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Abstract

Nickel–hydrogen battery technology has established itself as the system of choice to provide energy storage on board Earth orbiting
satellites. In addition to providing electrical power for the satellite during the periods the satellite’s solar arrays are eclipsed by the Earth,

Ž .applications are evolving such as ion propulsion where the battery is required to supplement the power supplied to the spacecraft by the
solar panels in order to meet the peak power demands. In this paper, the results of a four-year accelerated life test programme, equivalent
to more than 20 years in orbit, are reported. Additional non-eclipse cycles were added to both the eclipse and solstice seasons of each
simulated spacecraft year. The results show that the additional discharges do not significantly effect the rates of performance degradation
of the batteries. q 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Nickel–hydrogen battery technology has firmly estab-
lished itself as the system of choice for both geostationary
Ž . Ž .GEO and low Earth orbit LEO communications and
surveillance satellites that require long-life, low mass and
highly reliable energy storage systems. Since their devel-

w xopment by COMSAT Laboratories in the early 1970s 1,2
nickel–hydrogen cells have undergone several advances
w x Ž3,4 . The change from hydrogen to nickel precharge i.e.,
a deficit amount of hydrogen or an excess capacity of the
nickel cathode such that the cell capacity is limited by the

.amount hydrogen present for example was found to re-
w xduce capacity loss during storage 5 . These changes have

been validated by life test, both by the battery manufactur-
ers and their customers. A comprehensive nickel–hydro-
gen satellite battery life test programme has been in
progress at the Naval Surface Warfare Center at Crane,
Indiana for more than 10 years, and it is there that many of
the nickel–hydrogen design changes have been validated
w x6 .

Concurrent with the evolution of nickel–hydrogen bat-
tery technology, there has been a steady increase in satel-
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lite payload power requirements, leading to increased bat-
tery capacity and a desire to operate batteries to higher
depths of discharge. The satellite solar arrays were sized to
meet the continuous power requirements during sunlight
with the batteries providing reserve power during the
eclipse periods. The development of ion-propulsion sys-

w xtems for North–South station keeping 7 offered signifi-
cant economic benefits by reducing the amount of chemi-

w xcal propellant required for a given mission 8 . However,
these benefits would be negated if it were necessary to
increase the size of the solar arrays to meet this additional,
intermittent power requirement. This additional load will
therefore be met by the battery, which will perform a load
levelling function during solstice periods by powering the
ion propulsion thrusters as required and then being
recharged during the remainder of the sunlight period. A
200 mN thruster, for example, typically requires a power
input of 5–6 kW. For small satellite applications, the use
of sub-kW class ion thrusters may also provide perfor-

w xmance benefits 9 . There are other periods when the
battery may be required to provide additional power, such
as when a solar array is shadowed by the spacecraft’s
antennas or during a lunar eclipse, for example.

In this work, we have cycled two six-cell nickel–hydro-
gen batteries using an accelerated orbital profile with the
addition of up to sixty supplementary discharges per simu-
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Table 1
Cell Characteristics from each life test group

Parameter LT1 LT2

Designation RNH 65-15 RNH 76-15
Rated capacity, Ah 65 76
Separator type Asbestos Zircar
Separator layers 1 2
Cathode thickness, mm 0.762 0.762
Number of electrode pairs 48 56
Maximum operating pressure, MPa 5.0 5.0

Ž . Ž .Precharge Hydrogen y Nickel q

lated orbital year. Both groups of cells were manufactured
Ž .by Eagle Picher Industries. The first life test LT1 was

started in March 1992 using six cells of 65 Ah capacity
that were spares in a lot of cells designated for flight. A
subsequent spacecraft had a higher power requirement and
cells of 76 APh capacity were procured and a second life

Ž .test LT2 began in May 1994. The characteristics of the
two cell groups are compared in Table 1. The major design
changes between the two procurements were the change
from single layer asbestos to double layer ZIRCARe

separators and from hydrogen to nickel precharge. Both
these cell designs have been described previously in con-

w xsiderable detail 10 . Note that nickel precharge cells in
general operate at lower pressures than hydrogen precharge
cells of the same capacity, but in this work, the 76 Ah LT2
cells used the same size pressure vessels as their 65 Ah
counterparts, and the maximum operating pressure was
estimated to be the same for both cell designs.

The mission simulated is a GEO type orbit having two
eclipse periods per year. These eclipse periods may be of a
minimum duration of 45 days and a maximum duration of
up to 95 days, dependent on the orbit eccentricity. For the
purposes of this life test an eclipse season duration of
about fifty-nine days each was selected as an average
figure. The depth of discharge on the peak eclipse day was

estimated to be 55% with the cell packs being discharged
at constant power. In addition, during part of the year there
may be about 100 additional cycles with a maximum depth
of discharge of about 25%. The required mission life for
geostationary spacecraft is typically 10 to 15 years.

2. Experimental

The six cells in each pack were mounted in sleeves in
the same manner as the anticipated flight battery configu-
ration. These sleeves were mounted on an aluminium base
plate in a close packed arrangement, with a thin layer of
RTV-11 between the sleeves and the base plate. Heaters
were mounted around the sleeves and were controlled by a
thermistor on the top of the sleeve of cell number 5. The
cells were electrically connected in series. The base plate
was 12 mm thick and extended 25 mm beyond the cells,
around their periphery. Thermal insulation, the size of the
base plate, was placed between the base plate and the cold
plate. The insulation comprised a sheet of 6 mm thick
epoxy fibreglass with approximately 0.25 mm of RTV on
each side. Each cell pack was wrapped in thermal insula-
tion so as to minimise heat transfer other than to the cold
plate. The entire unit was under a cover that was continu-
ously purged with dry air. The test configuration is shown
in Fig. 1. It was established by thermal analysis and test
that this cell configuration and thermal insulation would
closely simulate the cells’ on-orbit thermal environment
with the cold plate maintained at 08C.

The accelerated test regime had 1 year of in orbit
battery performance simulated by compressing all the cy-
cles into a period of approximately eighty real days. The
discharge profile used in these tests is shown in Fig. 2,
which shows the discharge event as a function of acceler-
ated ‘days’. The solstices were reduced to seven real days,

Fig. 1. Test configuration for life tests.
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Fig. 2. Accelerated test profile.

with supplemental discharges only occurring in the sum-
mer season at a rate of two per day and reconditioning of
the cell packs occurred during the winter solstice. Supple-
mental discharges were performed during the last twenty
days of the vernal equinox season and the first twenty days
of the autumnal equinox season. Note that as this was an
accelerated test the seasons referred to in Fig. 2 do not
correspond to the real time of year; they are just a conve-
nient label for each portion of the test. Each cycle is
performed as follows: discharge at constant power, 213 W
for pack 1 and 249 W for pack 2, for the desired eclipse
duration, then recharge at constant current at the Cr10 rate
to restore charge. The latter was achieved by charging to
return a capacity equal to that just discharged plus an
ampere-hour differential to ensure a full state of charge is
reached. This differential, which was 10% of the capacity
discharged on the longest eclipse day, was added to the
recharge capacity of every cycle in the life test. Following
completion of main charge, the cell pack was switched to
trickle charge at the Cr100 rate for a minimum of 4 h. It
had been established that the pack temperatures would
stabilise at the trickle charge condition within this 4-h
period. It should be noted that the reduction of the trickle
charge period to 4 h was the only test acceleration applied
during the simulated eclipse seasons. A supplemental dis-
charge was performed before the next eclipse if required

Žfor that day, with the same recharge criteria. A ‘day’
therefore contained an eclipse discharge, a supplemental
discharge, or both an eclipse discharge and a supplemental
discharge, with recharges taking place immediately after

.each discharge . The next cycle in the sequence was then
started. The sequence of events throughout the simulated
year is summarised in Table 2.

Reconditioning was achieved by attaching a 15 V resis-
tor across the pack until the pack voltage was below 6.0 V.
This required 5 to 6 days. The packs were then charged at
Cr10 for 16 h followed by trickle charge at Cr100. The

Table 2
Sequence of events during a simulated spacecraft ‘year’

Day number Season Discharge events

1 to 39 Spring Eclipse only
40 to 59 Spring Eclipse followed by supplemental
60 to 66 Summer Supplemental, two per day
67 to 106 Autumn Supplemental followed by eclipse
107 to 126 Autumn Eclipse only
127 to 134 Winter Reconditioning

duration of trickle charge was at least 24 h before the onset
of the next eclipse season.

3. Results and discussion

3.1. End of discharge Õoltage and end of charge Õoltage

For the mission simulated here, it was a requirement
Ž .that the flight batteries which contain 23 cells each be

able to maintain the spacecraft bus at a voltage above 24 V
throughout the mission. This corresponds to an average
minimum cell voltage of 1.043 V, or, for the six cell packs
used in these tests, the voltage minimum is 6.258 V. Fig. 3
shows the load voltage for the test packs at the end of the

Ž .longest eclipse day 29 of the 58-day season as a function
of season number, and Fig. 4 shows the pack voltage at the
end of the following recharge phase. Several points are
worthy of note.

LT2 performance over 20 seasons has been consistently
better than LT1, both in terms of end of discharge voltage
and of voltage degradation.

After the first few seasons, the end of discharge voltage
on day 29 of the eclipse season for LT1 steadily decreases
at a rate of f0.4 mVrcellrseason. By contrast, after the
first few seasons, the end of discharge voltage on day 29
of the eclipse season for LT2 steadily increases at a rate of
f0.6 mVrcellrseason.

The end of charge voltage for LT1 increases at a rate of
f0.4 mVrcellrseason, while for LT2 the rate is f0.2
mVrcellrseason.

Fig. 3. End of discharge voltage on the longest eclipse days.
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Fig. 4. End of charge voltage on the longest eclipse days.

The end of discharge voltage was always lower for the
autumnal seasons than for the spring seasons while the end
of charge voltage was always lower for the spring seasons
than for the autumnal seasons. This is attributed to the
annual reconditioning event. It should be noted, however,
that even with the end of discharge voltage decline ob-
served for pack LT1, after 43 seasons, its lowest end of
discharge voltage corresponds to 1.14 Vrcell.

3.2. Eclipse performance

Note: Throughout this paper, when a plot showing both
eclipse discharge data and supplemental discharge data is
presented, the eclipse data are represented by a full data
point symbol whereas the supplemental data are repre-
sented by an open data point symbol.

3.2.1. Spring eclipses
Ž .Fig. 5 compares two spring eclipse seasons 21 and 41

for the LT1 pack. Note that the end of discharge voltages
were lower for season 41 than they were during season 21,
as expected from the data presented in Fig. 3. Also of
interest is the voltage at the end of the supplemental

Fig. 5. Life test 1 spring eclipse seasons.

Fig. 6. Life test 1 autumn eclipse seasons.

discharges as a function of the day of the season. As all of
the supplemental discharges were to the same depth of
discharge little end of discharge voltage variation was
expected, as indeed was the case during the summer
solstice when only supplemental discharges occured. The
depth of discharge of the preceding eclipse discharge had a
marked effect on the end of discharge voltage of the
following supplemental discharge. From Fig. 5, it can be
seen that as the end of supplemental discharge pack volt-
age is higher the greater is the preceding depth of the
eclipse discharge.

3.2.2. Autumn eclipses
The autumn eclipse seasons show a similar pattern,

where the curve, presented in Fig. 6, appears as a mirror
image of the curve for the spring season and where the
interaction between the supplemental discharges and the
eclipse discharges is more pronounced. During the solstice
cycling and the initial cycles of the eclipse season, there
was a gradual decline in the end of discharge voltages for
the supplemental cycles. However, as soon as the eclipse
depth of discharge exceeded that for the supplemental
discharge, the end of discharge voltages for the supplemen-

Fig. 7. Life test 2 spring eclipse seasons.
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Fig. 8. Comparison of end of discharge voltages for both life test packs,
season 21.

tal cycles steadily increased as the depth of the eclipse
discharge increased.

3.2.3. Life test 2
A similar pattern was seen on life test 2. Fig. 7 shows

the spring end of discharge voltages for seasons 5 and 21.
Note that in this test, the end of discharge voltage for the
later season was higher than for the early season, in
contrast with life test 1. This effect was also seen in Fig. 3,
which shows that the end of discharge voltages for LT2
were at a higher level than those for LT1 throughout the
test, and the slope of the curve for LT2 was positive, in
contrast to that for LT1 which exhibited a negative slope.
Whether this is attributable to the different separator mate-

Ž .rials asbestos vs. ZIRCARe or the type of precharge
Ž .hydrogen or nickel has not been determined in this work.

As was seen in Fig. 3, the end of discharge voltage
characteristics of the two cell packs were quite different.
Pack 1 showed a lower initial end of discharge voltage that
gradually decreased with passing seasons. Pack 2, how-
ever, showed a gradual increase in voltage with season.
Fig. 8 compares the end of discharge voltages for the two
packs after 21 seasons. Both curves are similar, with life
test 1 consistently exhibiting a lower end of discharge
voltage than pack 2.

4. Conclusion

The addition of supplemental discharges has shown no
noticeable effect on the lifetime performance of either test

pack. Indeed, the deeper of the two discharges that occur
on the same day has a beneficial effect on the shallower
discharge. This phenomenon has been termed ‘shallow

w xdischarge reconditioning’ 11 . Both test sets have demon-
strated their ability to meet a geostationary type of mission
profile with considerable margin, with the pack containing
ZIRCARe separator exhibiting the better voltage profile
of the two packs tested. In total, life test 1 performed 2478
eclipse cycles plus 1155 supplemental cycles, and pack 2
achieved 1298 eclipse cycles with 605 supplemental cy-
cles. As it is commonly believed that it is the deep
discharge cycles that are the life limiting factor for
nickel–hydrogen batteries, these test results demonstrate
the robustness of these cells for the class of mission
described in this work. Thus, as the testing performed was
set to the worst case mission profile, it can be confidently
predicted that cells of both designs are capable of meeting
all the mission requirements with ease.
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