division

Sanyo 4/3AU cell with ICS Charger

Eric Darcy

11/16/94
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Yuasa 4/3A cell capacity delivery is nearly identical with the Sanyo 4/3A. However, the Sanyo cell runs 1.16 and 1.91 times
holter (steady-state heat) during discharge and charge, respectively. Yuasa has informed me that the cell's N/P ratio is 1.5, This
cell appears to suffer the least amount of overcharge hieat compared to the Sanyo cells. Yuasa says that the nickel electrode uses a
high surface area powder material doped with CoO and pasted onto a porous foam substrate. Again, the difference between heat
rates of charge and discharge indicates that their hydride electrodes are different as well,
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Yuasa 4/3A cell with ICS charger
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The Yuasa prismatic cell rated at 3.0 Al delivered slightly less capacity than its cylindrical relative and was not as thermally
efficient. This mostly likely due to the higher impedance of the prismatic construction. Yuasa says its N/P ratio is 1.75 and it
received more overcharge than its 4/3A relative.
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N/\S/\ Johnson Space Center Engineering Directorate

Propulsion and Power Division

Yuasa prismatic cell with ICS charger
Eric Darcy 11/16/94
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This table compares the four best performing cells. Electrical and thermal polentials are parameters I devised to compare the
integrated electrical and thermal energy on a per Ah delivered basis. This allows for comparing cells of varying capacity. On
charge, the electrical potentials were nearly identical while the Sanyo 4/3AU clearly generated more heat per Ah than the others.
On discharge, the Sanyo 4/3A cell generated less heat per Ah delivered. But the telling parameter is the midway heat rate value
determined halfway during charge and discharge. Differences in midway voltage were minimal compared to the midway heat.
This comparison demonstrates the wide difference in the thermal characteristics of Ni-ML cells all using similar hydride
formulations (ABy ).
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Comparison of 4 best cells
. Eric Darcy 11/16/94
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Sanyo 4/3A  |Sanyo 4/3AU |Yuasa 4/3A | Yuasa Prismatic

Charge_characteristics

Ampere-hours, Ah 2.61 2.55 2.61 3.32

Waltt-hours, Wh 3.82 3.69 3.69 4.8

Electrical potential Wh/Ah, V 1.46 1.45 1.41 1.45
& Walt-hours thermal, Wht 0.935 1.26 0.873 1.32
= Thermal potential Wht/Ah, V 0.358 0.494 0.334 0.398

Midway voltage, V 1.44 1.46 1.47 1.47

Midway heat, W 0.36 0.875 0.459 0.65

Discharge _characteristics

Ampere-hours, Ah 2.17 2.26 2.29 2.77
o Watt-hours, Wh 2.63 2.8 2.78 3.35
g Electrical potential Wh/Ah, V 1.21 1.24 1.21 1.21
3 Watt-hours thermal, Wht 0.31 0.587 0.543 0.749
& Thermal potential Wht/Ah, V 0.143 0.26 0.237 0.27
T Midway voltage, V 1.23 1.219 1,21 1.2
3 Midway heat, W 0.295 0.547 0.472 0.78
X
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N/\SI{\ Johnscn Space Center Engingering Direclorate

Propulsion and Power Division

Comparison findings

Eric Darcy 11/16/94

Sanyo 4/3A vs Sanyo 4/3AU
« AU cell yields 0.1 Ah more on discharge at C rate
» AU cell runs 1.85 and 2.43 times hotter during discharge and charge
« impedance changes alone can not account for this difference
« difference probably due to a change in AH of hydriding/dehydriding

Yuasa 4/3A vs Sanyo 4/3AU
» capacity delivery is nearly identical
« Sanyo cell runs 1.16 and 1.91 times hotter during discharge and charge

Yuasa Prismatic vs Yuasa 4/3A
 Prismatic delivered slightly less Ah relative to its nameplate (3 Ah)
 Prismatic not as thermally efficient due to higher impedance

Most thermally efficient cells © = “f)‘/l - W "li-hem\al
» Yuasa 4/3A cell during charge (0.78) L
» Sanyo 4/3A cell during discharge (0.88)
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N/\S/\ Johnson Space Cenler Engineering Directorate

Propulsion and Power Division

Summary Concilusions

Eric Darcy 11/16/94

Performance Cycling
* AB; (Sanyo, Yuasa, Toshiba) cells cycled more consistently than AB, cells
e Yuasa 4/3A and Sanyo 4/3AU yielded best energy (56 Wh/kg, 193 Wh/L)

Taguchi Experiment
« Cell Design was most important factor due to poor performance of AB, cell
« ICS and Benchmarq chargers are better than Maxim charger

Calorimetric Study
* AB; cells are more thermally efficient than AB, cells
» Nevertheless, thermal performance varies widely within AB; cell designs.
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Future tests
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* Calorimetric evaluation of other viable celis and chargers

» Convert test stand to ICS chargers and cycle test the following cells
* Yuasa 4/3A
* Yuasa Prismatic
e Sanyo 4/3AU
* improved Toshiba 4/3A cells
* Furukawa prismatic cells

“b6€-

* DPA’s to correlate performance to cell design
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N/\S/\ Johnson Space Center Engineering Direclorate

Propulsion and Power Division
Eric Darcy 11/16/94

DPA plan

Purpose: Determine why Yuasa cells are thermally different from Sanyo celis

Part | - Determine general cell design characteristics
* Cell gas composition and pressure (gas chromatograph)
« KOH conc of electrolyte (titration) and ion composition (ion chromatography)
* Weight and volume distribution of dry cell components

Part Il - Analysis of the negative
» Grain structure (optical and SEM techniques)
* Elemental composition (Mass Spectroscopy)
* Specific surface area (BET)
* Porosity and pore distribution (Hg porosimetry)
* Elemental and molecular composition of surface (XPS)
*» Composition depth profiling of the surface (AES)
* Electrochemical capacity, mAh/g (electrode test)
* Heat of hydriding/dehydriding (calorimetry)

Part lll - Analysis of the positive
* Electrochemical capacity, mAh/g (electrode test)
* Porosity and pore distribution (Hg porosimetry)
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Test Stand Description

Automated Battery Cycler Capabilities

* 10 independent battery cycling stations

» Each station equipped with bipolar power supply =20 V and 10 A

* Charge control options for each station
» user software controlied with power supply as source, or
« controlled by IC chargers using battery voltage and temperature inputs

« Data Acquisition = 40 channels, 15 to 30 sec single scan rate

 Stand Computer is a Macintosh lici, 20 MB RAM, 100 MB HD, 25 MHz

« LabVIEW software for stand control and data acquisition
e 5 state cycle; discharge, discharge rest, charge, trickle charge, charge rest
» Charge parameters = current with time, voltage, and temperature limits
» Discharge parameters = current with voltage and time limits
* Trickle charge parameters = current with time, voltage, and temp limits
* Number of cycles entered by user

* LabVIEW for datalogging

» Battery state time, voltage, current and temperature read each scan
» Uses fencepost and deadband features to minimize stored data.
e Logs battery state t, V, |, and T at the end of each state.

doysytogy Laung aovdsoddy FSEN F661

-L6t-

Battery environment maintained with water and air bath

* 1355 cc (83 in®) available for all ten batteries
* range; 0 to 100 °C
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Calorimeter Capabilities

Twin Cell Heat Conduction Calorimeter
* made by Hart Scientific, Inc.
» can accommodate D-cells or smaller
* N0 messy immersion of battery in heat conductive liquids needed
» water bath temperature range is 0 to 100 C
» water bath stabilizes temperature to + 0.01 °C
* walls of twin cells measure heat with thermoelectric sensors
» 200 second time constant
* 100 W resolution
* 10 channel data acquisition; bath temp, heat, and 8 other user selected
* twin cell design cancels effects of external undesired thermal inputs
» other measurement cell is used for calibration, or
* two batteries can be tested simultaneously with lower resolution
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X Yuasa 4/3A and prismatic cell cycling Erio D /
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AB2 ABS ABS ABS A5 AB5S AB2 ABR2
Ni-Cd OvenicC|  Sanyo 4/3A Sanyo 4/3AU|Yuasa 4/3A  |Yuasa P Toshiba 4/6A |Gold Peak 7/5A |Maxell 4/3A

Nominal cell weight {g) 80 84 49.2 50.6 49.9 75.7 az 47.4 49.3

Nominal cell volume (L) 0.0241 0.0241 0.014 0.0145 0.0147 0.0202 0.0G6976 0.0153 0.0145

Benchmarg bg2300 charger S SN

Discharge output (% of nameplate) 107 78 87

Ah C/D ratio 1.156 1.23 1.12

Wh C/D ratio 1.35 1.83| 1.38 -

Wh_t C/D ratio 0.96 2.68 2.1 o

Charge_efliciency 0.85 0.63 0.77

Discharge_efliciency 0.78 0.75 -0.85

Specific_energy (Wh/kg) 32.8 33.2 48

ICS-1700A _charger

Discharge culput (% of nameplale) 109 77 94 94 95 92 87 78 ) 87

Ah C/D ratio 1.18 1.44 1.2 1.13 1.14 1.2 1.2 1.3 1.2

Wh C/D ratio 1.34 2.05 1.4 1.32 1.33 1.42 1.32 1.68 1.43

Wh_t C/D ralio 1.06 2.89 3.02 2.15 1.53 1.66 2.31 2.68 2.83

Charge elficiency 0.83 0.69 0.75 0.658 0.78 0.73 0.78 0.69 0.61

Discharge efficiency 0.78 0.79 0.88 0.79 0.81 0.77 0.87 0.8 0.8

Specilic energy {(Wh/kg) 33.4 32.4 52.8 55.3 55.6 44.4|° 48 47.4 48.7

Energy density {WhiL}) 111 113 1B5 193 189 166 157 147 166

Maxim 712 charger

Discharge output (% of nameplale) 107 78 93

Ah G/D ralio 1.13 1.3 1.17

Wh C/D ratio 1.34 1.83 1.42

Wh_t C/D ralio 0.97 2.71 2.62

Charge efficiency 0.84 0.63 0.75

Discharge efficiency 0.78 0.75 0.86

Specilic_energy (Wh/kg) a3 33.2 52.4 }
|

Enstore ECS-|l__charger |

Discharge output (% of nameplale) 90

Ah C/D ratio 1.32 "

Wh C/D ratio 1.92

wh_t C/D ralio 2.4

Charge elliciency 0.721

Discharge eHiciency 0.777

Specitic energy (Wh/kg) 39

Note: All fiqgures obtained while charging/discharging at C rates




N/\S/\ Johnson Space Center Engineering Direclorate

Propuision and Power Division w
Eric Darcy 11/16/94

1994 NASA Aerospace Battery Workshop
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Abuse Tolerance Determination

10t
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Commercial Ni-MH cells
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QOutline
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* Objectives
e Test Matrix

* Overcharge

0y

* Reversal
* Short Circuit
e Heat-to-Vent

e Conclusions
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Test Matrix

: Eric Darcy 11/16/94

3

; Manufacturer |Shape Capacity, Ah [Overcharge |Reversal|Short Circuit_|Heat-to-Vent

5y Furukawa prismatic 0.55 X X X X
Furukawa AA 1.4 - X
Gates 4/5A 1.5 _ X
Goldpeak 7/5A 2.5 X X

I Harding AA 1.1 X X X X

+ Harding A 1.8 X X X X
Harding C 3.25 X X X X
Maxell 4/3A 2.3 X
Ovonic C 3.25 X ox X X
Sanyo 4/3 A 2.3 W X . X X X
Toshiba 4/5A 1.5 S X X
Yuasa 4/3 A 2.4 | ] X
Yuasa prismatic 3 B X
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N/\S/\ Johnscn Space Center Engineciing Directorale

Propulsion and Power Division

Overcharge Tests

Eric Darcy 11/16/94

Overcharge reactions

negative MH electrode; 2H,0 +0,+4e” —» 4 OH-
positive NiOOH electrode; 40H- —» 2H,0 + O, + 4e~
Conditions

* Charge input > 200% of nameplate capacity

* 4 tests run per cell type
* low rate (C/3) at room temperature (RT) and at 0 °C
* high rate (2C) at RT and at 0 °C

Results
* At C/3 and RT, no cells leaked and found no evidence of leaking
* At C/3 and 0 °C, only Toshiba and Harding C cell leaked a bit of KOH
* At 2C rate, only the Harding C cell leaked at both temperatures
* Max cell temp = 88 °C by Sanyo and Ovonic cells at high rate, RT
* None of the cells leaked profusively or ruptured
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Propulsion and Power Division
Eric Darcy 11/16/94

Overdischarge/Reversal Tests

Overdischarge reactions

negative MH electrode; H, + 20H- —» 2e~ +H,0
positive NiOOH electrode; 2H,0 +2e~ —» 20H"+H,
Conditions

* Forced discharge > 200% of nameplate capacity

* 4 tests run per cell type
* low rate (C/3) at room temperature (RT) and at 0 °C
* high rate (2C) at RT and at 0 °C

Results
* All the cells leaked some electrolyte
* Max cell temp = 95 °C with Sanyo cell at high rate, RT
* None of the cells leaked profusively or ruptured
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Propulsion and Power Division
Eric Darcy 11/16/94

Short Circuit Tests

Conditions
* 4 tests run per cell type
* low rate (0.1 Q2) at room temperature (RT) and at 0 °C
* high rate (<0.05 Q) at RT and at 0 °C

doisyio,4) iaiog 2a0dsoday FSEN FE6T

Results
* None of the cells leaked detectable amounts of electrolyte during all tests

* Max cell temp (91 °C) with Harding A cell at high rate, RT (peak | = 12.4A)
 Max peak current was 28.4 A (max T = 79 °C) with Sanyo cell at high rate, RT

50~
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= Harding A cell .

) 9 Eric Darcy 11/16/94
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NAS/\ Johnson Space Center

Engineering Directorate

Sanyo 4/3A cell

Propulsion and Power Division

Eric Darcy

11/16/94
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Heat-to-Vent Tests

Conditions
e cells pre-charged at C/2 for 130 min within 48 hours of oven test.
» cell were placed in evacuated pressure vessel
* pressure vessel and cell were heated in thermal chamber
* Temperature profile
* RT to 177 °C in 4-5 hours
*>1 hourat177 °C
| ¢ 177 °C to RT overnight
* Vents detected as small sudden increases in vessel pressure

Results
e All cells vented, some gradually, other discreetly from 130 to 171 °C
e Prismatic cells and Ovonic’s C-cell lost the most electrolyte
* Outer insulation of all cells was burnt and cracked
* None of the cells ruptured
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Propulsion and Power Division

Heat-to-Vent Results

S
hig
=
&
3 Eric Darcy 11/16/94
‘g
8
5
3 Manufacturer|Shape mass. g |mass lost, % {Vent temperatures, deg F
S
g .
z Furukawa prismatic| 17.4 4 340
3
Furukawa AA 27.5 0.7 304, gradual vent
Gates 4/5A 33.4 1.1 gradual vent
Goldpeak 7/5A 47.5 0.6 300
& Harding AA 23.9 0.4 gradual vent
T Harding A 34.8 0.6 gradual vent
Harding C 83 0.1 gradual vent
Maxell 4/3A 49.3 1.2 269, 272, 281, 328, 330, 331, 332, 334, 336, and 340
«1Ovonic C 82.7 4 270 and 285
Sanyo 4/3A 52.7 2.5 272 and 350
Toshiba 4/5A 32.5 3.1 293, 301, and 311
Yuasa 4/3A 49.9 1.8 266, 276, and 284
Yuasa prismatic{ 75.8 3.8 gradual vent
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Conclusions

Eric Darcy 11/16/94
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e Commercial Ni-MH cells are very tolerant to short circuits

» Overcharge and reversal tests resulted in very benign KOH leakage

Iy

* Cells vent noticeably and benignly at temperatures over 130 °C
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Summary of Commercial Ni-MH Cell Abuse Test Results

Introduction

The purpese of this test was to determine the abuse tolerance characteristics of various
commercially available nickel-metal hydride (Ni-MH) cells. Cells from Furukawa, Gold
Peak, Gates, Harding, Maxcll, Ovonic, Sanyo, Toshiba, and Yuasa were tested. The tests
were conducted as sub portion of test number 2P807 at B332 of the Thermochemical Test
Area and included overcharge, overdischarge, short circuit, and heat-to-vent cell tests. The
tests were started on 4/14/94 and finished on 8/26/94. Table 1 describes the type of cells
evuluated and which tests each tvpe was submitted to.

Tabile 1

Manufacii  Shape Capacity,  Qvercharse  Reversal Short Heat-to-
rer Ah Circuit Yent
Furukawa  prismatic  0.33 X X X X
Furukawa  AA 1.1 ' X
Gold Peak  7/5A 2.5 X X
Gates 1/5A 1.3 X
Harding AA 1.1 X X X X
Harding A 1.8 X X X X
Harding C 3.25 X X X X
Maxell 4/3A 2.3 X
Ovenic C 3.25 X X X X
Sanvo 43A 2.3 X X X X
Toshiba 4/5A 1.5 X X X X
Yuasa 4/3A 2.3 X
Yuasa prismatic 3.0 X

Overcharge Test
A total of four overcharge tests were performed covering two rates, C/3 and 2C, and two

temperatures, room and O °C. Each test lasted until a 200% charge input into each cell was
achieved. At the C/3 rate, only the low temperature run caused the Toshiba 4/5 A and
Harding C cells to lose weight indicating a small venting of electrolyte. At the higher 2C
rate only the C cells leaked at both temperature. During the high rate, room temperature
test, the Sanyo 4/3A and Ovonic C reached temperatures over 88 °C all others were lower.
None of the cells leaked profusely or ruptured.

Reversal Test

A tota! of four cell reversal test were performed covering two rates, C/3 and 2C, and two
temperatures, room and 0 "C. Each test lasted until a >100% reverse charge was drawn
from the cell from the point of voltage reversal. Nearly all the cells lost a bit of weight
during the tests indicating a venting of some electrolyte. During the high rate, room
temperature tests the Sanyo 4/3A reached 95° C. However, none of the cells ruptured.

Shont Circuit Test

A total of four cell short circuit test were performed covering two loads, 0.12Q and
>0.05Q, and two temperatures, room and 0 °C. None of the cells leaked or ruptured during
any of the short circuit tests. At the high rate and room temperature, the Harding A cell
reached the highest temperature of the all the cells, 91 °C, and its peak current was 12.4 A.
Under the same conditions, the Sanyo 4/3A cell had a peak current of 28.4 A while
attaining 79 °C.

1994 NASA Aerospace Battery Workshop -412- Advanced Technologies Session



Heat-to-Vent Test

All the cells fisted in Table T were charged 2t C/2 rate for 2 hrand 10 min. and then
submitted to this test within 48 hours. This test was performed by placing the cell ina
prossurized vessel equipped with feed-throughs for cell voltige and temperature
measurements. A roughing pump was used to pull a light vaceum on the cell so as best
detect changes in pressure from a transducer connected to the vessel. The vessel was placed
in an automated thermal chamber, This massive vesse! took about 4-3 hours to heat to 177
"C(350°F) from room temperature. It was maintained there for an hour before letting the
vessel ffaturally cool off, Prior to opening the vessel, itwas purged with nitrogen for over
3 min.

All the cells vented, presumably hvdrogen, and varving amounts of electrolyvie. These vents
were sometimes very gradual over the entire heating process, while seme cells vented in
very discrect events casily associated with a particulur temperature. Table 2 lists the weicht
loss incurred during the test and any discreet vent temperatures for all the cells tested.
Exempting the Ovonte C-cell which is an obsolete cell desizn. the prismatic cells lost the
most weight percent dunng the ventings. Quter insulation of all the ¢ells was burnt and
cracked, but none of the cells rupered. The Sanvo and Toshiba cells showed evidence of
forceful vents. The Sanvo cell's terminal insulator cap on s positive was serarated from
the tid of the case during the vent. The Toshiba cell's vent products el white depasits
covering the positive end of the ce!l. Including these tfast two cells. the venting were very
benign and uneventful.

Table 2
Cell Sive Meicht, @ Weiaht losg Vent
iemperatures, 'F
Furukawa prismatic 17.4 4.0% 340
Furukawa AA 275 0.7% 304, gradun)
Gold Peak TI5A 47.3 1.1% gracual vent
Gates 4/5A 33.4 0.6% 300
Harding AA 239 0.4% gradual vent
Harding A 348 0.6% eradual vent
Harding C 83.0 0.1% gradual vent
Maxell 473A 49.3 1.2% 269, 272. 281,
328. 330, 3531,
332,334, 336,
and 340
Ovonic C 82.7 4.0% 270 and 285
Sanyo 473A 52.9 2.5% 272 and 350
Toshiba 4/SA 325 3.1% 293, 301, 311
Yuasa 4/3A 49.9 1.8% 266. 276, 284
Yuasa prismatic 75.8 3.8% gradual vent
Conclusions

The commercial Ni-MH cells tested behave very benignly when abused elecirically and
thermally. Their main hazards are the vent of a small amount of hydrogen (>0.1g for the
largest cell which is equivalent to 2.5 liters at ambient pressure and temperature) and the
leakage of KOH electrolyte. These hazards were not present during the short circuit tests.
Overall, these cells are very safe to use in well ventilated applications.

1994 NASA Aerospace Battery Workshop -413- Advanced Technologies Session



doysyaa g Laanng 200d5043) V1N 1661

S19-

S
>
8
™
i)
Q.
~
F
=3
2
)
]
=
tay
Y
2
9.

Measurement
of

Thermal properties of Space Ni-MH cell

1994 NASA Aecrospace Battery Workshop
November 15-17,1994

S.Kuwajima & K.Koga
National Space Development Agency of Japan




Ni-MH Cell evaluation test : An Update
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Measurement of Thermal Properties of Space Ni-MH Cell

Objectives

Experimental Method

Test Condition
Measurement result
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MNASD/A 35010 Ni-MH BBM Evaluation Test

Tgst Conditions
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25% DOD-LEO 140% DOD-LEO |
Cell 3BBM-A+3BBM-B | 2BBM-A+2BBM-B
Charge ~03C,525min. | 0.48C,525min.
Discharge 0.5C, 30 min. | OBC 30 min.
; b0 | esw | o B
3 Charge Return 105%
| CellTemp. |  20°C (Maintained by Chamber) )
Capacity check | Residual Capacity, Full-Charged Capacity
at 1,000 cycles 3,000 cycles and then about every
5,000 cycles

Residual Capacity : 0.5C discharge to 1 Volt after LEO cycle

Full-Charged Capacity : 0.5C discharge to 1 Volt after full-charging with
0.1C for 16 hours

BBM-A : Capacity-stabilizing cycle after electrolyte filled

BBM-B : Precharge arrangement of MH electrode prior to stabilizing cycle
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Trend of EOCV,EODV,EOCP & EODP

All cells have good performance.

Ni~MH 3501 LEO(DOI]ES/) TRLNH l]ﬁTﬂ REPRLJ[NTHTIVE
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35Ah Ni—-MH BBM LEO Cycle Test (DOD 25%)
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MRNASDA - 3570 Ni-MH BBM LEO Cycle Test (DOD 40%)

Trend of EOCV,EODV,EOCP & EODP

BBM-A: EOCV and EOCP increased from about 7,000 cycle
BBM-B: One cell was subjected to DPA at 5294cyc to examine degradation mechanism
The other cell was added electrolyte at 5893cyc and continue cycle.
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WDNASDA - 3571 Ni-MH BBM LEO Cycle Test

Trend of Capacities
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QWNASDA 35Ah Ni-MH BBM Evaluation Test

Current Status of Cycling test

LEO (DOD 25%)
FOCV,EODV,EOCP and EOQDDP are all stable .
So [ar, capacity trend are better than Ni—Cd Cell
LEO (DOD 40%)
BBM-B
Belore DPA, we added clectrolvie tentativelv, and then capacity, EOCY and
EODV were restored. From result ol DPA, there isn't another cause ol
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-1¢h-

degradation. So that the degradation was caused by drvout ol electrolyte.
Then we added clectrolyte to the cell at 3893cye and continued cycling test, and
it works well after (hat.

BBM-A
EOCV and EOCP increased (rom about 7000c¢ye, and it seems like phenomenon
of clectrolyte dryout.
We added clectrolyte at 8799cyc.
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QWNPSRQ Objectives

NASDA has been developing space Ni-MH cell on contract with
SANYO.

doysyioy Aeanog aoodsosay YSEN #6617

1st manufactured cell shows initial capacity of over 35Ah and
specific energy of about 50 Wh/kg(about 860g of weight).

ey

Ni-MH cell was decided to be used for OICETS(Optical Inter—orbit
Communications Engineering Test Satellite) to be launched in

1998.

When applying new cell to satellite, we have to know the thermal
properties of the cell.

Therefor we survey the thermal property 'of space Ni-MH ceil and
compare with Ni-Cd cell.
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e EXperimental Method

Using thermopile-type heat sensor for evaluating the calorie from
the cell.
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Thermopile-type heat sensor measures temperature difference,
and it generates a dc voltage directly proportional to the rate of
heat flow by using "mV/W.m=="

-t

Insulating thermally from open air by using formed styrene.

Almost heat from the cell goes through the heat sensor along the
aluminum cell stack and the bottom of the cell to the cold plate.

This way is convenient, simple, and simulate the actual mounting
state and heat flow of satellite battery.
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\WN{ASD@A Configuration of the equipment I

Adiabatic Material
{I'ormed Styrene)
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Thermopile-Type
heat sensor

Side View Base View

U01s535 $2180{0UYI3 | PAOUDAPY




Area Yty teens ot Ta ey Jejartrtraent

'm\) ASD Schematic of the equipment
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.. Evaluation of heat leak from BOX

There is some heat leak from styrene BOX.

doysyaoyy Leonngg aondsond) |51y 661

To evaluate this leak, we use the dummy cell which has 35Ah cell case, and in
it, the heater is tied around the electrode plate.

A Using this dummy cell, we calibrate the measurement value of heat sensor to
real generated heat.

N1-Cd Cell case

?\ﬂ/ - /J/I,ljﬂ ~_
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Cell stack
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Structure of dummy cell
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Result of Dummy Cell Test
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~... Result of heat leak measurement from BOX

10

9 //®1
= g A B —&— Output of
7 /Rf hcator (W)
5]
W6 //J:I/ o~ —Q_——Oulpulo\;v!‘]ieat
a = prd sensor |
= ., e >
= 3 i \
= o = Heatlcak about 20%

1 -

0

0 1 2 3 4 5 6
Output of Heat sensor dc
(mV)

-We got result that measurement value is linear to outlput of heater, and
proportional constant is about 0.8{sensor/heater).

- The response time that output reaches steady heal rate is about two hours.
- Therefor output heat of cell does not always indicate instanteous heat rate.
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. Test Condition (Cycling test)

|

Specimen : 35Ah Ni-Cd and Ni-MH cell (SANYO)

Cold Plate Temperature : 10°Centigrade

We chose the test condition to simulate the Low Earth Orbit Cycling
which may be used by OICETS.

Cycling Test Condition

Condition 1 Condition 2 Condition 3

Charge C/3(11.67A) C/3 (11.67A) C/3 (11.6A)
31.5 min. 47.5 min. 19.0 min.

Trickle Charge C/50 (0.7A) C/50 (0.7A) C/50 (0.7A)
28.5 min. 12.5 min. 41.0 min.

Discharge C/3 (11.67A) C/2 (17.5A) C/5 (0.7A)
30.0 min. 30.0 min. 30.0 min

DOD 17% 25% 10%




NASIIA | Result of Cycling Condition 1 (DOD17%)
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WINASD/A | gesult of Cycling Condition 2 (DOD25%)

Ni-Cd,Ni-MHtK Temperature = 10°Centigrade.  TEST(2),18~12cyc
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Result of Cycling Condition 3 (DOD10%)

Mi-Cd,Ni-MHER Temperature = 10"Centigrade  TEST(3), 18~12¢cyc
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WPNASDA | Eindings (Cycling test) I
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Cycling Test
DOD vs. Heat flow (Ni-MH) DOD vs. Heat flow (Ni-Cd)
51 e MN| O —o—MIN,
! B MAX. o4t /S B MAX
A 53] e
2 = 2
T2 T2t
(31 o
21 =1
0 - - - 0 - - -
0 10 20 30 0 10 20 30

DOD (%) DOD (%)

- Concerning the width between min. and max. of heat flow, Ni-MH is bigger
than Ni-Cd at DOD 10%, and smaller at DOD 25% and 17%.

-Cell heat became large as DOD is deeper.

- Amplitude and variation of cell heat is different between Ni-MH and Ni-Cd
cell but heat average is almost same.

-Ni—-MH heat characteristic of charge and discharge seems different from Ni-
Cd.
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-Heat characteristic at cycling test indicate heat average due to the response

time.

-To evaluate the detail characteristics under different charge and discharge

DA . Test Condition (various charge and dischrage)

rate, we chose the condition as follows,

160% Full Charge

‘Charge | C/10 (3.5A)
16 hours
Discharge | C/2 (17.5A)
1 Volt cut
C/3,C/5,C/8
- Condltlon1
~Charge | C/5(7.0A)
6 hours
‘Discharge | C/3 (11.67A)
1 Volt cut

There is cell open state for two hours between charge and discharge.

6 hours

- CI5 (7.0A)

1 Voit cut

charge and C/2,C/3,C/5 discharge
7 Condition_z
C/5 (7.0A)

Cond:tlon 3

- C/8 (4.4A)

9.6 hours
C/2 (17.5A)
1 \/oll cut

"Co'_ri'c'i"ition" 4
C/3 (11.7A)

3 hours )
L,/2 (1 7. JA)
1 Volt cut




WINASDA  Result of 160% Full Charge

Ni-Cd,Ni-MHLL  Temperature = 10"Centigrade 8. 1C 1604CHG
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LQWNASDA Findings (160% Full charge test) I

160% Full charge Test

Heat flow during over charge state is aimost same (5W) between Ni-Cd cell
and Ni-MH cell, and this value is as same as that all of charge power became
heat.
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QWNESRQ C/5 charge and C/3 discharge (Condition 1) I }

Ni-MH,Ni-Cd
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Q‘)WNADG C/5 charge and C/5 discharge (Condition 2) ‘

Ni-MH,Ni-Cd

PR e e ey e e ey 12

1.6

dowsyso gt Gapng aovdsosap |1 F661

=
=
o

1.9

[.4
1.3

(mV 2

Cell Voltage

-6ty

(V3

1.2
1.
1.8

8.9

Ve ltage

2.8

eat Sensor
A}
J

NSRS NN EEENEN

[A)
) 4
8.7 Heat Sensor \ Ja L >
""""""""""" et R e LT S : e L1
9.6 NECE N L &

4 mmem wen e e .
- e ] 10
]

uoIssag s Z0[0MYIA [ PINTADY

ﬂ. S s biaiddacubaaddaa bl Lasslhavocdasadaona b hrsadbesnsbaons boaas b e s loass -

B 2 3 4 5 6 72 8 9 18 10 12 13 1414 16 17 It
TEST TIME (H)




doysyao gt Auanps 200dsossy YSYN F66T

-0vt-

UOISSaG S31E0[0UYDA [ PIOUDAPY

DAk

N/ASD/A

Spaca Subsystams and Technology Depariment

Ni-MH,Ni~Cd

1 6 T TYTT T TTTTTY T T T T 12
* »YTII'IlTI[IlIl]I!II]I'_'I‘[III ITTT!I1er] T "IUI]T‘ i]l‘ I T l] ITIII YTI TYTTYYY

5 [
] - —
. - -
o 4 3
L v Ty e
e

1A

.....
o —
R

1.2k T ]
: ( 17
lclt- i :
: ' 16
[_BE— | .
- 5 =3
B.9F ]

D7}

Heat Sensor
BQB E- ———————————————————————————————— s -5 l

e

B 5 i daasa v asaa s oo bvem s cn bivad g sl LLMJJ-LLJJ-LLLI-LLJ-LLLLJ-LLP

Bl 2 03 4 5 6 7 8 9 18 11 12 13 14 15 16 17
TEST TIME

CHD

i
1
!
i
\
Llycesld
=

(mV ]

Heat Sensor

C/8 charge and C/2 discharge (Condition 3) E

(W)

CELL HEAT




QNNASDA C/3 charge and C/2 discharge (Condition 4)

Ni-HH,Ni-Cd

doysyioy Sonng sovdsoddy YSYN 1661

1.6 12
E : ‘——“NVCA
WSE T e N;-AiH
.4F r\
F >
5 ~ 13 £
' 3 1.2}
¢
o l.I°F 0
[8)] - g + 10
¥ 1.8 O
"‘J - U) 8 ==
3 *6 B.9F
: : P b —
3 > 0.8 Heat Sensor i =5
2 : 0 |4 T
5 B7EN, - Lo !
g g L4
: B.Gf O
g [ -{
S 2.5 Al
a ! 2 3 4 9 b / 8 9 12 11 lf

TEST TIME H)




QWASDI'} Findings (various charge and discharge) J

k3 _

C/2,C/3,C/5 discharge and C/3, C/5, C/8 charge test
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-Cell heat of Ni-MH during effective charging time is larger than Ni—Cd cell at
any discharge ratio.

-Cell heat of Ni-MH becomes large according to charge rate, but cell heat of
Ni—-Cd is almost 0 W at any charge rate.

«In the case of discharging time, cell heat of two kind of cell is almost same.
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Q}WNASD’A Summary and Future work (1/2)

Summary

Cycling test
Average of heat is almost same between Ni-MH and Ni-Cd cell. |
Amplitude of heat is different between Ni-MH and Ni-Cd cell. }
C/3,C/5,C/8 charge test

doysyao gy Lanng so0dsoday |'SEN 661

Cell heat of Ni-MH is bigger than Ni-Cd at any charge rate.
C/2,C/3,C/5 discharge test
Cell heat of Ni-MH is almost same as Ni-Cd at any discharge rate.

“tvy-

Concerning the amplitude difference at cycling test
The heat of Ni-Cd cell at charge is lower than Ni-MH and cell heat at
discharge is same, so at cycling condition, amplitude of Ni-Cd cell heat
becomes larger than Ni-MH. This explain the result at cycling (except DOD
10%).
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WNASDA Summary and Future work (2/2) I

Concerning the same heat average at cycling test
From the result of charge and discharge test, cell heat of Ni-MH was
exothermic during charge, and in addition, discharge heat is same as Ni-Cd.
This suggest that the heat average becomes more than Ni—Cd cell, but
result at cycling test shown same level. Two kind of test result is not
compatible.
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To evaluate these result more detail, we must do quantitative analysis like
computer simuiation of cycling test using the result of charge and discharge
test.

Future work
«For quantitative analysis, we need more measurement data.
- Simulation of Ni-MH thermal property by use of dummy cell.
-Computer simulation in the same parameter as test condition.
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Nickel Metal Hydride LEO Cycle Testing

Eric Lowery

NASA
George C. Marshall Space Flight Center

1994 NASA Aerospace Battery Workshop
Huntsville Marriott
Huntsville, AL
November 16, 1994

The George C. Marshall Space Flight Center is working to characterize aerospace ABS5 Nickel
Metal Hydride (NiMH) cells. The cells are being evaluated in terms of storage, low earth orbit
(LEO) cycling and response to parametric testing (high rate charge and discharge, charge
retention, pulse current ability, etc). Cells manufactured by Eagle Picher are the subjects of the
evaluation

There is speculation that NIMH cells may become direct replacements for current Nickel

Cadmium cells in the near future. Flight application of the subject NiMH cells is planned on a
small university student satellite in 1997.
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Electrode Reactions
N1Cd Charge

@Positive Electrode (Nickel):

ONi(OH)> + 20H~ — 2NiOOH + 2H,0 +2e-
@Negative Electrode (Cadmium):

Cd(OH); + 2e- — (Cd + 20H

Overall:

2Ni(OH), + Cd(OH), — 2NiOOH + Cd
N1MH Charge

@Positive Electrode (Nickel):

Ni(OH), + OH  — NiOOH + HyO + e
@Negative Electrode (Metal Hydride):

Hydride + H,O + e~ — Hydride(H) + OH

Overall:

Ni(OH), + Hydride — NiOOH + Hydride(H)

The energy density of the metal hydride cell is approximately 1.2 - 1.5 times the energy density of
the N1Cd cell. The actual ratio is dependent upon the packaging required. The Environmental
Protection Agency has no objections to the disposal of spent NiMH cells. The mature NiMH cell
is expected to be an order of magnitude less expensive than a comparable NiCd cell.

The operation of the NiMH cell is similar to the operation of the Nickel Cadmium (NiCd) cell.
The reaction at the positive nickel electrode in the NiCd is the same as at the positive nickel
electrode in the NIMH. Cadmium is oxidized and reduced at the negative electrode in the NiCd
cell. In the NiMH cell, hydrogen is adsorbed and desorbed by the active hydride metal of the
negative electrode.
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Nickel Metal Hydride - Alloy

AB,

Primarily Nickel Titanium (NiTi) or Iron Titanium (FeTi) with
various mischmetal percentages of Zirconium (Zr), Nickel (N1),
Vanadium (V), Chromium (Cr) and transition metals generally
referred to as X and Y components. '

AB

5
Primarily Lanthanum Nickel3 (LaNi5) or Cerium Nickel’
(CeNiy), with various mischmetal percentages of Cobalt (Co),
Silicon (Si) etc.

The two primary hydride classes that are used to manufacture NiMH cells are AB. and AB, .
Most of the early work with NiIMH was with the AB. alloy. This alloy is found most prominently
in the cylindrical cells manufactured for the consumer market. The AB, alloy was developed later.
The AB, alloy scems to have properties better suited to aerospace applications. The cycle life and
mechanical integrity of the AB, alloy seems to be greater.
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Aerospace NiMH vs. Commercial NiCd

Metal Hydride Nickel Cadmium Nickel Cadmium
Eagle-Picher ABS, | Gates, Cylindrical Saft, Cylindrical
Prismatic
Rated Capacity @ | 10 Ampere Hrs. 7 Ampere Hrs. 7 Ampere Hrs.
avg volt = 1.25
Length 2.591 em 8.778 cm 8.852 cm
Width/Dia. 5.192 cm 3.226 cm 3.231 cm
Height 7.999 cm
Mass 34956 ¢ 22567 ¢ 20248 g
Energy Density 116.2 Whil© 121.9 Whl 120.6 Wh/l [
Specific Energy 35.7 Whikg 38.8 Whikg 43.21 Whikg

An effort is being made to utilize commercial technology wherever possible to reduce the cost of
programs and bring them to fruition faster. This chart is a comparison of two commercial NiCd
cells with an aerospace NIMH. The relatively low energy density of the NiMH is due to heavier
packaging; however, if use of commercial technology is possible, a large cost and weight saving
may be realized.
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EPI RMH-10

10 Ampere Hour Nickel Metal Hydride Cell Produced by
Eagle-Picher Ind, Joplin, MO.

10 Positive (Nickel) plates and 11 Negative (Hydride) plates.
Polypropylene Scparators.

31% Potassium Hydroxide Electrolyte.

Orbit Profile

Highly Elliptical, 99 minute length.
69 Minutes Sun, 30 Minutes Eclipse.
Constant Power Load = 17.0 watts.
4% DOD (NiMH)}), 5.6% DOD (NiCd)
5300 LEO Orbits Annually.

The planned application of the NiMH batteries is on a small amateur radio satellite built by the
Students for the Exploration and Development of Space (SEDS). The name of the satellite built
by the group is the Students for the Exploration and Development of Space Satellite (SEDSAT).
This small satellite is designated to be launched from the Space Shuttle in early 1997 as the
effective endmass for a flight of NASA's Small Expendable Deployer System (also SEDS). The
student SEDS group is composed of university students from around the world working
cooperatively to further their understanding and interest in space. This small satellite is a practical
application of all new technologies possible.

The power system baselines NiMH battery cells because of their energy density. The spacecraft
power bus can operate between 16 and 40 volts because of voltage converters; however, the solar
array capability can only charge 16 battery cells.

A 16 cell NiMH battery is being LEO cycled in a simulated power system in support of the

anticipated launch. Two commercial NiCd batteries are also being cycled in the same manner for
comparison and as possible alternative flight batteries.
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*THE PUOTOGRAPH ON THIS PAGE ILLUSTRATES THE TEST BATTERIES.*

r-3

he batterv on the left is composed of commercial 7 amphere hour
cylindrical NiCd cells manufactured by Gates Energv. The middle.
battery is composed of commercial 7 ampere hour cyvlindrical NiCd
cells menufactured by Saft. The batterv orn the right is composed
of aerocspzce 10 ampere hour NiMH cells manufactured by Eagle-Picher.
Instrumentation for the batteries inciudes battery voltage, cell
voltage, batterv current and temperature. The batteries have been
cveled 5800 real time orbits.
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4 CDDF/SEDSAT NiMH LEO Cycling

Efficiency vs. Orbit
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The NiMH battery is very efficient. The average watt hour efficiency over the 5800 orbits has
been 94%. The depth of discharge is very low (4%%) and the load during discharge has not caused
the voltage to decrease very much from the charge value. The battery efficiency on an ampere
hour basis is 91%. The recharge ratio was adjusted to minimize overcharge and to maximize the
efficiency.

The decrease in efficiency at 3000 cycles was caused by a loss of two of the cells. The first cell
began to show degraded performance at 2950 cycles. The cell began to develop an impedance
during charge and exhibited a severe loss of capacity during discharge. The poor performance of
the cell is attributed to degradation of the separator. The cell was removed from the battery after
2990 cycles. A second cell began to exhibit the same type of behavior at 3030 cycles. This cell
also began to develop an impedance during charge and exhibited a severe loss of capacity during
discharge. The second cell was removed from the pack at 3070 cycles.
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/ CDDF/SEDSAT NiCd LEO Cycling
Efficiency vs. Orbit
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The commercial NiCd cells did not perform as well as expected. The light load and the minimal
overcharge were hoped to produce a higher watt hour efficiency. The efficiency of the 7 ampere
hour commercial NiCd cells manufactured by Gates averaged 91% over the first 5800 real time
LEO cycles. The depth of discharge for the 7 ampere hour cells is 5.6%. The recharge ratio
during the 5800 cycles was set at 1.04. The recharge ratio was adjusted based on the
performance of the NiMH cells. The charge acceptance efficiency may have been a factor in the
performance of the NiCd cells. All three of the batteries were charged to a recharge ratio of 1.04
at a moderate rate with less than five minutes of trickle charge. The NiMH cells charge
acceptance efficiency is very high at moderate charge rates. The charge acceptance efficiency of
the NiMH cell is also very high at high rates of charge. The charge acceptance efficiency of the
NiCd cell is high at high charge rates but decreases substantially at lower rates of charge.
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CDDF/SEDSAT NiCd LEO Cycling
Efficiency vs. Orbit
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The watt hour efficiency of the commercial NiCd cells produced by Saft was not as high as the
efficiency of the commercial cells produced by Gates. The average watt hour efficiency of the
Saft cells over the 5800 orbits was 89%.
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CDDF/SEDSAT NiMH LEO Cycling
Average Temperature

!

Average Cell Temperature
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Nov-94

The temperature of the test batteries fluctuated greatly during the first 1000 cycles; however, the
efficiency of the batteries was not affected. The efficiency of all three batteries was constant
during the period of thermal variance. The early thermal variation was due to problems with the
environmental chamber providing thermal control. Temperature did not appear to have a
significant effect on performance of the NiMH or the NiCd batteries during the first 5800 LEO
cycles.
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4 CDDF/SEDSAT NiMH LEO Cycling

ACV @ EOC vs. Orbit
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This chart shows the average cell voltage at the end of the high rate charge period. The NiMH
cell does not show a large variation from its initial value. This data indicates that the cells are not
developing an internal impedance operating under the test conditions The lack of variation in the
end of charge voltage may indicate that the active hydride material has remained stable and that

there has been little movement.
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/ CDDF/SEDSAT NiCd LEO Cycling

ACV @ EOC vs. Orbit
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The average cell voltage at the end of the high rate charge period for the NiCd cells manufactured
by Gates was 1.43 volts. This voltage is three millivolts higher than the average voltage of the
NiMH cells. This difference would be .5 volts at the battery level. This difference is partially
responsible for the lower efficiency of the NiCd cells. Internal impedance is responsible for this

voltage differential.
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/ CDDF/SEDSAT NiCd LEO Cycling

ACV @ EOQOC vs. Orbit
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Nov-94

The average cell voltage at the end of the high rate charge period for the NiCd cells manufactured
by Saft was 1.52 volts. This difference from the comparable commercial NiCd cell is thought to

be attributable to separator impedance.
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4 CDDF/SEDSAT NiMH LEO Cycling
ACV @ EQOD vs. Orbit
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The average cell voltage at the end of discharge is a good general indicator of the true health of a
battery. A number of factors can affect the end of discharge voltage. To use the end of discharge
voltage as specific indicator of health, the effects of variables such as recharge ratio, amount of
overcharge, life history, system operation, anomalies, etc. must be quantified. Understanding the
relationship of all of the variables related to the performance of the battery is very complex.

The end of discharge voltage has decreased an average of two millivolts over the 5800 cycles.
This decrease 1s attributable to normal degradation.
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ﬁ CDDF/SEDSAT NiCd LEO Cycling

ACV @ EOD vs. Orbit
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The Gates NiCd end of discharge voltage has decreased an average of six millivolts over the 5800
cycles This loss is normal and expected in commercial cells. The cells are exhibiting normal

aging and wearout mechanisms.

1994 NASHA Aerospace Battery Workshop -459- Advanced Techiologies Session



/ CDDF/SEDSAT NiCd LEO Cycling

ACV @ EQOD vs. Orbit
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The Saft commercial NiCd cells have not exhibited the expected decrease in end of discharge
voltage. This phenomena may be due to an excess of active material in the cell present since

manufacturing.

The performance of the NiMH cells is very satisfactory at this point. The comparison between the
NiCd and NiMH cells favors use of the NiMH cells. The present results indicate that NiMH cells
are feasible direct replacements for NiCd cells in many applications.

1994 NASA derospace Battery Workshop -460-

Advanc<d Technologies Session




+ Founded in 1843 Cincinnat, OH
+ 1993 Revenues $6861.5 Million

+ 15 Operating Divisions

+  Approximately 6500 employment (1500 associated with
battery manufacturing)

+ 55 Manufacturing Facilities (11 Batteries)
+ 50 Domestic - 5 International Locations

1994 NoASA Aerospace Battery Workshop -461- Advanced Technologies Session



T R T R D T

Eagle Plcher Industries, Inc.

SPV Nickel- Hydrogen

« Satellite Power

. Electric Vehicles ( Cars, buses, trains, utility vehicles)

« Terrestrial Applications

Telecommunications Equipment
“Fiber-in-the-loop”

Remote repeater/antenna array backup power
Utility Load Leveling

Uninterruptible Power Systems (UPS)

1994 NASA Aerospace Battery Workshop -462- Advanced Technologies Session
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Eagle-Picher Industries, Inc.
SPV Manufacturing Facilities
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Eagle-Picher Accuired Former Johnson Controls Ni-HZ2
Space Battery Assets in Butler. Wl June 1. 184,

Merging of Respective SPV Technologies Has Produced a
Superior Battery Design.

Acquisition will produce a hybrid design SPV.

Both technologies are COMSAT licensed. The Butler
facility continued with flexible. thin film cell case design.
EP| went another direction and developed a rigid cell case
design.

Two (2) lower cost. Commercial Aerospace.
manufacturing plants (located in Joplin. Missouri and
Butler, Wisconsin) have now been designated to support
the industries requirements.
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« Battery utilizes the same proven nickel-hydrogen
electrode technology which has currently been
demonstrated on cover 65 satellite launches and has
accumulated an excess of 140,000,000 successful cell
hours in space

« When compared to IPV and CPV batteries, there are
fewer components.

« Internal impedance is lower due to shortened conductor
path within the battery. (SPV 20 mOhms/ IPV 30-35
mOhms)

« Higher specific energy when compared to Ni-Cd, IPV
and CPV
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Eagle -Picher Industries, Inc
Nickel-Hydrogen Systems Cemparison
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COMPARISON OF 22 CELL I 50 AHr
NICKEL-HYDROGEN BATTERIES
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» For Ni-H2 comparison. assumed equal power capability
(conductor IR loss) plus same pressure vesse! safety
margin.

« Ni-Cd projection assumed current available cell
technology and “frame” type battery design.
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Eagle-Picher Industries, Inc.
SPV Nickel-Hydrogen

by

_anIndividual Celf
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g Eagle-Picher Industries, Inc.
SPV Nickel-Hydrogen

&

Modular assembly allows:

« Various battery capacity sizes to share common
components.

» Ease of assembly.

« Critical cell functiona! testing prior to battery assembly
(Jophin).

+ Butler battery is assembled as a stack before activation
takes place. Testing is possible at this level before
insertion into PV.
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Eagle-Picher Industries, Inc. .
SPV Flight Heritage

+ SPV Technology has been space flight qualified.
« Clementine (NRL) 15 AHr./ 28 Volt
« IRIDIUM® (lridium, Inc.) 50 AHHr. / 28 Volt
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Eagle-Picher Industries, Inc.
SPV Nickel-Hydrogen
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« Test performed by the Naval Research Laboratory.
« Depth of Discharge = 40%
+ Test Temperature = 15°C
+ Cycles Completed = 8.500
« Additional! Life Cycling data is on file from COMSAT Labs:
+ 30.000 cycles on a 2 cell SPV
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Eagle-Picher Industries, Inc.
SPY Nickel-Hydrogen
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 Test performed on charged 10" diameter, 50 AHr. battery
» 5A discharge during vibration
« 19 GRMS in 2 axes (Y and Z)
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Eagle-Picher Industri
SPV Nickel-Hydrogen

Fatigue/Burst

+ 2.0 x Maximum Expected Operating Pressure (MEOP) burs!
pressure after 100.000C fatigue cycles per MIL-STD-15224A.
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Eagle _Picher Industrles Inc :
SPV & COmpiemen‘tary Mi- H2 DES!gﬂS o

« Currently the only domestic manufacturer of the SPV (and
CPV) Technology.

+ Licensed from COMSAT and Johnson Controls.

« Other Ni-H2 designs manufactured:
« 1PV
« CPV
« DPV
+ Low Pressure Vessel (LPV) Under development

+ Other Space Qualified Products Manufactured:
« Intelligent Battery Charger
« Charge/Discharge Controller Circuitry
+ Special Test Equipment
+ Heater Controllers
- Temperature Monitoring Systems
« Strain Gage assemblies
« Strain Gage signal amplification circuitry
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Eagle-Picher Industnes Inc
Nickel- h;drogen Advantcges
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+ Long Cycle Life
+ 100K+ cycles demonstrated
* Long Calendar Life With No Maintenance

» Pressure is an Indication of State-of-Charge
« Approximately 50 to 1200 psig

+ Abuse Tolerance
*  Overcharge

»  Qverdischarge
» Operation at any State-of-Charge

* Low "Per Cycle” Cost

+ Excellent Low Temperature Operation

= -10°C preferred (excursions to -20°C are permissible)
OLYMPUS spacecraft was frozen and successfully recovered

= Environmentally Friendly
»  No Cadmium, Lead or Mercury in the system
»  Hermetically Sealed System
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50 Ah NiH2 CPV Qualification Tests
J.C. Garner, W. Barnes, G. Hickman
U.S. Naval Research Laboratory

In 1992, the Naval Research Laboratory (NRL) started a program to qualify a large
diameter common pressure vessel (CPV) nickel hydrogen (NiH2) batteries for use on
future Navy/NRL spacecraft electrical power subsystems. NRL's involvement with the
qualification of CPV NiH2 batteries dates back to 1988 when COMSAT and Johnson
Controls Inc., initiated a joint effort to fly the first ever NiH2 CPV in space. A later NRL-
JCI cooperative research and development agreement led to the launch of a space
experiment in 1993 and to the use of a single NiH2 CPV battery on the BMDO Clementine
spacecraft in 1994, NRL initiated procurement of two, 50 Ah CPY NiH7 batteries in the
Fall of 1992. The two batteries were delivered to NRL in June 1994, NiH2 CPV batieries
have almost 2x the specific energy (Wivke) of nicke! cadmium barneries and 2x the energy
density (Wh/1) of individual pressure vessel NiH2 CPV's. This presentation discusses the
results of electrical and mechanical qualification tests conducted at NRL. The tests included
electrical characterization, standard capacity, random vibration, peak load. and thermal
vacuum. The last slides of the presentation show initial results from the life cycle tests of
the second NiH2 CPV battery at 40 depth of discharge and a temperature of 10 deg
Celsius.
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50Ah NiH, CPV Qualification Tests
I.C. Garner, W, Barnes, G. Hickman
U.S. Naval Research Laboratory
Washington, D.C. 20375-5354

INTRODUCTION

. Discuss Preliminary Qualification Test Results Conducted
On Eagle Picher (Johnson Controls Inc.) 50 Ah NiH, CPV

Batteries
» Discuss Follow On Work With 50 Ah NiH, CPV
» Additional NiH2 CPV Work @ NRL

1994 NASA Aeraspace Battery Workshop -476- Advanced Technologies Session




Purpose

» Risk Reduction Effort To Qualify The 50 Ah Common or
Single Pressure Vessel Battery For Use In Future Navy/NRL

Spacecraft
50 Ah CPV Advantages
110 AR TPV NIH: 0 AR CPV NIH:
Number Of Batterles i 2
Cell/Battery 24 22
Bare Battery Mass 14136 1bs 126 (63 1bs/Bat)
Mechanlcal/Thermal Mounting 70.68 1bs 25.2 |bs
Hardware
Total Battery Mass 212.04 Ibs 151.20 Ibs
Mass Savings 60.84 1bs

1994 NASA Aerospace Battery Workshap -477- Advanced Technologies Session



50 Ah CPV Mechanical/Thermai Spacecraft Interface

N
I/ah)
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Program Schedule

= 1992 September - Released Procurement Package

« 1993 January - Awarded Contract To Johnson Controls Inc.,
For Two (2) 50 Ah NiH, CPV Batteries

= 1993 February - Preliminary Desigh Review
» 1993 April NRL Preliminary Design Review
= 1993 August - Criticat Design Review
= 1993 August - December
— Pressure Vessel Qualification
- Cell Build
— Electrolyte Fill Determination Tests
» 1994 January - March End Plate Problems
— Complete Mass Simulator, Conduct Qualification Vibration
+ 1994 March - June Assemble Batteries/Acceptance Test
- 1994 July - September Qualification Tests On S/N 144
« 1994 September Start Life Cycle Test S/N 145
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Eagle Picher (Johnson Controls Inc.}
50 Ah NiH2 CPV Battery

+ Capacity 50 Ampere-Hours®
+ Number Of Cells 22
« Back-To-Back Positive Efectrodes

« Separator Dual Laver Zircar
» Electrolyte 315 KOH
» Pressure Vessel 30 mil Inconel 718 Tube w/
Hydroformed End Domes
- Dlameter 10.0 inches
- Length 30.0 Inches
= Mass 63 1bs (28.58 kg)
« Terminal Positive, Negative, 1/2 Battery Voltage
« Pressure Kuhlite ETM-341-375-1000 Pressure
Transducer

® When Discharged & C/2:15.0 Ampt To 12,0 Volts & 10°C, After A 14 Hour Charge @ C/10=5.0 Ampa

Battery Exterior Dimensions
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Electrolyte Fill Level Tests (1 Of2)

« Earlier Experience W/Clementine Batteries Showed Oxygen
Recombination Damage {Popping)To Electrolyte
Containment Bags Will Occur W/Too Much Electrolyte

— Cell Stack Must Be Removed From Pressure Vessel
~ Electrolyte Containment Bags Need Replacement
= Electrolyte Fill Level Determined By Calculation
- Based On Nominal Component Dimensions
~ Assumes Vendors Supply Compotients Within Tolerance
Specification
+ Per NRL Request, EP (JCI) Initiated Electrolyte Fill Level
Tests Before Adding Electrolyte To First Battery
— EP Performed Electrolyte Fill Calculation (g/Ah)
- Build 6 Boilerplate Test Cells, Sim-LEO Cycle

» 1, 2.9 g/Ah 4. 3.5g/Ah
» 2. 3.0 g/Ah 5. 3.8 g/Ah (calculated)
» 3. 3.4g/Ah 6. 4.0 g/Ah

Electrolyte Fill Level Tests (2 0f2)

» Capacity Measurement After 24 Cycles
- 29g/Ah  10.50 Ak
- 3.0g/Ah 12.96 Ah
- 34g/Ah  11.68 Ah
- 35g/Ah  13.11 Ah
- 38g/Ah  13.04 Ah
- 4.0g/Ah  13.40 Ah
» Continued Cycling the 3.0 g/Ah, 3.5 g/Ah, and 3.8 g/Ah
» 1000 Cycle Capacity
- 3.0 g/Ah
- 35p/Ah
- 38 g/Ah
-« Selected 3.65 g/Ah For Electrolyte Fill Level
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Pressure Yessel Qualification

« Qualify Buttery Pressure Vessel To MIL-STD-1522A
« Pressure Cycle Vessel From 0 To MEOP* For 4 x Expected
Cycle Life
— 0to 700 psl
- 4 x 25,000 Cycles = 100,000 Cycles
+ Provide Safety Factor » 2.5:1 For Burst
» Tests Conducted At Milwaukee Schoo! Of Engineering (FPI}
« 3 Vessels Failed Before Successful Cyele Test
- Deslpn Of Support For Cell Stuck
- Deslgn Of Weld Ring
~ Shape Of Pressure Cycle Curve
« Burst Pressure of 2320 psi After 105,000 Cycles
- Safety Factor33: 1

Eagle Picher (JCI) Acceptance Tests

« Visual Inspection Dimensional and Weight Check
» Insulation Resistance Test

» Conditioning Capacity

» Capacity & Overcharge @ 25°C

« Capacity & Overcharge @ 35°C (Deleted)

+ Capacity & Overcharge @ 0°C

« Impedance

« Charped Open Circuit Stand

» Electrolyte Leakage

= Pressure Transducer Calibration
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NRL Acceptance Test Plan

- Receipt & Inspection

+ Installation Of Thermal Control Hardware

« Initial Capacity
- 5.0 Amp Charge For 10 1{ours + 2.5 Amp Charge For 14 Ilours
_ .25 Amp Discharge to 22.0 Volts

» Capacity @ -10°C, -5°C, 0°C,5°C, 10°C, 20°C
+ LEO Cycle 40% DOD, 10°C

- Charge Retention Test ,
— 5.0 Amp Charge 16 Hours, 72 Hours Open Circult, -25 Amp Dischsrge To 22.0
Voits

« Peak Load Test
_ .25 Amp Discharge For 1 Hour Followed By - 100 Amp Discharge For 5 Minutes

- Random Vibration
— .10 Amp Discharge, 18.9 Grms For 180 Seconds In Each Axis

» Thermal Vacuuin

5.0 Amp Charge For 16 Hours @ 5°C
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-25.0 Amp Discharge @ 10°C

RATTEEY WAL R RNTE)

BAITRY G R

5.0 Amp Charge For 16 Hours @ -10°C
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-25.0 Amp Discharge @ -10°C
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Post Vibration Peak Load Test
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S/N 145 Life Cycle Test 40% DOD @ 10°C (EQODY)
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S/N 145 Life Cycle Test 40% DOD @ 10°C (EODP)

190

S/N 19 Life Cych Tast
% DOD, Hdeg C
End Of Diachargs Preasura

1534

End Of Ducharge Preasura (por}

T T T T T T T T T T t
¢ 30 100 130 200 250 100 150 a0 450 500 510 60O
Cyche No.

Qualification Test Program Status

« §/N 144 Completed All Environmental Tests
— Life Cycle Test @ 60% DOD, 0°C
+ Qualification Test Report In Progress
+ S/N 145 Continue On Life Cycle Test, 40% DOD @10°C
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Other NiH, SPV Work At NRL

« S/N 1344 To Be Returned To EP (Milwaukee} For Partial DPA
& Thermocouple Instrumentation

+ Thermal Design Verification Tests w/S/N 144 Planned

« Qual Flight Experiment Battery (10.5 Ah NiH; SPV) Life
Cycle Tests Continues (+8500 Cycles)
» Clementine Qual & Flight Spare Batteries To Be Returned
To EP (Milwaukee) For Partial DPA
~ NRL Recelve Qual For Life Cycle Test
- USAF PL Recelves Fit Spare For Test @ NWSC Crane

« Procurment Of EP(Joplin) 50Ah SPV In Progress For
Qualification Test
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Unique Features of a New
Nickel-Hydrogen 2-Cell CPV

James R. Wheeler
Eagle Picher ind . Joplin MO

Abstract

Two-cell nickel-hydrogen common pressure vesse! (CPV) units with some unusual design
features have been successfully built and tested. The features of interest are half-normalt
platinum loading for the negative electrodes. the use of rabbit-ear terminals for a CPV unit,
and the incorporaticn of a wall wick The units have a nominal capacity of 20 Ah and are
3 5 inches in diameter Electrical performance data is previded The data support the
growing viability of the 2-ce!l CPV design concept

Cell_Description

The unit described in the tests described here is @ 3% inch-diameter RNHC 20-5. 1tjs a
two-cell common-pressure-vessel design with a nominal capacity of 20 Ah. Its construction
is identical to that of a 40 Ah tandem-stack ManTech cell. except that the two stack-halves
are internally connected in series rather than parallel One of the units is shown in figure 1.
As can be seen, this unit has rabbit-ear terminals. which has the advantage of reducing
battery height and cell-to-cell interconnection mass.

Figure 1.
RNHC 20-3
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By “ManTech” is meant an Eagle Picher design which uses pineapple-slice-shaped
electrodes and stack elements, a central polysulfone core, continuous nickel-foil leads on
electrodes, and a wall-wick to ensure a recirculating path to return and equilibrate
electrolyte throughout the cell stack. Also unlike an IPV, there is no separator/electrolyte
bridge provided between the cell stacks. Although not present in these units, a hydrophobic
Teflon srip adjacent to the weld ring on either side is planned for future units to discourage
any possible long-term ionic migration through electrolyte film between the two internal
cells.

Other features include a spring washer for uniform stack compression and
separator/electrolyte contact with the cell wall to facilitate heat transfer. The positive
electrode material is 80% slurry. The active material loading was a standard 1.65 g/ccv.

The separator material is two layers of zirconium-oxide cloth per positive electrode. Having
two layers was desired because the intended functions were for operation in low earth orbit
(LEQ). The double separator design results in more weight for the unit, much of which is
electrolyte.

Unusual Features

These units have some unusual features which distinguish them from normal production:
The use of a wall wick in a 2-cell CPV unit.

The negative electrodes were loaded to a platinum level of 4 g. per cm?, which is half the
normal loading.

This is the first 3.5 inch-diameter CPV unit with rabbit-ear terminals to be built by Eagle
Picher. The third terminal on this unit is a special test terminal (center voltage tap) which is
connected internally between the two cells. it is not necessary to the unit's function and
would not be present in flight units.

The slurry plague for the positive electrodes was manufactured in Eagle Picher's Range-
Line plant in Joplin, Missouri. This is notable since all of EP's flight production thus far has
come from its Colorado plant. The plaque design is otherwise identical however.

Performance

Seven units of this design were built and tested using conventional acceptance-type tests
and a 2C (40 amp) pulse test. The pulse was applied for 20 seconds after 15 minutes of
discharge at the normal rate of 10 amps (C/2). The performance of the units in testing was
essentially what would be expected for individual-pressure-vessel celis, allowing for the
double voltage of these units. The test results are shown in table 1, and the charge and
discharge curves at 10°C and 0°C are shown in figures 2 through 5. It is noteworthy that
the charge retention of these units, at 88% for a 72-hour open-circuit stand, is virtually the
same as for an IPV with the same separator. The cells showed no ill effects of the 2C (40
amp) pulse. Average minimum voltage at the end of the pulse was 2.36 volts (IPV
equivalent: 1.18 volts).
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Table 1.

RNHC 20-5 CPV

AVERAGE PERFORMANCE

Test . 2.0 Volts | |2.2 Volts Max. Chg. Volts
10°C Capacity (Ah) 22.19 21.99 3.051

0°C Capacity (Ah) 24.34 23.81 3.132
10°C High Rate (Ah) [[23.77 2381 3.046
10°C 72-Hr. CR"* 20.91 2077 3.045
' 88.0%
Conclusions

The results of the tests support the viability of the 2-cell CPV design at a time wher: interest
in this concept for nickel-hydrogen batteries is growing. With half as many intercennects in
a 2-cell CPV battery and somewhat less pressure-vesse! weight per cell. they represent a
significant potential weight-savings at the battery level'. Fears of internal electrolyte
bridging in two-cell unit have proven unfounded. and now the compatibility of the wall w:ck
with the 2-cell CPV concept has also been demonstrated.

Two cell CPV’s have already flown in the MISTI, TUBSAT and APEX programs®, ang
common use in the future seems likely. The use of single rather than double layer
separator would be appropriate for GEQ applicatfins and would make the weight of the
battery more attractive. Had this unit been a single-layer design, its weight would have
been 1146 6g.. a savings of 106 3g (computer-design projection). The cost would te
improved as well since the separator is an expensive component.

The successful manufacture and testing of the units documented here add to the grewing
literature for 2-cell CPV's, and in addition show that reduced platinum loading of necative
electrodes can be combined with the CPV concept. The compatibility of the rabbit-ear
terminal configuration is also affirmed with this work. The use of slurry plague frem a
different source was shown to perform to the same standards as that from the more-usual
one.
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¢ Commercial sintered nickel electrodes
+ Plastic-bonded nickel electrodes fabricated at ELI
¢ Pasted nickel foam electrodes fabricated at EEI

+ Separator material consisting of non-woven nylon,
polypropylene, or plastic-bonded inorganic compounds

+ Hydride materials consisting of various rare earth ABs

alloys similar to the International Common Samples.

Major Component Variables
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Cell #A338 Cell #A338
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Cell #D370" Cell #D370 "
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100 Ah
Electric Vehicle Battery Arrangement

250V
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100 Ah 250 V BATTERY PARAMETERS

NO. PARALLEL MODULES 4
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VOLTAGE, CAPACITY, 250 V, 100 Ah
ENERGY 25 kWh
DIMENSION (in.) 10 x40 x23 (1501
& WEIGHT (inc. hardware)(5%) 420 kg
' E.D. GRAVIMETRIC 60 Wh/kg
E.D. VOLUMETRIC 167 ¥Wh/1

100 Ah 250 V Battery Parameters
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Estimated Ni-MH Cost Analysis ($/kWh)

uoissag sAF0OUYII] PINDAPY




e Nickel-Metal Hydride Battery System a leading contender for EV
Applications.
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® Bipolar approach has cost and power advantages.

® Results of single and multi-cells demonstrate stabioity of materials of
construction and power capability.

-90§-

® Growth potential
Improved Nickel and Hydrlde
80 to 100 Wh/kg

Summary
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v 1994 NASA Acrospace Battery Workshop

SAFT RECHARGEABLE LITHIUM - Status of SAFT Activities

ADVANCED BATTERIES
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RECHARGEABLE LITHIUM - STATUS OF SAFT ACTIVITIES

-L0S-

J.L. FIRMIN C. BASTIEN

SAFT SAFT

1994 NASA WORKSHOP
HUNTSVILLE, ALABAMA

B
&
3
)
2
5
T
g
R
=
ta
3
2,
o
3




1994 NASA Acrospace Battery Workzhop

RECHARGEABLE LITHIUM - Status of SAFT Activities

ADVANCED BATTERIES

PRESENTATION CONTENT

e HISTORY
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e LI - ION TECHNOLOGY

e SAFT STRATEGY
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e SAFT SPACE PLAN
e ELECTRONICS

e PRODUCT PERFORMANCES AND CHARACTERISTICS
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v 1994 NASA Acrospace Battery Workshop

SAFT RECHARGEABLE LITHIUM - Status of SAFT Activities

ADVANCED BATTERIES

HISTORY

i
SINCE 1964, SAFT HAS BEEN ONE OF THE PIONEERS OF THE LITHIUM ‘
BATTERY CHEMISTRY.
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® TODAY, SAFT IS THE WORLD LEADER OF LiSO; AND LiSOCL, PRIMARY BATTERIES

-60;-

® OVER THE LAST TWO YEARS, SAFT HAS DEVELOPPED LiV,0; AND LiNiO,
RECHARGEABLE CELLS IFOR MILITARY APPLICATIONS.

® MORE RECENTLY, A NEW TYPE OF RECHARGEABLE LITHTUM HAS BEEEN
DEVELOPPED FOR LONGER LIFEE AND IMPROVED SAFETY : Li -1ION
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- 1994 NASA Aerospace Battery Workshop

L AFT
RECHARGEABLE LITHIUM - Status of SAFT Activities

ADVANCED BATTERIES

LI- TON TECHNOLOGY

e Li -ION operating principles
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SAFT RECHARGEABLE LITHIUM - Status of SAFT Activities

ADVANCED BATTERIES

L1 - [ON TECHNOLOGY

e A lighter energy : Estimation of a 4.5 kW geostationary satellite
battery mass in function of the electrochemical couple.
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MASS GAIN BETWEEN A NiH2 AND LiC BATTERY : 76 kg (for a 4.5 kW powerful satellite)

FACTOR 2
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RECHARGEABLE LITHIUM - Status of SAFT Activities

1994 NASA Aerospace Battery Workshop

L1- ION TECHNOLOGY

e And more than that!

Alkaline family | Lithium
Standard { Enhanced
Ni-Cd Ni-cd Ni-MH Li-Ton
I | Nominal capacity (mAh) + ++ +++ -
2 | Volumetric Energy (Wh/]) - + ++ o
3 | Weight Energy Density (Wh/Kg) - + ++ +++
4§ Nominal Voltage IRAY | 2V 1.2V 10V
5 | Charge retention + ++ + R
6 | Cycle hfe 4+ 4+ ++ +
7 | High rate charge +++ ++ ++ +
K Memory effect - . + 4+
9 { Overcharge ability +++ ++ + -
10 | Overdischarge abtlity +b+ o 4+ -
Il ] Internal resistance during cycling ot o + +
12 1 Cost per Wh (in same shape) + ++ ++ + _
cost of the charger / electronics {today )
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ADVANCED BATTERIES

1994 NASA Acrospace Battery Workshop

RECHARGEABLFE LITHIUM - Status of SAFT Activities

A GENERAL PURPOSE TECHNOLOGY

LITHIUM RECHARGEABLE ...

. A NEW, GENERAL PURPOSE, ELECTROCHEMISTRY
WHICH CAN HAVE AS BRIGHT A FUTURE AS

NiCd HAS EXPERIENCED IN THE LAST 20 YEARS.
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ADVANCED BATTERIES

1994 N
ASA Aerospace Battery Workshop

RECHARGEABLE LITHIUM - Status of SAFT Activities

ORGANISATION
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RESEARCH

MARKETING |
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DEVELOPMENT
ENGINEERING

GENERAL MANAGEMENT
OF THE PROGRAM

ALCATEL ALSTHOM CORPORATE
RESEARCH CENTER - MARCOUS SIS (France)

MARKETING STRATEGIC COMMITTEE
SAFT WORLDWIDE SALES & SUBSIDIARIES NETWORK
CYLINDRICAL CELLS Valdese North Carolina {USA)
PLASTIC BATTERY |
MEDIUM PRISMATIC
ELECTRIC VEHICLE Poitiers (France)
SPACE

SAFT ADVANCED BATTERIES GROUP
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v
SAFT . s
RECHARGEABLE LITHIUM - Status of SAFT Activities

ADVANCED BATTERIES

SAFT SPACE PLAN

2 APPLICATIONS : GEOSTATIONARY SATELLITES

Low carth orbit (LLIEO) 2 years missions, LAUNCHLERS, PROBES

I STRATEGY : ® USE MULTI-APPLICATION TECHNOLOGY
( PORTABLE, ELECTRIC VEIICLE, SPACE)

® INCLUDE FLIGHT VALIDATIONS IN DEVELOPMENT PLANS

® HAVE A GROUND BATTERY QUALIFICATION IN 1998
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ADVANCED BATTERIES

1994 NASA Aerospace Battery Workshop

RECHARGEABLE LITHIUM - Status of SAFT Activities

CELL OFFER

GEOSTATIONARY SATELLITES

40 Ah - 200 Ah

Based on Electric Vehicle experience

Same basic materials and electrodes process
Specific space cell development

Space Battery and Electronics development

T echnical Objectives :

Battery : 100 Wh/kg Cell : 140 Wh/kg
150 Wh/l 260 Wh/l

Cycle life : 1500 cycles - 80% DOD - 15 years

+ Tonic propulsion (TBD)

LEO 2 years missions, LAUNCHERS, PROBES

5 Ah

Same cell as for military and commercial
applications

No specific space cell development

Space Battery and Electronics development

Battery : 70 Wh/kg Cell : 100 Wh/kg
120 Wh/l 240 Wh/1

Cycle life : 10 000 cycles - 20% DOD




v 1994 NASA Acrospace Battery Workshop

SAFT RECHARGEABLE LITHIUM - Status of SAFT Activities

ADVANCED BATTERIES

RESEARCII : ® Increase cycle life ( storage and fading )
® Increase gravimetric encrgy

® Limit corrosion
® Study charge & discharge control paramecters and their aging
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616

CELL DEVELOPMENT : ® Elcctric & Mechanical connection with thin electrodes supports

@® Stack blocking
® Formation mode ( no plates formation available)

® Charge mode

BATTERY & ELECTRONICS: @ Electronics management design
® Promote new concepts
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1994 NASA Acrospace Battery Workshop

RECHARGEABLE LITHIUM - Status of SAFT Activities

ADVANCED BATFPRIFS

SCHEDULE

ACTIVITIES L N 96 T 38 69

GEOSTATIONARY APPY I ATIONS

SPECIFIC RESEARCH
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ELECTROCHEMICAL CHARACTERSATION i
CELL DEVELOPMENT

CELL QUALIFICATION (50)
FRESH CELL

CYCLING

pi74%

BATTERIES PRELIMINARY DESIGNS

ELECTRONICS MANAGEMENT
CONCEPTS

DISCRETE COMPONENTS
HYBRIDATION

|[BATTERY DEVELOPMENT (1 EM)

BATTERY QUALIFICATION (2 QM)

@8R Fiight validation

LECQ), LAUNCHERS, PROBES  APPLICATIONS

CELL DEVELOPMENT

CELL QUALIFICATION

BATTERY DEVELOPMENT

il Fligh Eli?ﬁéﬂlﬁi?!ﬁéﬁ@iii:w,

BATTERY QUALIFICATION
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v 1994 NASA Acrospace Battery Workshop

SAFT RECHARGEABLE LITHIUM - Status of SAFT Activities

ADVANCED BATTERIES

Li - [ON CHARGE MODE
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v 1994 NASA Acrospace Battery Workshop

S AF T RECHARGEABLE LITHIUM - Status of SAFT Activities

ADVANCED BATTERIES

ELECTRONICS

ELECTRONICS CONCEPTS :
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The difficulty comes from the voltage management mode for cells in series

2 families of concepts :

4%

=» BATTERY CHARGE MODE WITHOUT CELL BY-PASS :
Management by the cetl with highest voltage

® Constant current

® Constant current by steps

® Constant current and battery constant voltage
& Easy to manage ( same as NiCd & Nit,)

$ Limit cell capacity performances
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v 1994 NASA Acrospace Battery Workshop

SAFT RECHARGEABLE LITHIUM - Status of SAFT Activities

ADVANCED BATTERIES

ELECTRONICS

> BATTERY CHARGE MODE WITH CELL BY-PASS :
Management of each cell

® Constant current and constant voltage ensured on each cell by electronic control

& Guaranteed to use the maximum cell capacity
Compensate cells dispersion

$ New Electronic concept to study
Cost (to be evaluated at system level)

SAFT’s AIM IS TO DELIVER A COMPLETE BATTERY SYSTEM
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1994 HASA Acxospace Battery Workshop

RECHARGEARBLE LITHIUM - Status of SAFT Activitics

PRODUCT PERFORMANCES AND CHARACTERISTICS
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MAIN REQUIREMENTS COMPARISON

Refuirements PORTABLE FLECTRIC VEHICLE SPACE

CRarpe rate C/20t0 C C/10to C C/20to C/1.5

Discharge rate C/8to C C/5102C C/L5

Peak discharge Up to 3C up to 3C UptoC

Charge Temperature range (°C to 50°C - 20°C to -+ 50°C tbd

Discharge Temperature range -20°C to t+60°C id. thd

Steyage Temperature range -40°C 10 1-85°C id. tbd

Gravimeiric Energy > 120 Wh'kg (Beg.of life) 140 Whikg (Beg. of life) 100 Wivkg (End of life)

Cell : Battery Battery
Life time >1000 cycles 100%DOD with | >1000 cycles 100%4DOD with 1500 cycles 80 % DOD
>70% Nominal Capacity >80% Nominal Capacity + ionic propulsion

4 years 10 years 15 years

Charge retention

< 10 % after | month 20°C
<10 % after 8 days 45°C

< 25 % after 72 h 20°C

e
£
Y
ig
g
el
=
2
3
a
7o
(1)
g
8

pecific Space requirement: .

. 135 days rest period in between 45 days use
. Launchers vibrations & shocks
. 15 years life time and more than 10 000 cycles

—




1994 RASA Acrospace Battery Workshop

w
SAFT .
RECHARGEABLE LITHIUM - Status of SAFT Activities

ADVANCED BATTERIES

Li- ION 100 At CELL SCHEMATIC

Dimensions in mm
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1994 NASA Aerospace Battery Workshop

RECHARGEABLE LITHIUM - Status of SAFT Activities

100 At DISCHARGE CURVE

VOLTS

4,50

4,00

3,50

3,00

CELL VOLTAGE

2,50

2,00

1,50

Discharge rate: 10 A

Ambient Temperature

Hours

DISCHARGE PROFILE OF A 100 Ani LINIO2/GRAPHITE PRISMATIC CELL (CYCLE 5)



- 1994 NASA Acrospace Battery Workshop

SAFT RECHARGEABLE LITHIUM - Status of SAFT Activities

ADVANCED BATUTERES

5 At CELL DISCHARGE CURVE
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1994 NASA Acrospace Battery Workshop

RECHARGEABLE LITHIUM - Status of SAFT Activities

ADVANCED BAL Y RIES

CYCLE LIFE ON LABORATORY SAMPLES

Laboratory samples
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800 -

600 1

400 1

Capacity (mAh)

Charge : C/2 rate to 41V
200 1 Discharge : C  rate to 2.5 V

200 400 600 800 1000 1260
Cycle number
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ADVANCED BT TERIFS

1994 NASA Aecrospace Battery Workshop

RECHARGEABLE LITHIUM - Status of SAFT Activities

AA CELL PERFORMANCES COMPARISON

Standard
NiCd

Top of the
range NiCd

Nickel metal

hydride

Nominal capacity
(mAh)

Nominal volage
(volts)

Weight energy density
{(Wh/kg)

Volumetric energy

density (Wh/I)

Cycle life
(number of cycles)

600 - 700

1.2

35 - 40

100 - 110

1000

900

1200

s | 7 sosscesmiay

50

60

180

500 - 1000

400 to 550

3.6

80 - 110

190 to 260

500 - 1000
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CYCLE LIFE PERFORMANCE
EVALUATION OF Li-ION CELLS
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Rao Surampudi, Dave Perrone, Ron Nauman, Chen-Kuo Huang
Ratnakumar Bugga, Gerald Halpert

NASA Battery Workshop
Huntsville Alabama
November 15-17, 1994
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Outline
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* Objective
e Cell Description
* Test Plans
 Charge/Discharge Characteristics
 Cycle Life Performance
100% DOD
40% DOD

-Ces-

e Summary
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Objective
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Determine Cycle Life Performance of Lithium
lon Cells at 100% DOD and 40% DOD
(NASA stress test)
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Cycling Parameters 100%
DOD Test

Charging
e Constant Current @ 100mA

e EOC Voltage to 4.2 volts cutoff
Discharging
e Constant Current @ 200mA
e EOD Voltage to 3.0 volts cutoff |
_ Open Circuit Period
End of Charge: 30 minutes
 End of Discharge: 30 minutes

doysyioyy deanog sovdsossy ySYN FEET
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Cell Description
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Type |
Anode: Carbon (Coke)
Cathode: LiCoO,
Electrolyte: EC-Based Electrolyte
Rated Capacity: 1 ampere-hour
OCV: 3.8 volts

-SES-

Dimensions
Length= 64.1 mm
Diameter = 18.2 mm
Weight = 40 grams
Manufactured by Sony
Specific Energy: 70.0 Watt-Hours/Kg
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Cell Description
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Type ll
Anode: Carbon (Coke)

Cathode: LiCoO,

Electrolyte: EC-Based Electrolyte
Rated Capacity: 1 ampere-hour
OCV: 3.8 volts

-9€6-

Dimensions
Length= 51 mm
Diameter = 21 mm
Weight = 40 grams
Manufactured by Sony
Specific Energy: 80.5 Watt-Hours/Kg
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Test Plan Overview

Measure and Record
Physical Characteristics
of Cells
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Conditioning Cycles (3)

“LES-

Discharge Rate Characterization

Charge Rate Characterization

Cycle Life Tests
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SONY LIION CELL PERFORMANCE AT 31 DEGREES CELSIUS
0.2 AMPERE DISCHARGE T0 3.0 VOLTS PER CELL CUT OFF

B - CYCLE2 - 7 CYCLE3 - ——— - CYCLEM4
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SONY Li-ION CELL - CONSTANT CURRENT CHARGE CHARACTERISTIC
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43

4.1
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31

2.9
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SONY Li-ION CELL - DISCHARGE PERFORMANCE AT VARIOUS CURRENTS AT 25 DEGREES CELSIUS

E— 0.25 AMPERES © 0.5 AMPERES - 075 AMPERES 0.83 AMPERES
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100° DOD CYCLE LIFE PERFORMANCE OF SONY SAMPLE 03022-50
0.2 AMPERES DISCHARGE T0O 3.0 VOLTS AND 0.1 AMPERES CHARGE TO 4.2 VOLTS
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CYCLE LIFE PERFORMANCE OF SONY Li{x)CoO2/Li(x}C
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SONY Li(x)-CoO2/Li(x)-C SAMPLE CELL #88
CYCLE t C/5 DISCHARGE PERFORMANCE

WATT-HOURS PER KILOGRAM
0 10 20 30 40 50 60 70 80 90
- i —— S e M | J
1
% —— ety | | | —
0 o4 0.2 0.3 0.4 0.5 0.6 0.7 08 09 1
AMPERE-HOURS




SONY Li{x)C / Li CoO2/ CELLS 62, 67, AND 69
DISCHARGE 1 AT 0.2 AMPERES TO 3.0 VOLTS PER CELL AT 23 DEGREES CELSIUS
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CYCLE 36 OF LEC REGIME ATTEMPT WITH SONY Li(x)C / Li Co02 CELLS 62, 67, AND 6% AT 23 DEGREES CELSIUS
40% DOD [N 30 MINUTES FOLLOWED BY €/2.46 INRUSH TO 4.1 VOLTS PER CELL TO 1.001 CHARGE TO DISCHARGE AMPERE-HOUR RATIO
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SONY Li{x)C / Li CoO2 CELL SAMPLE NUMBER 28012-62, 67, AND 69
CYCLES VS. DISCHARGE AMPERE-HOURS DURING AN ACCELERATED LEO REGIME AT 23 DEGREES CELSIUS
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SONY Li{x)C/ Li CoO2 CELL SAMPLE NUMBER 28012-62, 67, AND 69 AT 23 DEGREES CELSIUS
CYCLES VS. END OF DISCHARGE CELL VOLTAGES DURING AN ACCELERATED LEO REGIME
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SONY Li{x)C / Li CoO2 CELL SAMPLE NUMBER 28012-62, 67, AND 69
CYCLES VS. AVERAGE WATT-HOURS DURING AN ACCELERATED LEQ REGIME AT 23 DEGREES CELSIUS
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SONY LI-ION END OF CHARGE/END OF DISCHARGE VOLTS VS CYCLES
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CYCLE 36 OF LEO REGIME ATTEMPT WITH SONY Li{x)C / Li Co02 CELLS 62, 67, AND 69 AT 23 DEGREES CELSIUS
40% DOD IN 30 MINUTES FOLLOWED BY C/2.46 INRUSH TG 4.1 VOLTS PER CELL TC 1.001 CHARGE TO DISCHARGE AMPERE-HOUR RATIO
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SONY Li(x)C /Li CoO2 CELL SAMPLE NUMBER 28012-62, 67, AND 69
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SONY Lix)C / Li Co02 CELL SAMPLE NUMBER 28012-62, 67, AND 69 AT 23 DEGREES CELSIUS
CELL DIVERGENCE = 1000 x (MAXEMF(1:3)) - (MINEMF1:3})
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Summary

1) First Generation Cell yielded 780 mAh
capacity, second generation cell delivered

860 mAh capacity.

2) Cycle life performance of the second
generation cell appears to exceed the first.

- 3) Accelerated “LEO” testiny) has already
demonstrated 2500 cycles at 40% DOD, and
continues to cycle.

4) Energy density per volume is larger with the
second generation cells.

5) Cell performance is consistent which
demonstrates good fabrication techniques.
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Round Table Discussion of Advanced Technology for Space Applications
Gerald Halpert, Jet Propulsion Laboratory

NASA BATTERY WORKSHOP
MARSHALL SPACE FLIGHT CENTER
HUNTSVILLE, ALABAMA
November 1994

OPEN DISCUSSION
On the Subject of

WHAT WILL IT TAKE TO GET ADVANCED BATTERY TECHNOLOGY INTO SPACE
APPLICATIONS?

Chairman: Gerald Halpert
Jet Propulsion Laboratory
Notes by Michelle Manzo, NASA LeRC

OPENING REMARKS - G. Halpert

New battery technologies have been improving over the last several years. It took almost 20
years for NASA to use a Ni-H2 battery. Even then it was used on Hubble Space Telescope as a
replacement for a Ni-Cd battery in which life limiting concerns had been raised. What do we have
to do to use Ni-MH or Li-ion batteries in space? How do we qualify cells and batteries for space
missions?

If you ask the spacecraft Manager or project manager, he or she will ask where has it been used
previously and what is the experience with the device? Even though there may be significant test
data, and the mass and volume is lower or the mission capability can be increased, the project
manager will generally opt for a previously used battery system. The philosophy is "Not on my
spacecraft.”

The subject is open for discussion to all attendees. I hope you will participate. The first speaker is
Dave Pickett from Hughes.

ATTENDEE PARTICIPATION

Pickett - It took 8 years to fly modern Ni-Cd and 11 years to for Ni-H2. A compelling reason is
needed for implementation of new technology, whether it be economics, or other. It takes time,
and someone willing to take the risk. Usually, commercial needs lead the way.

The new technologies are Ni-MH, Li-ton, and CPV Ni-H2. Larger TPV are being considered as
well as CPV. Predictions for spaceflight of Ni-MH | 5 years, and Li Ion 8-10 years. This is the
time it takes from cell test to battery integration.

E. Darcy - Safety issues with Li make Ni-MH more of a near term option.
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J. Firmin - Safety tests have been conducted. Requirements need to be defined and tech must
meet the requirements.

G. Methlie - Agreement with safety issue. Ni-MH intermediate term is needed. Difficult to
accelerate verification.

M. Klein - Ni-MH is the battery of choice for next 10-15 years. Aerospace should leverage off
commercial.

C. Lurie - High cost for qualification of Ni-Cd to Ni-MH. Not clear that it offers significant
advantages at battery level. Li-Ton will probably ultimately replace Ni-MH. Probably cannot
justify costs.

G. Dudley - Wh efficiency less for Ni-MH than Ni-Cd.

C. Lurie - Ni-MH advantage is improved round trip efficiency, thus, smaller array.

W. Tracinski - Possible use for all technologies to optimize for all applications.

G Methlie - Project forward by looking backward. If end up with one system, you better be
right. Also need multiple vendors.

D. Maurer - Need all technologies. Li-lon a long way off. Need several technologies going at
once. The mechanism for demo in space will be in small s/c.

A. Dunnett - Cheaper and faster, not better. No new battery systems seen without compelling
reason. Ni-MH will not be qualified with Ni-Cd and Ni-MH available. Li-Ion is the next step.

G. Halpert - What is the necessary incentive to go Li-Ion? Does your company support R&D on
Li-Ion?

A Dunnett - Lower battery weight, more propellant, increase in payload. My organization does
not support Li-lon or other R & D.

E. Darcy - The time line is long without terrestrial applications. Ni-MH make sense in todays
environment.

C. Lurie - Small satellites are new visions for aerospace. They become the platform for new
technology.

M. Anderman - Ni-MI] advantages depend on DOD capability and life as a function of DOD.
V. Kennedy -Responding to a question on Na-S, acceptance and abuse tests are being worked.

Johnson -Go on to far term technologies. Let other Intermediates develop in commercial
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technology. Sponsor research in space for space applications.

G. Methlie - Commercial base does not guarantee success in space.

J.Firmin - Same battery as EV commercial? Need to begin improvement at early stages to
influence development,

P. O'Donnell - Need dual-use drivers. Can't take terrestrial alone. Need to work on parallel
paths.

J. Firman - Limit documentation for qualification of new technologies for space. Documentation
is costly.

C. Lurie - Dual answer. Small satellites, Yes, DOD/NASA, no.

C. Lurie - On the capacity fade issue - It still exists but we have an understanding. TRW prefers
to deal with Ni precharge issues.

G. Halpert - Managers want low cost but also want guarantees that product will work. Thus,
costs will remain high. However, we are careful. Not always battery failures, e.g., Magellan -

failure was arrays not battery.

S. House - Phillips Lab will not support development of Ni-Mh. Lithium-ion possible substitution
to Na-S and Ni-H2. 7 year test is required.

M. Toft - To get new technology into orbit, which product has been shown to be best understood.
Elimination of documentation and visibility is the wrong way to go. Vendor data is valuable. It

holds clues to success. If you show understanding, customers will be willing to pay.

C. Bennett - There is a large database for Ni-H2. Varied parameters, no consistent production.
Need to use a model.

G. Halpert - Why do we have all these variations in product? (No response)

J. Armantrout - Historically we have used database for decisions. Develop a standard for a SKw
satellite. Need more standardized designs.

J. Wheeler - The process is: The manufacturer recommends to the customer, then customer has
strong preferences including plate and cell designs. The manufacturer is at the customer's mercy.
There are multiple paths to success. Let the customer make the selection.

C. Garner - Cooperative efforts work well.

G. Methlie - Commercial look at products.
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S. Surampudi - Technology is driven by customer. Customer was leader. Leader disappeared
replaced by managers. They want the best products without supporting costs.

G. Halpert - Are there any planned Ni-Mh flights?

B. Bragg - Shuttle orbiter GFE. Ni-MH flown in IBM think pad. To be flown in helmet light.
NASA/ISC approves specific designs and specific applications - no blanket chemistry approval.
OSHA and EPA have environmental concerns. Japanese Ni-MH flight in 1998 will follow
European's and Amercians.

A. Dunnett - The delta performance improvement does not warrant development of Ni-Mh over
Ni-Cd.

G. Halpert - Are there any planned Li-Ion flights?

S. Surampudi - JPL use in 1997. Small spacecraft 5-10 Ah cells. 45 new technologies evaluated
for new spacecraft. Li-lon was selected. Looking at Li-Ion instead of Ni-MH because no
apparent payoff over Ni-H2. The fallback is Ni-Cd compelling reason is size.

Session adjourned

Many thanks to Michelle Manzo for taking these notes
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Nickel-Hydrogen / Nickel-Cadmium
Data Session
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Hubble Space Telescope
Nickel-Hydrogen Battery Testing
An Update

Marshall Space Flight Center
Huntsville, Al 35812

EB72 / Thomas H. Whitt
EB74 / |effrey C. Brewer

The Marshall Space Flight Center (MSFC)
began testing the HST Ni-H2 Six Battery Test
and the Flight Spare Battery Test approximately
one year before the launch of the HST. These
tests are operated and reported on by MSFC, but
are managed and funded by Goddard Space
Flight Center in direct support of the HST
program.
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The HST Batteries
Eagle Picher RNH-90-3

= High rate charge => 10 - 13 amps (C/8)
= Charge scheme => V/T limit

= Discharge => 9 - | | amps (C/9)

= Depth of discharge (DOD) => 6 to 9%
= Operating temp => 0 to 3 degrees C~
= Sun/eclipse periods => 60/36 to 70/26

The HST Ni-H2 Batteries are built from Eagle
Picher RNH-90-3 cells. The bullet chart above
describes the typical operating conditions of the

batteries in the HST EPS.
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SIMPLIFIED BLOCK DIAGRAM OF THE HST EPS
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The figure above is simplified block diagram of the HST
electrical power system (EPS). The HST EPS is direct energy
transfer power system. The solar array is divided into 20 solar
panel assemblies (SPAs) with 3 SPA sections going to each
battery channel and 2 going dircctly to the load bus. The trim
and charge current control (CCC) relays are the battery charge
control relays that arc located in the power control unit (PCU).
The 3 load busses arc normally tied together to act as a common
load bus.
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HST Battery Tests at MSFC

= HST Six Battery Test
- Breadboard of the HST EPS
- 6 batteries of test module cells
Packaged in flight type modules

= "Flight Spare Battery"
~ Simulation - | of 6 battery channels
— Cells from flight spare lot

The HST Ni-H2 Six Battery Test is a breadboard of the HST
EPS. The batteries in the test are composed of test module cells
and packaged into 3 battery modules identical to the flight
modules. This test is the HST EPS Testbed.

The "Flight Spare Battery" Test is a simulation of 1 of the 6
battery channels on the HST. The cells in the test are from the
flight spare lot of cells, which are the same lot of cells that 3 of
the 6 HST flight batteries are made from. This test is the battery
life test for the HST program.
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Test Objectives

= Determine operating characteristics
of the batteries

» [nvestigate on-orbit anomalies

» Test proposed variations prior to
implementation on orbit

The first of the test objectives 1s to determine
the operating characteristics of the batteries.
The test batteries began cycling one year before
the launch of HST and have now been cycling
under the HST Flight conditions for over 5.5
years. The graphs on the following 3 pages
show the average battery capacity, the end of
charge & discharge voltages, and the battery
watt-hour efficiency over the life of the test.
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/ AVERAGE BATTERY CAPACITY

% SIX BATTERY TEST
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This plot is of the average battery capacity of the HST Ni-H2 Six Battery Test over the life of the
test. The fluctuations in the capacity are a result of the numerous capacity tests run on the
batteries (approximately 9). Over the first 4 years of the test the average battery capacity was
between 70 and 77 ampere-hours (AH). During this time the batteries were being charged to 1.5
v/cell with a step to trickle charge scheme. At orbit 20,000, the charge voltage was dropped to
1.49 v/cell as a result of some charge control relays failing and the thermal situation of the
batteries. The thermal situation of the HST batteries is the reason the batteries have not been
charged to higher charge voltages from the beginning.

Since launch the flight batteries have always had 10 to 15 AH more than the test batteries. The
flight batteries underwent an almost ideal launch scenario and within a couple of months on flight
were cycling with 90 to 95 AH. To date the HST flight batteries have cycled for almost 4.5 years
and have underwent or will soon have underwent 2 capacity checks per battery. The present
average capacity of the flight batteries is 78 to 80 AH. It is felt that most of the operating
capacity lost is a result of the low charge level (1.49 v/cell) that the batteries are being charged to.
Thermal changes to the HST battery bays are being considered for the next servicing mission to
allow for charging the batteries to a higher voltage.
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/ END OF CHARGE & DISCHARGE VOLTAGE
SIX BATTERY TEST
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This plot shows the end of charge and end of discharge voltages
over the life of the Six Battery Test. The end of charge voltage
tracks the different charge levels that have been used and the
end of discharge voltages track the general state of health of the
batteries. Even though thc end of discharge voltages have
essentially stabilized, a gradual decline over the life of the
batteries 1s to be expected.
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/ BATTERY WATT-HOUR EFFICIENCY
SIX BATTERY TEST
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This plot shows the average battery watt-hour efficiency over
the life of the HST Ni-H2 Six Battery test. The batteries cycled
with a step to trickle charge scheme and charged to 1.5 v/cell for
the first 20k orbits. After orbit 20k the charge scheme was
changed to hardware control (essentially a taper charge) and the
charge voltage was lowered to 1.49 v/cell. The watt-hout
efficiency of the HST Ni-H2 cells has varied from about 77 to
85%.
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Test Objectives

» Determine operating characteristics of
the batteries

= Investigate on-orbit anomalies

» Test proposed variations prior to
implementation on orbit

As a result of an electrical fault that occurred on the Hubble Space Telescope
(HST) in September, 1991, the HST Electrical Power System (EPS)
Operations group at GSFC requested a series of tests on the HST batteries on
test at MSFC. In October '91 tests were run on the HST Six Battery Test
with 3 second discharges as high as 70 amperes. From 12/25/91 to 1/3/92
additional tests were run on a 4 cell pack of HST Flight Spare Module cells
on test at MSFC where the cells were discharged at rates up to 250 amps.
The Six Battery Test results revealed that a fault as low as 70 amperes could
have caused the EPS anomalies observed during the fault. Further test to 250
amperes indicated that: (1) no damage should have occurred to the HST
batteries as a result of the fault and (2) that the HST test batteries impedances
were constant over the entire tested range at 1.2 to 1.3 milhohms per cell. On
the following page 1s a block diagram showing how the fault was simulated
on the Six Battery Test.
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Test Objectives

- = Determine operating characteristics of
the batteries

= Investigate on-orbit anomalies

= Test proposed variations prior to
implementation on orbit

The Six Battery Test has been used extensively for testing
proposed variations in opcrating mode. The test was used for
launch scenario testing, investigating possible methods to boost
up opcrating capacity, and investigating possible EPS
configurations during the first servicing mission. Prior to the
servicing mission, the HST Six Battery Test underwent
numerous test in support of the servicing mission. In the
simulations the test batterics were put through conditions the
flight batteries would experience during the servicing mission.
The simulations determined the battery capacity and the
optimum configuration for the battery circuits for the mission.
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1 Power Control Unit (PCU)
Relay Minimization Test

= Background
-2 PCU relays have failed
- Failures have potential to damage DIU
~ PCU is not an orbital replacement unit

= Purpose - minimize cycling on the PCU relays

= Plan - develop a battery charge control algorithm that
will minimize PCU relay cycling w/out sacrificing battery
capacity

The most recent use of this test as a means for testing proposed variations in
operating mode is the investigation of a proposed "PCU Relay Mintmization
Scheme". Since launch, the HST electrical power system (EPS) has had two solar
array trim relays fail. The relays were being used as battery charge control relays
when the failures occurred. The relays are located on the power contol unit (PCU),
which was not designed as an orbital replacememnt unit (ORU). To reduce the
cycling on the PCU relays, GSFC is investigating operating the EPS with a reduced
solar array by opening a number of solar array trim relays. A set of conditions,
based on the batteries state of charge (SOC) and the number or orbits since the
batteries were fully charged, will determine the number of trim relays to open or
close. A reduced solar array will reduce battery charge current, and require less
charge control relays to cycle. The algorithm that determines the number of trim
relays to open or close is being referred to as the "PCU Relay Minimization Charge
Scheme"”. Phase I of this sheme was tested on the HST NiH2 Six Battery Test from

6/28/94 to 8/24/94.
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PCU Relay Minimization
Phase |

= Remove SPAs until batteries are unable to charge
to V-T charge level (STARVATION MODE)

» When SOC gets below 85% or |5 orbits since
last full charge, put | SPA back on line (this is the
transition to FULL CHARGE MODE)

|
= When 2 batteries reach V-T limit for 2

! . . ..

| consecutive orbits, remove | SPA (transition .
' back to starvation mode)

L

The above chart describes the basic conditions of the Phase I of the PCU relav
minimization charge scheme. The charge scheme consisted of two modes of
operation:

1) STARVATION MODE - remove cnough SPAs so the batteries do not reach the
V-T limit. Stay in this configuration for 15 orbits or until the batteries SOC at the
end of discharge goes below 80 or 85%. Then put one SPA back on line and
transition to:

2) FULL CHARGE MODE - in this mode the batteries capacity will be increasing.
The system will stay in this configuration unti! 2 or 3 of the batteries have charged
up and reached their V-T limit. Then one spa will be removed and the system will
return to the starvation mode.

Phasc [ was implemented on the Six Battery Test for 60 davs and reduced PCU
relay switching by 90%.
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/ NORMALIZED BATTERY CAPACITY
BASED ON PRESSURE
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This graph shows the normalized battery capacity during Phase I of the PCU relay
minimization test. Even though 2 of the batteries were reaching the V-T limit during
the full charge mode, the capacity was gradually going down. At orbit 28450, when
it was decided to require 3 batteries to reach the V-T limit before returning to the
starvation mode, the capacity began to slowly increase. But, during this testing

GSFC ran a capacity check on one of the HST flight batteries, and the battery had
less capacity than was being predicted. With the flight batteries having less
capacity than predicted and this charge mode showing another possible reduction in
capacity, GSFC began considering changes to the algorithm to optimize the trade off
between relay cycling and battery capacity. The changes to the algorithm are Phase
11 of the PCU Relay Minimization Charge Scheme.
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PCU Relay Minimization
Phase Il

= Instead of putting | SPA on line to
transition to full charge mode, return
entire solar array.

= Return to starvation mode after 4 or 5
batteries reach the V-T level.

= Phase Il should reduce PCU relay
cycling by 75%

In Phasc Il of the PCU Relay Minimization test, during the
FULL CHARGE mode the entire solar array will be put back on
line instead of just one additional SPA. This will give the
batteries a higher rate full charge and and this charge mode will
continue until 4 or 5 of the batteries reach the V-T limit. This
phase of the test has just begun and it is too early to predict
exactly how this change will effect the capacity. A HST EPS
mode! predicts this charge scheme will reduce PCU relay
cycling by 75%. This test will be completed by February '95.
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ADIABATIC CHARGING
OF NICKEL-HYDROGEN BATTERIES

C.LURIE and S. FOROOZAN
TRW SPACE AND ELECTRONICS GROUP
REDONDO BEACH, CALIFORNIA

J BREWER and L. JACKSON
NASA GEORGE C. MARSHALL SPACE FLIGHT CENTER
MARSHALL SPACE FLIGHT CENTER, ALABAMA

THE 1994 NASA AEROSPACE BATTERY WORKSHOP
THE HUNTSVILLE MARRIOT, 5 TRANQUILITY BASE
HUNTSVILLE, ALABAMA
NOVEMBER 15-17, 1884
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BACKGROUND

+ ACTIVE BATTERY COOLING, DURING PRE-LAUNCH ACTIVITIES, IS
DIFFICULT AND EXPENSIVE

« NICKEL-HYDROGEN BATTERY CHARGING, IN THE ABSENCE OF ACTIVE
COOLING, WAS INVESTIGATED FOR APPLICATION DURING AXAF-l PRE-

LAUNCH ACTIVITIES.

« TESTING WAS CONDUCTED TO

- DEMQNSTRATE THE FEASIBILITY OF THE “ADIABATIC CHARGING”
APPROACH

- PROVIDE A PARAMETRIC DATA BASE

Battery management during pretaunch activities has always required special
attention and careful pianning. The transition from nickel-cadmium to nickel-
hydrogen batteries, with their higher self discharge rate and lower charge
efficiency, as well as longer prelaunch scenarios, has made this aspect of
spacecraft battery management even more challenging.

The AXAF-I Program requires high battery state of charge at launch. The use of
active cooling, to ensure efficient charging, was considered and proved to be
difficult and expensive. Alternative approaches were evaluated. Optimized
charging, in the absence of cooling, appeared promising and was investigated.
Initial testing was conducted to demonstrate the feasibility of the "Adiabatic
Charging” approach. Feasibility was demonstrated and additional testing
performed to provide a quantitative, parametric data base.

1994 NASA Aerospace Battery Workshop -382- Nickel-Hydrogen / Nickel-Cadmium Data Session




ADIABATIC CHARGING
DEFINITION

ADIABATIC CHARGING IS CHARGING IN THE ABSENCE OF COOLING

HEAT DISSIPATED BY THE CHEMICAL PROCESSES IN THE CELLS, AS
WELL AS I’R HEATING, STAY IN THE BATTERY AND ITS TEMPERATURE
INCREASES

THE BATTERY HAS A LARGE THERMAL MASS

THE ADIABATIC CHARGE METHODOLOGY INVESTIGATED FOR AXAF-!
CONSISTS OF

- CHARGING THE BATTERY, IN THE ABSENCE OF COOLING
- MONITORING BATTERY TEMPERATURE,

- TERMINATING CHARGE WHEN BATTERY TEMPERATURE
REACHES 85° F

The assumption that the battery is in an adiabatic envircrment during prelaunch
charging is a conservalive approximation because the tattery will transfer some
heat to its surroundings by convective air cocling. The amount is small
compared to the heat dissipated during battery overcharge. Because the battery
has a large thermal mass, substantial overcharge can cccur before the cells get
too hot to charge efficiently.

The testing presented here simulales a true adiabatic environment. Accordingly
the data base may be slightly conservative

The adiabatic charge methodology used in this investigation begins with
stabilizing the cell at a given starting temperature. The cell is then fully
insulated on all sides Battery temperature is carefully monitored and the charge
terminated when the cell temperature reaches 85° F. Charging has been
evaluated with starting temperatures from 55° F o 75° F.
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SCOPE

e TESTING INCLUDED INVESTIGATION OF
- ADIABATIC CHARGING
- ADIABATIC TOP OFF CHARGING
- VERY LOW RATE TRICKLE CHARGING

« TODAY'S PRESENTATION WILL COVER, PRIMARILY, ADIABATIC CHARGING
TEST RESULTS

« DETAILS OF OTHER TEST RESULTS WILL BE REPORTED IN THE FUTURE.

The overall AXAF-| battery test program, which is continuing, addresses several
aspects of prelaunch battery management including charging, top off charging,
open circuit stand, and low rate trickle charging; all in an environment in which
there is little or no cooling. Parametric testing in the adiabatic charge mode has
been completed and is reported in this presentation. Other results will be
reported in the future.
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TEST PLAN

e PROOF OF CONCEPT: DEMONSTRATE ADIABATIC CHARGE CAPABILITY

- CHARGE RATE: C/5, C/10, C/15, C/20
- INITIAL TEMPERATURE: 55°F,65°F, 75° F

- RUN WITH RNH 65-5 CELLS (ON LOAN FROM EPI) WHICH ARE SIMILAR

IN DESIGN TO THE AXAF-I BASELINE CELL
e PARAMETRIC TEST: CONFIRMATION AND DATA BASE DEVELOPMENT
- CHARGE RATE: C/5, C/8, C/10, C/15

- INITIAL TEMPERATURE: 60° F, 65°F, 70°F, 75°F

- RUNWITH FLIGHT CONFIGURATION RNH 30-9 CELLS

Adiabatic charging was addressead in a series of three tests

A proof of concept test was run to demonstrate the feasibility of the approach.
The test was run on RNH 65-5 cells which were loaned to us by Eagle Picher
Industries. During the test, the thermal environment (e g, adiabatic), the cell
design, and the final charge temperature were fixed Therefore the major test
variables impacting charge accegtance were charge rate and initizl charge
temperature. Charge rate was varied over the range C/5 to C/20 which includes
the lowest and highest rates deemed practicable during prelaunch activities.
The initial-temperature range was constrained, at the low end by dew point
considerations in the prelaunch environment, and at the high end by the fixed
final charge temperature

A paramelric test was nex! run to validate the results of the proof of concept test
and to provide a quantitative parametric data base Test articles were flight
configuration RNH 30-9 cells The charge rate and initig! charge lemperature
variable ranges were based on analysis of the proof of concep! lest results.
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TEST PLAN CONT'D

e MISSION SIMULATION TEST
- PRE-POST LAUNCH SCENARIO SIMULATION TESTING WAS
PERFORMED AS PART OF A TOTAL MISSION SIMULATION TEST AT
MSFC

- THE POSTULATED SEQUENCE INCLUDED

ADIABATIC CHARGING

OPEN CIRCUIT STAND

ADIABATIC TOP OFF

C/500 RATE TRICKLE CHARGE

DISCHARGE

An AXAF-I mission simulation test is being run at MSFC. The test includes
battery operation in a postulated pre-post launch scenario, as well as operation
simulating on orbit cycling. Results obtained during operation in the simulated
pre-post launch scenario are reported in this presentation.
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TEST ARTICLES

CELL PART NUMBER

RNH 65-5

RNH 30-8

RATED CAPACITY (Ah)

65

30

STACK CONFIGURATION

BACK-TO-BACK

BACK-TO-BACK

POSITIVE ELECTRODE

0.030", SLURRY

0.030", SLURRY

SEPARATOR

ZIRCAR, 2 LAYERS

ZIRCAR, 2 LAYERS

ELECTROLYTE (%, FINAL) 31 31
OPERATING PRESSURE (psi) 800 475
STRAIN GAUGE YES YES
TERMINAL CONFIGURATION AXIAL AXIAL
WEIGHT (gms) 1815 1010
PRECHARGE POSITIVE POSITIVE

The 30 Ah and 65 Ah cell designs differ only in cepacity, weichtdimensions, end
pressure. Electrode stack compenents, configuration, anc electrelyte are

identical.
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TEST CELLS
ON COLD PLATE

Individual cell instrumentation includes strain gauges for pressure measurement
and thermistors at five locations from the top of the thermal sleeve to the sleeve
base. In the configuration shown the sleeves are mounted directly to a thermally
controlled cold plate. Ambient air and cold plate temperatures are also
measured. Cell voitage, current, and pressure, as well as all temperatures are
logged automatically. Data logging frequency is controlled by a slope sensing
algorithm that increases the data logging frequency as the voltage and/or
temperature rates of change increase.
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INSULATED TEST CELLS
HEAT REJECTION TO COLD PLATE

|
|
In th2 configuration shown the ce'! sieeve tase rem
| g
|

girg ncentect with the ccld
plate and the remzindar the calltrarmel s'eave zesemrs’ ) ig insulzted with three
inch thick Ethazamnsuleticn Tris configuration was vsed for 2! discharges
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INSULATED TEST CELLS
ADIABATIC OPERATION

This configuration is similar to the previous one except that Ethafoam insulation
is added between the sleeve base and the cold plate. The cell is thermally
isclated. This configuration was used for all adiabatic coerations.
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TYPICAL ADIABATIC CHARGE
65° F, C/5 CHARGE RATE
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This chart shows typica! deta logged during an adiabatic charge Charge
acceplance is tracked using cell pressure  The final discharge capacity is in
excellent agreement with the capacily derived from pressure date Charging
was terminated at 85° F and overshcot took it to €7° F. The test configuraticn
was changed from the fully-insulated cell to the configuration in which the
baseplate is in contact with the co!d plate The ce!! was then cooled to 55° F
and a standard C/2 discharge to 1.0 volt performed  The capacity discharced,
66.7 Ah, is 98% of the capacily recevered during a €8° F standard cepeacity cycle
(16 hour C/10 charge at 68 = 5° F, C/2 discharge to 1 0 volt ) The recharge
ratio, calculated as capacity charged divided by cepacity discharged, is 1.27,
which is acceptable for the small number of cycles occurring during prelzunch
activities.
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TYPICAL ADIABATIC CHARGE
75° F, C/15 CHARGE RATE
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The cycle shown on this chart is similar to the previous cycle except that the
adiabatic charge was performed at 75° F and a C/15 charge rate. These are
less efficient conditions and the capacity discharged, 44.2 Ah, is significantly
lower than the 86.7 Ah recovered at the more efficient charge conditions of 65° F
and a C/5 charge rate shown on the previous chart. Charge insertion was

80.7 Ah and the recharge ratio 1.37. Comparison with the previous chart
indicates that, at 75° F and a charge rate of C/15, less charge is inserted and
utilization of that charge is less efficient.
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CELL TEWPERATURE (DEGF)

Adizbatic charge results obtaired with the €5 Ah cells are summerized gs &
family of curves showing the relzticnshic between cepacily, initig! cell
temperature, and charge rate. Capazcily is expressed as per cent of stan

68° F capacity to allow comparison of cell lots with differing aclus! capacities.
The circles indiczate replicated data points.

These curves demonstrate that good charge acceptance is achieved, during
adiabatic charging, provided charge parameters are maintzined in efficient
ranges.
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CAPACITY EXPRESSED AS % OF
68 DEG F STANDARD CAPACITY
30 AH CELLS
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The adiabatic charge results obtained with the 30 Ah cells are summarized
similarly and may be compared with the 85 Ah cell results. At conditions
providing efficient charging, e.g., low initial cell temperature and high charge
rate, the two sets of results are similar. However, when charge efficiency is
lower, e.g., at higher initial temperatures and lower charge rates, the 30 Ah cells
provide significantly higher relative capacities than the 65 Ah cells when both
are charged adiabatically at the same conditions. The difference is attributed to
the lower specific energy of the 30 Ah celt.
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ADIABATIC CHARGE
EFFECT OF THERMAL MASS

« THE ADIABATIC CHARGE APPROACH WORKS BECAUSE THE BATTERY
ABSORBS THE HEAT DISSIPATED AS THE CELLS GO INTO OVERCHARGE

s FOR A GIVEN DISSIPATION RATE: THE GREATER THE CELL MASS THE
GREATER THE TOTAL CHARGE BEFORE THE CELL GETS TOO HOT TO
CHARGE EFFICIENTLY

« THE DIFFERENCES IN ADIABATIC CHARGE ACCEPTANCE, BETWEEN THE
65 Ah and 30 Ah CELLS, CAN BE EXPLAINED BY THE RELATIONSHIP
BETWEEN CELL WEIGHT AND CAPACITY, FOR THE 65 Ah AND 30 Ah CELLS

o CELL WEIGHT DIVIDED BY CAPACITY IS A CONVENIENT FIGURE OF MERIT
TO COMPARE ADIABATIC CHARGE ACCEPTANCE RESULTS

CELL WEIGHT gms
CAPACITY Ah

FIGURE OF MERIT =

Because of its small size the 30 Ah cell is packaged less efficiently than the
65 Ah cell. The low operating pressure, 475 psi, is the maximum prectica! with
this size and design Another consequence of the difference in packzging
efficiency is the difference in specific energy; 36 Wh/Kg for the 30 Ah ce!! and
43 WhiKg for the 65 Ah cell

For a specific cell capacity and a given se! of adiabatic charge conditions: the

larger the cell mass the more charge accepted before reaching the charge
termination temperature
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ADIABATIC CHARGE

EFFECT OF THERMAL NMASS 65 A CELL WiCap  27.9
105 40 Ah CELL WtCap 315
30 Ah CELL Wt/Cap  33.7
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CELL WEIGHT/CAPACITY FIGURE OF MERIT

Capacity, expressed as per cent of standard 68° F capacity, is plotted against
the cell weight/cell capacity figure of merit for initial charge temperatures of 60°
F,B5°F,70° F, and 75° F, and charge rates of C/5, C/10, and C/15. The datais
displayed as three sets of curves, one set for each charge rate. Each of the sets
of curves consists of four individual curves, one for each initial charge
temperature. Inspection of these curves indicates that the impact of the cell
weight/cell capacity figure of merit on charge acceptance, in the adiabatic
charge mode, is significant at conditions of low charge efficiency, and very small
at conditions of high charge efficiency.
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CONCLUSION

NICKEL-HYDROGEN BATTERIES CAN ACHIEVE HIGH STATES
OF CHARGE, IN THE ABSENCE OF COOLING, WHEN CHARGED
USING THE “ADIABATIC CHARGING” APPROACH DESCRIBED.
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Alternate Charging Profiles for the Onboard
Nickel Cadmium Batteries of the
Explorer Platform/ Extreme Ultraviolet Explorer

Gopalakrishna M. Rao and Jill S. Prettyman-Lukoschek*

NASA Goddard Space Flight Center
Greenbelt, Maryland 20771

ABSTRACT

The Explorer Platform/ Extreme Ultraviolet Explorer (EP/EUVE) spacecraft
power is provided by the Modular Power Subsystem (MPS) which contains three
50 ampere-hour Nickel Cadmium (NiCd) batteries. The batteries were fabricated
by McDonnell Douglas Electronics Systems Company, with the cells fabricated by
Gates Acrospace Batteries (GAB). Gainesville, Florida.

Shortly following launch, the battery performance characteristics showed similar
signatures as the anomalous performance observed on both the Upper
Atmosphere Research Satellite (UARS) and the Compton Gamma Ray
Observatory (CGRO). This prompted the development and implementation of
alternate charging profiles to optimize the spacecraft battery performance. The
Flight Operations Team (FOT), under the direction of Goddard Space Flight
Center's (GSFC) EP/EUVE Project and Space Power Applications Branch have
monitored and managed battery performance through control of the battery
Charge to Discharge (C/D) ratio and implementation of a Solar Array (SA)
offset. This paper provides a brief overview of the EP/EUVE mission, the MPS,
the FOT's battery management for achicving the alternate charging profile, and
the observed spacecraft battery performance.

INTRODUCTION

The EP/EUVE spacecraft was designed. built. and managed by NASA. GSFC. EP/EUVE is
operated by NASA and Loral AeroSys with the primary payload. the Extreme Ulrraviolet Explorer
(EUVE), operated by the University of California at Berkeley. The Explorer Platform (EP)
spacecraft design was based on the Multimission Modular Spacecraft (MMS). The platform can
support a varicty of remote sensing, Low-Earth-Orbit (LEO) missions requiring solar, stellar, or
earth pointing missions. The EP provides a space based platform from which the explorer class
instruments and equipment can be remotely exchanged during Space Shuttle-based servicing
missions. The MMS structure supports the Platform Equipment Deck (PED), which serves as the
EP interfuce to the payload. The payload module, currently EUVE, is mounted on the PED and the

* Loral Aerosys, EP Flight Operations Team
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mission-unique equipment has been placed within removable PED modules. When EP was
integrated with its payload module, EUVE, it became the mission-unique EP/EUVE satellite.

The EP/EUVE spacecraft was launched on a Delta I Expendable Launch Vehicle (ELV) from Cape
Canaveral Air Force Station, Florida on June 7, 1992 into a circular orbit 528 km in altitude with
an inclination of 28 degrees. The EUVE is a LEO astronomical survey mission that has produced
the first definitive sky map and catalog in the portion of the electromagnetic spectrum that extends
from approximately 100 to 1000 angstroms. Scientifically, the mission includes three objectives,
all-sky survey, deep survey and spectroscopy. The all-sky survey and deep surveys were
performed concurrently during the first 6 months of the mission and completed in January, 1993
with gap filling completed in July, 1993. The balance of the EUVE mission is being used for
additional spectroscopy experiments.

During the two spacecraft modes of operation, the spacecraft orientation is defined as follows. In
survey mode, the spacecraft maintains a constant rotation of 0.18914 +/- .00005 degrees per
second. In snectroscopy mode the spacecraft will be inertially fixed such that the spacecraft is
pointed within the design constraints of 0 to 110 degrees with respect to the -X axis and +/- 33
degrees with respect to the Command and Data Handling (C&DH) roll axis.

MODULAR POWER SUBSYSTEM
The EP/EUVE MPS is comprised of all the power control, distribution, regulation, provision, and
other power-related hardware. This includes the McDonnell Douglas MPS and the two Solarex
solar arrays. Figure | illustrates the subsystem interfaces.

The functions of the EP/EUVE major power subsystem components are presented in Table 1.

Table 1: EP/EUVE Major Power Subsystem Components

Power Subsystem Component Function ’|_|
Bus Protection Assembly (BPA) Fusing of internal MPS loads it
50 Ampere Hour Batiteries (3) Energy storage It
Power Control Unit (PCU) Power distribution it
Remote Intertace Unit (RIU) (2) Command & Data Handling interface

Signat Conditioning Assembly (SCA) Command and telemetry conditioning

Solar Arrays (2) Energy conversion

Solar Array Drives (2) Maintains solar array position as determined

by the Solar Array Drive (SAD) flight software
and commanded by the Solar Array Drive
Electronics (SADE)

Solar Array Dnive Electronics (2) Monitors and commands the SAD movement
as determined by the SAD flight software or
ground issued commands
Standard Power Regulator Unit (SPRU) Battery charge control

Thermal Control Subsystem Battery system thermal regulation

The batteries onboard the EP/EUVE spacecraft are three 50 amp-hour conventional NiCd batteries
in parallel configuration. Each battery contains 22 serially connected cells. The plates were
fabricated at GAB during the 1/85 to 5/85 time period. The cells were activated in March 1988.

1994 NASA Aerospace Battery Workshop -600- Nickel-Hydrogen / Nickel-Cadmium Data Session




MPC Return Bus LEGEND
PCU SolarArray Urregulaicd a
Bus Bus 1 ,
PCR iy >, !
Mair ot O o R _(%):
Arrayq al SPRU Q]
Y PDR Qo
- E arge
v { () (:) Battery Relay
— S S 1
T pon ©
o] Battery] s
S S 2 Current
Ul POR Sensor
lg] Qe
—f - s 5 3 PDR
"{ & Ppwer
- . Disconnect
HEATERS LOGEJS Ins'.éur;ent Felay
HR{1 PA ge; _u
THRU B <
HAS & lom oHcHe P |nstroment
CCNTROL e S Power
RELAYS O o~e B~ ACS Power
L s
Power 1o [~ U__O - CA0H Power
Currem"—l—_ 0 ___J c
Sensors [ 3
RIU A, RIU B = MPS. SC&CU
SCa Power

Figure 1: EP/EUVE Power Block Diagram
POWER SUBSYSTEM OPERATIONS

The MPS operations have evolved on-orbit to rely heavily on various SPRU modes of operation.
The modes of SPRU operation are discussed in Table 2.

EARLY MISSION OPERATIONS

At launch, the Voltage Limit Mode of SPRU was set at V/T level 5; however, the level was
commanded to V/T level 4 on launch day based on the observed high average C/D ratio values
(1.286, 1.241 and 1.224 for batteries 1, 2 and 3. respectively). The level was later lowered to V/T
level 3 on May 5, 1993 to further reduce the C/D ratio.

Thermostat control was also implemented during early mission operations. MPS battery
temperature regulation was implemented to maintain a specific battery temperature operating range
greater than the thermistor set points for the battery heater controls. This can be performed on the
EP spacccraft because the MPS configuration includes an externally mounted heat pipe
implementation that maintains a stable thermal environment between all three batteries. Current
operation maintains a battery baseplate temperature of greater than 5 degrees C and less than 8
degrees C. This temperature range is maintained through Onboard Computer (OBC) Telemetry
Monitor (TMON) control. The original operational implementation was introduced on Septemnber
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8. 1992 based on a temperature goal of 2 degrees C. This goal was changed, in steps, to the
current operational temperature range on October 23, 1992. The battery temperature trends for the
length of the mission is presented in Figure 2. This thermostat control showed no appreciable
impact on the battery charge profile.

Table 2: SPRU Modes of Operation
SPRU Modes of Operation

Standby Mode The MPS power is supplied by the batteries due to no
available solar array power. The SPRU is able to

receive commands and retains a memory of its last
commanded state in this mode.

Peak Power Tracking Mode ‘The maximum SA output power point will be

maintained to provide all available power to the

spacecraft load and recharging the batteries until the
Voltage-Temperature (V/T) set point is reached or the
constant current mode is enabled.

Voltage Limit Mode The battery voltage limit is determined by one of the 'l

eight commandable NASA standard V/T limits. When
the battery terminal voltage rises to the limit, the battery
current is reduced to a taper profile.

Current Limit Mode The current limit is an externally commanded mode
which limits the total battery charge current to orie of the
three selectable levels, 0.75 amps, 1.5 amps or 3.0
amps.

Sate Mode In the event of three consecutive pulses being missed to
the MPS Computer Status Monitor (CSM), the SPRU
will be commanded to the appropriate V/T level based
on the selected V/T level (currently V/T level 1). No
external commanding will be allowed to the SPRU until
the CSM has been disabled.

CURRENT POWER OPERATIONS

The C/D ratio and the net overcharge of all three batteries remained higher than recommended for
the batteries, This is due in part to the small loading requirements of the spacecraft and the large
size of the SAs. Because the arrays were designed to support a 10-year Platform mission life
integrated with EUVE and a variety of follow-on Explorer class Instruments, the available power
to the payload was budgeted at 300 watts for an orbital average with peaks of 1000 watts. On-
orbit EUVE payload power needs, however, have been an orbital average of 200 watts with peaks
of 300 watts during both spectroscopy and survey modes.

The FOT currently utilizes three of the SPRU modes - the constant current mode, the peak power

track mode and the voltage limited mode, on an orbital basis for nominal battery operations. These
standard operational procedures for a single EP/EUVE orbit are presented in Figure 3.
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Figure 2: Mean Buttery Temperatures for the Mission Life
Constant Current Mode at Orbital Sunrise

Constant Current Mode (CCM) at Orbital Sunrise (OS) was implemented to regulate the high
battery charge current from the SAs when the arrays are cold. The operational goal has been about
20 amps. The onboard implementation uses the OBC Orbital Time Processor (OTP) flag 6 to trip
when the spacecraft to sun vector cosine is -0.5 corresponding to an angle of 120 degrees. This
equates to approximately 2 minutes prior to spacecraft dauy. The flag executes a Relative Time
Sequence (RTS) that commands the SPRU to 3.0 amp CCM at orbital sunrise then retuming the
SPRU to V/T control approximately 10 minutes into day.

Spacecraft Night Spacecraft Day Spacecraft Night

100%
State of Charge
I
CCM CCM
at at
Orpital | V1 Contro! Ful
Sunrise | Charge

Figure 3: Standard EP/EUVE Orbital Battery Management
Constant Current Mode at Full Charge
CCM at full charge was implemented to minimize the batteries overcharge. Proactive steps have

been taken to maintain a ground minus CCM calculated C/D ratio goal range of 1.02 to 1.07 and
hence minimize the batteries overcharge. In this implementation, the SPRU commands 0.75 amp
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CCM to maintain a trickle charge on the batteries while still in spacecraft day after the C/D ratio
goal has been reached as determined through TMON sampling of the battery state of charge. The
C/D Ratio goal is based on the assumption that when the battery reaches 100 percent state of charge
at a specified 0,98 Power Monitor (PMON) processor battery charge efficiency, the C/D ratios
approximate 1.02.

PMON bartery efficiency changes

The PMON battery efficiency changes were implemented to stabilize the End-of-Night Load Bus
Voltage (ENLBV), which was decreasing during extended maximum eclipse period. The PMON
battery efficiency is decreased by 0.01 during the maximum eclipse period to allow additional
charge on to the batteries while marginally increasing the C/D ratio by 1 percent. The CCM at full
charge target C/D ratio may be changed by changing the Battery 1, 2, and 3 charge efficiencies in
the PMON processor via OBC system table load. This is routinely being performed by changing
the target C/D ratio. The efficiency is set to 0.97 for spacecraft eclipse periods of greater than 34.5
minutes and set to 0.98 for eclipse periods less than 34.5 minutes. The PMON efficiency changes
are presented with the length of spacecraft day in Figure 4.
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Figure 4; Length of Spacecraft Day for the Mission Life
Solar Array Offset

The SADs remained powered off during the first 13 months of the EP/EUVE mission, In-Orbit
Checkout (I0C), survey, and 6 months of inertial point mode. Then, following the completion of
the gap fill-in portion of the all sky survey in July 1993, the SADs were validated during a mini-
I0C. Two SA hardware limitations, specular reflection and an Extra Vehicular Activity (EVA)
handrail, were identified during the validation. The spacecraft body, specifically the Signal
Conditioning and Control Unit (SC&CU), reflects sunlight onto the solar array panel 1. This
causes heating of the panel in the vicinity of thermistor 3 to the solar panel red high temperature
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qualification limit, 114 degrees C. Additionally, an EVA handle prevents the movement of solar
array 2 past 83 degrees -X_, limiting the range of possible SA motion. A flight software change
has been implemented which will maintain the solar arrays at a table-defined offset. This flight
software implementation repositions the SAs to the offset position, currently 40 degrees to avoid
specular reflection, taking into account the EVA handrail limitations, when the spacecraft slews to a
new target. The change in the spacecraft attitude may be seen in the effective solar array offset

(figure 5)..
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Figure 5: Effective Solar Array Offset for the Mission Life

DATA

With the implementation of CCM and SA offset management, the charge-to-discharge ratios
have decreased for the length of the mission (figure 6). The average I0C C/D ratios (including
CCM) of 1.08 10 1.09 in comparison with the current values of 1.06 to 1.07 showing an
improvement of 2 percent for batteries 1 and 2 and of 1.5 percent for battery 3. The battery C/D
ratios show stable in-family trending of high numbers during the survey portion of the mission
with the SA position constantly normal to the sun. The C/D ratios diverged in January 1994
with the spacecraft transition to inertial peint mode and the introduction of CCM at OS. During
this mission phase, the SADs remained fixed. while the spacecraft changed pointing positions
throughout the sky on a daily and sometimes orbital basis. This varied the effective SA offset to
the sun from 0 to 55 degrees, and thus varied the availuble solar array current to the batteries.
Two operational events, a deep discharge of the batteries (24.5%) on June 17, 1993 (DOY 168)
and the implementation of a constant 40 degree SAD offset on August 6, 1994 (DOY 218), have
contributed to the stable and lower C/D ratio values seen since June of 1993,
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Half battery differential voltages for batteries 1, 2, and 3 are presented in Figure 7. The battery
differential voltages showed similar degraded features with all three batteries crossing zero as the
spacecraft to inertial point mode. An improvement is evident in all three half battery differential
voltages. The half battery ditferential voltages for battery 1 continues to near zero, while
batteries 2 and 3 are approaching toward zero.
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Figure 7: Half Battery Differential Voltages for the Mission Life

A significant improvement in the end-of night load bus voltage is apparent from Figure 8 for the
last six months. The end-of-night load bus voltage has been approximately 26.88 volts for this
period.

1994 NASA Aerospace Battery Workshop -606- Nickel-Hydrogen / Nickel-Cadmium Data Session




1994 NASA Aerospace Battery Workshop -607-

Begin PMON

28 5 —u Efficiency
& Changes
28 -1ua .
| =]
—_ e e H
> 27.5 +—e-u—1' l!.—-l 2 mm
« ' III!!. !II. I:.-..III[-E
o 27 s ie | iue el
.‘é 5. 1] _.I_Ilill u_;m.
> 26.5 . e s 8 8 B
[
26 =
SR e B B S s m o S St SN A S e s s e s S S S S R B mm
158 228 298 2 72 142 212 282 352 57 127 197 267
1992 1993 1994
Day of Year
. volts —O—— Length of Day

Figure 8: End-of-Night Load Bus Voltage for the Mission Life
CONCLUSIONS

The constant current mode implementation successfully limits the C/D ratio to a specified goal.
This has been enhanced by the use of the battery efficiency change which allow the end of night
load bus voltage to stabilize about 26.88 volis during periods of maximum eclipse. The 40 degree
solar array offset maintains a battery current input between 13 amps and 20 amps. The
implementation of the CCM charge control, PMON efficiency change, and the SA offset have

optimized battery operation for the EF/EUVE spacecraft,
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UPPER ATMOSPHERE RESEARCH SATELLITE
(UARS) launched on space shuttle discovery on
September 12, 1991 for a nominal 36-month
mission

96-minute LEO orbit inclined 57 degrees to the
equator (results in at least two full-sun periods
per year)

Spacecraft built by General Electric (now Martin
Marietta) and incorporates Multimission Modular
Spacecraft (MMS)
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BACKGROUND - continued

« Maximum spacecraft load was projected as 1600 watts

« The MMS design utilizes the Modular Power
Subsystem (MPS) built by McDonnell Douglas
« The MPS contains three NASA Standard 50 Ah Nickel
Cadmium batteries in a parallel configuration
- batteries contain 22 series-connected cells
- battery instrumented to measure the voltage
difference between the first 11 cells in series and the
second 11 cells in series (differential voltage)

« The MPS also contains a NASA Standard Power
Regulator Unit (SPRU) that employs NASA Standard
VT levels and constant current modes for the charging

of batteries




« 9/91. Power system configuration - VT 6 to 1.11 C/D ratio,
then tripto VT 5

« 12/91: First full-sun period

» 1/92: Differential voltage on all three batteries becomes
non-zero, exceeding 50 mV; switch to full-time use of VT 5

. 3/92: Differential voltages exceed 150 mV; switch to VT 4
« 4/92: Differential voltages exceed 300 mV

doysyioy daayog 2o0dsossy ySVN F661
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Raising VT level from 4 to 5 causes differential voltages to
exceed 400 mV and temperature spread between battery 1
(inboard - facing earth) and battery 2 (outboard - facing

space) diverged from nominal value of 3 °C to almost 8 °C
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CHRONOLOGY -continued

e 4/92 (cont.) Return to VT 4 reduced spread in
temperature; Battery heater thermostats bypassed to
raise nominal battery temperatures ~4 °C, to a
nominal value of 5 °C

 5/92: Solar array drive anomalies caused Solar array
to be parked at “spacecraft noon”; load partially shed
as battery charging (and spacecraft operation) is
temporarily altered to a cosine power curve

e 7/92: Solar array drive restarted; median value of
battery differential voltages now different by as much
as 500 mV from two months before
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CHRONOLOGY - continued

« 8/92: Incorporation of Solar Array offset to limit
charge currents at spacecraft sunrise below 25

amps per battery
e 12/92: Introduction of a deep conditioning

discharge on batteries during full-sun periods -
average DOD this first time was 31%; first use of

VT 3 for shallow DOD periods

e 3/93: Introduction of the use of a constant
current charge mode at the end of spacecraft day
to control C/D ratio




CHRONOLOGY - continued
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 6/93: Second full-sun deep conditioning

discharge
- Deep discharges were conducted on two consecutive days and

approached 40% DOD on the second day
- Artificial eclipses between 10% and 20% DOD were also

accomplished on the days before and after the deep discharges

 12/93: Third full-sun deep conditioning discharge
- Deep discharges were conducted on two consecutive days and
approached 36% DOD on the second day

6/94: Fourth full-sun deep conditioning discharge
- Deep discharges were conducted on two consecutive days and
approached 32% DOD on the second day
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DATABASE

e Data accumulation began in April 1992 and
continues to this day

« Data presented in this paper is limited to 1994
The database consists of 27 ground-processed
telemetry values and focuses on daily averages

and/or daily ranges:

1. Daily average Beta Angle (degrees)

2. Daily average battery Net Charge (Amp-minutes) (3)
3. Daily average battery discharge (Amp-minutes) (3)
4. Daily maximum battery discharge (Amp-minutes) (3)
5. Daily average C/D ratio (3)

6. Daily maximum discharge current (Amps) (3)
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DATABASE - continued

doysysoy aanvg aovdsoldly VSEN +661

 Telemetry values (continued):
7. Daily average end-of-night load bus voltage (V)
8. Minimum battery differential voltage (mV) (3)
9. Maximum battery differential voltage (mV) (3)
10. Daily average battery temperature (°C) (3)
11. Daily average maximum charge current (Amps)

e There are also 11 trend values derived from the

ground-processed telemetry:

12. Load-sharing differential between battery 1 and
battery 2 (Amp-minutes - from daily average
load and daily maximum load) (2)

-L19-
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DATABASE - continued
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 Trend values (continued):

13. Average battery depth of discharge (Amp-minutes
- from daily average and daily maximum) (2)

14. Median battery differential voltage (mV - average
of daily max and daily min) (3)

15. Differential voltage span (mV - difference between
daily max and daily min) (3)

16. Temperature spread between battery 1 & 2 (°C)

« All of the data is entered into an Excel© spread-
sheet along with Day of year, Mission Day #, the

VT level, the C/D ratio goal (if Constant Current
Mode is being used) and operational “Notes”
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Sample of UARS Flight Battery Database
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Sample of UARS Flight Battery Database
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Sample of UARS Flight Battery Database

56 767 3.5

56 | 5% | 212
54 533 | 156
51 | 606 | 259

]
K
'
-

180 151 | 49 | 135 | 125 -22 13 4.5 15 34
181] 152 | 29 29 | me | 0 | T 4 T s T
77 REA N A R S T B § S O U1 N I N B
13 154 | ss |T 15 |80 A1 | s | 7 | a4

]
b
|
[
L
'
t
!
|
|
1
]
|

o
N
>

-

-

y
(53]

o B
M1
T
-t
%) ]

=)
A=)
> C Z AA Al AC AD AE AF AG | Al Al Al AK | AL
P 1 | DOY|DVIMAX|DVIMED{DVIMAG] DV2MIN | DV2MAX|{ DV2MED[DV2MAG] DVIMIN [ DVIMAX|DVAIMED[DVIMAG| T4 i T2
a 1500 121 59 | a9 e L a7 4 o |2 s f o |22 ) o | 44 | 52 | 225
3 151] 122 6 25 123 [ a5 13 S O O T 2 Ty T a2 | sae |2
3 152 123 |78 PN IR ) D S S O - I A D T T R N T T Y- O - B
i 1530124 | w0 | 36 s {5 f s b5 b a0 | 20 w L8 | 56 | 481 | 179
5 154f 125 | w0 [ 34 b w2 a7 b s | s 4 s | 7 s A S N B N R B A
3 155|126 | 81 | 225 1wz a7 s | a2 00 U R L A e 1.7
= 156 127 | 74 | 115 113 4 5 4 15 | 0 | 3 | K RE 135 1 43 | 4eB | 165
X 157128 | 78 | 9T Tmw |z [z (VRN B -7 6 14.5 A 4R | 1S
3,:' 158/ 129 | 81 |7 b ww | as | W oS =13 CM s | 47 | 56 1 L8
159 10|87 |15 | sy a2 | T 4s s 2 | omw b boose b osSsE 207
160/ 13 | #0_ | -75 175 22 13 4.5 I . T - C R S R - 578 | 228
o1l 132 | o4 | 24 | w7 i 22 | om__{ss sy ) s | 25 p 00 b oS0 o677 0 34
TZ R R S LN BT e -2 R L - - T s O s T 6 | 56 | 744 | 3md
R R 2 T T O S 2 Tt O T T - T S T - A S " S A7 I R
& 163) 115 | 7o T a2 | e L2 B T A U (RN W R N 5 o | sa | 7sr |47
~ 165 136 | 59 | 25 | wew | 22 | | a5 0 as Tas | Tl a5 57 TROS | 449
' 166] 137 52 | 295 | 1es {2 s |2 a4 a5 | T .7 CSe | B26 | 4HR
167) 138 | 60 | a1 | k2 | a8 | 20 {1 | s | 2 a6 | se | #56 | oams
- 168 139 | 56 | 565 | 25 | o | | s | a2 L w22 | 45 | 5 B45 | 458
S ) T .~ O M o 0
= P20 IETO L - T O U S P S O - O O " T - 6 | 56 | sak | oy
= i1 w2 | 22 | s | wz | a3y | 2 | 55 | a7 | 24 5 | sR | 827 | a7s
S 172 WAl [ s7s |z T T a2 | e a6 | M | m 6| se | A AR
3 173 144 | A8 | 46 ___w&m 20 | 7 | s | a7 | oM 22 | e |56 | B | A
> 174} W5 | S0 | a5 | w3 | a7 25 4 42 .35 2 |7 56 “BeY | 498
¥ 75| M6 |49 Ve T | a7 |29 | e | e f e |20 TR |56 | Bde | 47A
5 176| 147 | 56 | 7 [ ew | a4 |29 | Trs |4y e | o |75 57 | 806 | 435
R 1770 W48 56 {9 I ew | a3 |2 | ss | a7l A | 20 .7 54 8.01 4.16
) 178 49| 56 {7 | 98+ a7 | 22 | 25 | 39 A 8 | 8 1 52 | 705 | Ak
3 179} 150 56 2 108 .21 15 A a6 A s s L g0 ] 760 | aSE
SR - SR D S B TS NN TR - DR I AN L, SN AN I IR T - B O e .
=)
<
8
g




doysyo,44 Adappg 200dS043 FSFN FE6T

-¢9-

UOISSIS DIDC] WINTUPD Dr{aY2IN 7 UoB04pAL~123oIN

Sample of UARS Flight Battery Database

C AM AN AO AP AQ
1 DOY_ 71377T1L127 A\(Gl‘li(\i{l 7}/7'!;77 [jHig/D (JO_AL
150} 121 | 357 | 295 | 182 | 4 | 1ms
15tf 122 ] 352 | 302 | 183 | 4 1025
152} 123 | 335 | 31 f 183 4 | 1
153] 124 | 312 | 302 185 4|2
154) 125 | 305 | 288 | 173 | 4 | 2
I55} 126 | 303 | 29 | %71 | 4 | 2
156] 127 | 295 | 3,03 71 | 4 | 2
1577 128 | 3.03 | 339 ¢ 169 4 | 1.05
158 129 | 327 336 | 172 4 2
159 130 | 358 | 351 17.6 4 |2 B
160[ 131 [ 3.7 35 | 177 4 2
161 132 | 438 346 L 177 4 2
162) 133 | 534 | 361 | 183 + 2
163| 134 | 5.61 346 | 184 1 4 2
164) 135 | 574 344 18.2 4 2 B
165| 136 | 595 3.56 176 1 4 2.
166} 137 | 6.23 3.38 17.6 5 1.
167} 138 6.4 3,68 17.6 5 2
168] 139 | 5.99 3.87 179 4 2
169] 140 | 5.69 3.62 17.6 4 2
170} 141 | 5.83 3.74 16.9 4 2
171] 142 | 6.05 3.52 17.2 4 2
172) W3 ) 6.4 | 34 ey 4 2
173| 144 | 5.7 3.6 17.8 4 2
174| 145 | 6.29 3.71 19 4 2
175) 146 |. 6.06 3.73 18.1 4 2
176] 147 | 5.72 3.71 17.1 4 2
177) 148 | 5.58 385 | 1741 4 2
178] 149 | 542 | 4.06 17.3 4 2
179] 150 | 5.07 411 | 168 4 2
180 151 | 4.89 | 4.32 18 3 2
181] 152 | 3.61 387 17.7 3 2
182l 153 | 3 | a7 | 167 | 3 | 2
183] 154 | 3.99 347 16 3 2
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Sample of UARS Flight Battery Database
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151

152

153

154

155

156

157

154

159

164

161

162

163

164

165

166

167

168

169

170

171

72

173

174

175

176

177

178

179

{80

181

142

143

DOY
121
122
123
124
125
126
127
128
129
170

B kY|

132
133

14

135
136
137
1R
179
140
1
142
143
EEY
145
146
147
148
149
150
151
1‘32
153
154

NOTES .

STRAICHT VT4,
ISAMS TO HIGH POWER; STRAIGHT VT4;
STRAIGHT VT4; SOLAR ECLIPSE;

STRAIGHT VT4;
STRAIGHT VT4;
STRAIGHT VTS
STRAIGHT VT4;_
STRAIGHT VT4;
STRAIGHT VT4;

1.05C/D GOAL, THEN STRAIGHT VT5;
ISAMS TO LOW POWER; STRAIGHT VT4;
STRAIGHT VTS
STRAIGHT VT4;

STRAIGHT VTY;
STRAIGHT VT4: ISAMS OFF: YAW-AROUND;
STRAIGHT VT4; ISAMS TO LOW POWER;
STRAIGHT VT4,
STRAIGHTVTY,
STRAIGHT VT4;

STRAIGHT VT4;_

5T RAICHTVN

STRAIGHTVTY:
STRAIGHT VT3; ISAMS OFF;
STRAIGHTVTY,

STRAIGHT VTY; _
STRAIGHT VTY,
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DATABASE FIGURES

« Each of these 16 parameters (except #2 and #4)
are plotted versus Day of Year

« The Beta Angle is on each figure as a reference

« Some figures cover the entire year on a single
page while others are confined to 60-day
intervals for greater utility
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UARS BATTERY PERFORMANCE: DAILY LOAD SHARE
DIFFERENTIAL BETWEEN BATTERY 1 & 2 VS DAY OF YEAR
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UARS BATTERY PERFORMANCE: DAILY AVERAGE
TEMPERATURE SPREAD BETWEEN BATTERY 1 AND 2 VS
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DIFFERENTIAL VOLTAGE (mV)

UARS BATTERY PERFORMANCE: DAILY BATTERY
DIFFERENTIAL VOLTAGE VS DAY OF YEAR

400

——BATTERY 1 MIN DIFF VOLTS
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j . --BETAANGLE = =

240 | oo m e f e e e e
160

80

-160

-240

-320
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90
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BETA ANGLE

90

75

UARS BATTERY PERFORMANCE: DAILY AVERAGE END-OF-

NIGHT LOAD BUS VOLTAGE VS DAY OF YEAR

~——END-OF-NIGHT LOAD BUS VOLTAGE | ﬁ

W

BETA ANGLE

30.5

29.5

1 28.5

1 27.5

26.5

25.5

i 24.5

END-OF-NIGHT LOAD BUS

VOLTAGE




DATABASE FIGURES - continued
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 Daily Average End of Night Load Bus Voltage
could be a misleading indicator of battery health
and state-of-charge and should be correlated to
Daily Average Battery Depth-of-Discharge.

e An additional figure examines this relationship.
The figure covers the first 300 days of 1994, and
is broken out into discrete 60-day periods. It
suggests that battery voltage performance has
not significantly degraded over the last 300 days.
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END OF NIGHT LOAD BUS VOLTAGE
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UARS BATTERY PERFORMANCE: DAILY AVERAGE DEPTH OF DISCHARGE vs
DAILY AVERAGE END OF NIGHT LOAD BUS VOLTAGE FOR SPECIFIC

PERFORMANCE PERIODS

DEPTH OF DISCHARGE

20.0%




APPLICATION OF THE DATABASE
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* To illustrate the usefulness of the database and
its applicability for future battery operations and
management, let us examine three of the many
operational modes employed in 1994:

-S£9-

1. Deep discharge conditioning on DOY 164 and 165

2. Control C/D ratio by switching from “straight” VT 3
to a combination of VT 4 and Constant Current
Mode for a C/D ratio goal of 1.04 on DOY 174

3. Use of straight VT 4 from DOY 188 to 192
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Example 1: Effects of Deep Discharge Conditioning

1994 NASA Aerospace Battery Workshop -636- Nickel-Hydrogen / Nickel-Cadmium Data Session
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Example 1: Effects of Deep Discharge Conditioning
(continued)
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CONCLUSIONS FROM EXAMPLE 1 I

 Deep discharge conditioning
temporarily improves battery
performance

 Improved battery performance also
probably arises from the
convergence of battery
temperatures during full-sun
periods
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INTRODUCE C/D RATIO
1 CONTROL
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o
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DAILY AVERAGE DEPTH-OF-
DISCHARGE (AMP-MINUTES)

T %\ o
167 T 3 : : Y | !
R . INTRODUCE C/D RATIO
i1 /g CONTROL |

176 1
179 1
182 ]
185 1
A 4 & a ° 5 8 88 & 8

DIFFERENTIAL LOAD-SHARE
(AMP-MINUTES)

Example 2: Effect of C/D Ratio Control
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TEMPERATURE SPREAD (DEG. C)
Example 2: Effect of C/D Ratio Control

1994 NASA Aerospace Battery Workshop

{continued)
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CONCLUSIONS FROM EXAMPLE 2

Performance improvements realized from deep
discharge conditioning appear to be temporary
Minimizing overcharge on the warmest battery can

result in undercharging of colder batteries and a
state-of-charge imbalance among the three batteries

Divergence of some battery performance parameters
is probably due to state-of-charge divergence

Presently, for UARS, the use of Constant Current
Mode to control C/D ratio is not preferred when the
Beta angle is decreasing (eclipse duration increasing
/ length of S/C day decreasing)
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CONCLUSIONS FROM EXAMPLE 3

Straight VT charging yields better load-sharing in the
short run, but leads to divergence in the long run

Ensuring an adequate level of overcharge on the
coldest battery by this method can be detrimental to
the warmest battery (generates waste heat at end of
charge, increases the C/D ratio). Divergence in
states-of-charge is a likely result

For the present, on UARS, use of straight VT charging
is not preferred when the Beta angle is increasing
(eclipse duration decreasing / length of S/C day
increasing)




PRESENT OPERATIONAL STRATEGIES
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 Hold sunrise battery charge currents below 20
amps via Solar Array offset

e Use VT 3 unless DOD exceeds 15% or end-of-
night Load Bus Voltage drops to 24.8 V; then use
VT 4

e Use Constant Current Charge Modes only as
necessary to maintain C/D ratios below 1.06

« Use Constant Current Charge Mode to control
C/D ratios only when the Beta angie is increasing

e Use straight VT charging only when the Beta
angle is decreasing
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PRESENT OPERATIONAL STRATEGIES -
continued

 Execute deep conditioning discharges and/or
artificial eclipsing during every full-sun period

 Maintain temperature spread between battery 1
and battery 2 below 4 °C

 Monitor battery differential voltages to detect
unusual signatures:
- “spikes” during charge, of 50mV or more
- rapid changes at the end of discharge
exceeding 300 mV
- an absolute value exceeding 350 mV at any
time in an orbit




SUMMARY

« Anomalous performance of the UARS batteries
has necessitated intensive battery management
characterized by frequent changes in operational
modes and close monitoring of trends

 Establishment and use of a battery performance
database has aided in this management effort:
- Identified the operational strategies that have led to

poor performance
- Identifies the operational strategies that are yielding

acceptable performance
- Suggests operational strategies that may lead to

optimum performance
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