
Journal of Power Sources 141 (2005) 326–339

A simplified physics-based model for nickel hydrogen battery
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Abstract

This paper presents a simplified model of a nickel hydrogen battery based on a first approximation. The battery is assumed uniform
throughout. The reversible potential is considered primarily due to one-electron transfer redox reaction of nickel hydroxide and nickel
oxyhydroxide. The non-ideality due to phase reactions is characterized by the two-parameter activity coefficients. The overcharge process is
characterized by the oxygen reaction. The overpotentials are lumped to a tunable resistive drop to fit particular battery designs. The model
is implemented in the Virtual Test Bed environment, and the characteristics of the battery are simulated and in good agreement with the
e ellite power
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xperimental data within the normal operating regime. The model can be used for battery dynamic simulation and design in a sat
ystem, an example of which is given.
2004 Elsevier B.V. All rights reserved.

eywords:Nickel hydrogen battery; Non-ideal reversible potential; Overcharge; Self-discharge; Resistive-companion model

. Introduction

Complicated electrochemical processes in a nickel hydro-
en battery[1,2] involve more than eight reactions including
ain reactions, phase reactions, and side reactions. While a
etailed model has been developed[3,4], it is currently coded

n discipline-specific languages and for standalone simula-
ion only. Thus, it is not in general available for use in system
evel simulation and design. This paper presents a simpli-
ed, yet still physics-based, model that can be rapidly imple-
ented and conveniently used for the battery dynamic sim-
lation, design, and optimization in complicated spacecraft
ower systems.

The model is based on following considerations. For typ-
cal applications (e.g., in spacecraft power systems[5–7]),
he charge and discharge of the Ni–H2 battery are in such a
ontrolled way that the rate of charge and discharge is less
han 0.5 C to ensure a reliable, safe and long lifetime op-
ration[8,9]. Under such a circumstance, the charge, mass

∗ Corresponding author. Tel.: +1 803 777 8966; fax: +1 803 777 8045.

and heat transport, and the phase equilibrium can b
sumed to complete instantly. Thus, the kinetics of reac
is less likely a limiting factor to the external characterist
This leads to the assumption that the boundaries bet
the electrodes and the separator, and those between t
phase and solid phase in the battery vanish, and the el
chemical and electrothermal processes take place unifo
throughout the battery. This assumption greatly simplifie
modeling process while observing the major features o
battery.

The present model is implemented in the Virtual Test
software environment[10], in which the battery is consi
ered as an interdisciplinary (chemical, electrical and ther
system governed by physics laws under certain initial
boundary conditions. Given a time, the battery interacts
surroundings in two ways: it delivers electrical power to
load at its electrical terminals during discharge by conv
ing chemical energy into electric one (or the reverse du
charge process), and it absorbs or releases heat to am
at its external surface. Thus, the battery voltage is a res
coupled electrochemical, chemical-thermal and electro
E-mail address:lius@engr.sc.edu (S. Liu). mal processes.
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Nomenclature

A electrode area (m2)
a specific area (m2 m−3)
bj(t−h) time history for the through variable at termi-

nal j
Cb battery capacity (A h)
cp average specific heat (J kg−1 K−1)
ENi total reversible potential (V)
EO2 oxygen reaction potential (V)
h simulation time step (s)
F Faraday constant (96,485 C mol−1)
gj,k admittance of a through variable at terminalj

with respect to an across variable at terminalk
L+ electrode thickness (m)
m battery cell mass (kg)
iNi nickel reaction current (A)
iO2 oxygen reaction current (A)
iO2,0 oxygen exchange current density (A m−2)
iT thermal current (W K−1)
nH2 amount of hydrogen (mol)
P across variable for the pressure terminal (Pa)
p pressure (Pa)
Qmax maximum charge stored in the battery (C)
R gas constant (8.314 J mol−1 K−1)
Ri internal resistance (�)
T battery bulk temperature, also across variable

for thermal terminal (K)
t independent variable time (s)
Vg volume of battery (m3)
v battery terminal voltage (V)
va, vc across variables for anode and cathode (V)
x state of discharge
αO2 oxygen reaction transfer number (0.75)

The solution to the coupled processes is obtained by means
of the resistive-companion (RC) method[11], which requires
the governing equations to be time-discretized to a standard
matrix formulation in terms of across and through variables.
The resulted matrix equations are then simultaneously solved
through the VTB time-domain simulation using the nodal
analysis approach.

2. Model description

2.1. Electrochemical process

The deviation of the reversible potential of the nickel elec-
trode from the ideal Nernst equation, or its non-ideality, was
interpreted[12] as due to intercalation of multi-phases, in-
cluding �- and�-phase of nickel hydroxide, and�- and�-
phase of nickel oxyhydroxide. When discharging, it yields

higher capacity[4] than that obtained from a single-phase
nickel oxyhydroxide. As a first approximation, the overall po-
tential can be characterized as if a usual one-electron transfer
redox reaction occurs between nickel hydroxide and oxy-
hydroxide, but with the incorporation of the effects of both
non-ideality due to multi-species of active nickel materials
and the potential due to hydrogen reaction at the platinum
electrode.

To characterize the overcharge process, the oxygen reduc-
tion is considered. It was believed[4] that the water oxida-
tion/reduction (or oxygen evolution) at the nickel electrode
and the oxygen reduction at the platinum electrode plays a
dominant role in an overcharge process, causing a large por-
tion of the current wasted. For normal charge and discharge,
the oxygen reduction yields a negligible current.

Based on the above descriptions, the electrochemical reac-
tions that characterize the energy conversion between chemi-
cal and electrical forms in the Ni–H2 battery are given below.

At the nickel electrode are the nickel reduction/oxidation
and the water reduction/oxidation:

NiOOH + H2O + e− charge
�

discharge
Ni(OH)2 + OH−, (1)

1

2
O2 + H2O + 2e− � 2OH−. (2)
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At the platinum electrode are the hydrogen reaction
he oxygen reduction:

1

2
H2 + OH− charge

�
discharge

H2O + e−, (3)

1
2O2 + H2O + 2e− → 2OH−. (4)

The overall reversible potential can be described as:

Ni (T, x) = E0
Ni

(T ) + RT

F
ln

(
1 − x

x

)

+ RT

2F
[A0(T )C(x) + B0(T )D(x)]. (5)

The third and the last term in(5) are the characteristics
he non-ideality, and,

0(T ) = a0 + a1T, (6)

0(T ) = b0 + b1T, (7)

(x) = c0 + c1x, (8)

(x) = d0 + d1x + d2x
2, (9)

0
Ni

(T ) =
{
e0d + e1T, for discharge

e0c + e1T, for charge
, (10)

hereai , bi , ci , anddi are constants for phase activities
ickel species, which may vary from one battery to ano
ue to different contents and pore structures.e0c, e0d ande1
re also constants. The difference betweene0c ande0d in (10)
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is used to characterize the hysteresis of proton intercalation
in nickel hydroxide electrode[13,14].

Under the assumption of a uniform and non-kinetic limited
reaction, the current from oxygen reaction can be calculated
according to the Butler–Volmer equation,

iO2(v, T ) = AL+ai0,O2(T )

× exp

[
4(1− αO2)

F

RT
(v − EO2(T ))

]
, (11)

where the exchange current density is of the Arrhenius type
[3,4], and,

EO2(T ) = 1.730− 0.00168T, (12)

aiO2,0(T ) = 10.0 exp

[
−12,025

(
1

T
− 1

298

)]
. (13)

Eq.(12)is the simplified equilibrium potential of the oxy-
gen reaction depending upon the temperature only. The nu-
merical parameters appeared in(12) and(13) are calculated
based on the data in references[3,4] that are specifically ap-
plied to the oxygen reaction in Ni–H2 batteries.

The state of dischargex can be conveniently related to the
nickel reaction current as:

dx = − iNi . (14)
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which are irreversible electrothermal processes; and (2) en-
tropic heat includingiNiT (dENi/dT ) and iO2T (dEO2/dT ),
which are reversible chemical-thermal processes. The last
term on the right-hand side is the heat transported to (or
from) the surroundings through the battery surface or the
thermal terminal, which is expressed as the product of the
through variableiT (thermal current) and the across variableT
(temperature).

2.3. Pressure modeling

The hydrogen pressure in the battery is an indicator for
the state of discharge (hydrogen content) under the condition
of regulated charge/discharge. Thus, a built-in sensor is used
to detect the pressure[5], so that aV/P (voltage/pressure)
control can be implemented to prevent the battery from
overcharge. Assuming the ideal gas law applies, we then
have:

p = nH2RT

Vg

, (17)

dnH2

dt
= iNi

2F
, (18)

nH2|t=0 = 3600Cb

2F
(1 − x|t=0) (19)
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The battery terminal voltage can be related to the cur

= ENi + RiiNi . (15)

The fitting parameterRi accounts for the overall intern
oss due to ohmic, surface kinetic and concentration lim
ions. Since the internal loss in the Ni–H2 battery is gene
lly small compared to most of other major secondary

eries, we simply use a small constant to approximate.
4)–(15) complete the descriptions of the electrochem
rocess.

.2. Thermal process

To simplify, we consider the heat generations due to
nthalpy of reactions[15] and the heat transported at the th
al terminal only, whereas the heat due to isometric pro
nthalpy of mixing, phase change and change of specific
re ignored without introducing significant error. The rat

emperature change of the battery is governed by the e
alance equation:

pm
dT

dt
= iNi

(
v − ENi + T

∂ENi

∂T

)

+ iO2

(
v − EO2 + T

∂EO2

∂T

)
+ iTT. (16)

The first two terms on the right-hand-side are owin
he enthalpy of reactions, which can be identified as
olarization heat includingiNi (v − ENi ) and iO2(v − EO2),
The partial pressure of oxygen is ignored in this calc
ion. This is based upon the assumption that the reactio
he battery are uniform throughout, and the charge/disch
s not so fast that any appreciable oxygen produced w
mmediately removed via reaction (4).

. VTB implementation

The VTB implementation of the model described
qs. (5)–(19) involves (1) defining appropriate termin

or power or signal coupling; (2) deriving the termin
quations in their standard RC format for each term
nd (3) developing C++ code for computer execution.

ime-domain solution for coupled physics processes o
attery can then be obtained through VTB simulation
ny given circuit configurations to which the battery
onnected.

The physical electric terminals of the Ni–H2 battery are
ts anode and cathode that can be connected to an ex
ircuit for electrical power coupling. Naturally, the curr
or the through variable and the potential for the across
ble are defined. The physical thermal terminal is the e
al surface through which the heat can transfer to or

he surroundings. By definition, the thermal terminal, or
attery surface can transport heat power by means of
uction, or radiation, or convection. The pressure term

s a signal terminal. The signal from a built-in pressure
or is coupled to an external circuit through this signal
or monitoring or control purposes. Thus, there is no ac
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Fig. 1. VTB schematic view of the Ni–H2 battery.

mass or energy flow at this terminal. This is the major dif-
ference between a signal terminal and a natural terminal,
where the power is transported, such as the anode, cathode,
and thermal terminal defined here. VTB implementation of
the pressure signal terminal is to convert the pressure into
a voltage signal while allowing an infinitesimal current at
the terminal. This is shown inAppendix A.4. The defini-
tion of the terminals and terminal variables, together with
the battery icon in the VTB schematic view, are shown in
Fig. 1.

Observing that the electrochemical and electrothermal
processes are coupled, the through variables are generally
functions of all possible across variables. Specifically, we
expect that,

ij(t) =
∑
k

gj,kk(t) − bj(t − h), j, k = va, vc, T, P,

(20)

where,

gj,k = ∂ij

∂k

∣∣∣∣
t−h

, andbj(t − h)

= −ij(t − h) +
∑
k

gj,kk(t − h).
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ia(t)

ic(t)

iT(t)

iP(t)


 =




ga,a ga,c ga,T 0

gc,a gc,c gc,T 0

gT,a gT,c gT,T 0

gP,a gP,c gP,T gP,P






va(t)

vc(t)

T (t)

P(t)




−




ba(t − h)

bc(t − h)

bT(t − h)

bP(t − h)


 . (22)

The four-terminal RC model for the Ni–H2 battery given
by (22) is coded in C++ language, and then compiled into a
model object. Within the VTB, the battery model, appeared
as that inFig. 1, can be easily inserted into any circuit for
simulation. For the vector Eq.(22) to accurately represent
the characteristics of the battery, the calculation of admit-
tance matrixG(t−h) and the time history vectorB(t−h)
is critical. During simulation, the VTB solver seeks a solu-
tion to the nodal variables for the entire system for each time
step. The results as functions of time can be displayed on
the oscilloscope-like screens, or can be saved as data files for
later use. Eq.(22)can yield satisfactory results provided that
the simulation time step is sufficiently small.

4
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In above equations,j signifies for subscripts only, where
is used to denote both subscripts and across variab

a, vc,TandP. In matrix notation, Eq.(20)is of the following
orm:

(t) = G(t − h)V (t) + B(t − h), (21)

here I(t) = {ik(t)}4×1, V (t) = {k(t)}4×1, G(t − h) =
gj,k}4×4, and B(t − h) = {bj(t − h)}4×1, j, k =
a, vc, T, P.

The result for the RC equations of the electrical termi
anode and cathode), thermal terminal and pressure s
erminal, based on the mathematical Eqs.(5)–(19), are sum
arized in Eq.(22) (the detailed derivation is provided
ppendix).
. Battery characteristics

.1. Parameter setup

We first demonstrate the Ni–H2 battery static characteri
ics using the circuit shown inFig. 2, where the battery mod
s subject to a charge–overcharge–self-discharge–disc
est. The electrodes are connected to a current load that
able of sourcing or sinking current. A heat sink with a la
eat transfer coefficient is connected to the thermal term

o maintain the battery temperature in nearly a constant
eat sink may transport heat from the battery to the a
nt, or vice versa. The pressure signal terminal is left o
t the moment. The model represents a single battery
onsisting of a stack of 24 modules connected in par

Fig. 2. VTB simulation circuit for the Ni–H2 battery characteristics.
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Table 1
Parameter setup for a single Ni–H2 battery cell[4]

Parameter Value Unit

Cell Capacity 30 A h
Volume 4.65× 10−4 m3

Mass 1.2 kg
Resistance 0.01 �

Surface area 0.06 m2

Specific heat 1000.0 J kg−1 K−1

No. of modules in series 24

Module Electrode area 0.005 m2

Electrode thickness 3.6× 10−4 m

Table 2
Parameters for multi-phase activity

A0(T) a0 = 11.50,a1 =−0.0231
B0(T) b0 = 32.00,b1 = 0.060
C(x) c0 = 4.590,c1 = 15.80
D(x) d0 = 1.800,d1 =−5.680,d2 = 0.350
E0

Ni(T ) e0c = 1.609,e0d = 1.470,e1 = 0.00062

and contained in a cylindrical pressure vessel. Each module,
characterized by Eq.(22), has a nickel electrode, platinum
electrode, Zircar separator and polypropylene gas screen (for
detailed constructions, please see references[2,4,8,9]). Other
physical parameters are listed inTable 1. The parameters for
multi-phase activity are given inTable 2. In the simulation,
the initial temperature is set to the ambient temperature, and
the initial state of discharge is set to 100%.

4.2. Temperature-dependent characteristics

The simulation was first conducted for a cycle of 16 h
charge at a C/10 rate (3 A), 1 h self-discharge, and then a
discharge at a C/2 rate (15 A) till it is depleted. The total
runtime is 19 h. Shown inFig. 3 is the load current profile.

Fig. 4. Cell voltages for a cycle.

The cycle was repeated for three ambient temperatures−273,
283 and 293 K.

The battery cell voltage profiles (lines) are shown inFig. 4
and compared against the TRW 30 A h cell data (points)[4].
As can be seen, the model fits the experimental data quite
well for the normal charging (first 10 h) at all three tempera-
tures. The model is also in good agreement with the data for
self-discharge and discharge above 1.15 V (16–19 h). During
overcharges, the model yields constant voltages, while the
experimental data show slow ramps. This is primarily due to
the temperature-dependent activities of the multi-species of
nickel materials and possibly the non-linear overpotentials,
which are not well characterized by the model. However, the
ultimate overcharge voltages from the model are matched
to those from the experiments. In addition, the simulated
voltage behaviors are consistent with the data over the en-
tire cycle. That is, lower temperatures yield higher voltages
and also longer discharge life, suggesting that the battery is
preferably operated at low temperatures. The discrepancy be-
tween the model and the data is also seen when discharging
below 1.15 V, where the experimental data show larger dis-
charge capacities. This is due to the appearance of�-phase
of nickel oxyhydroxide[4], which will be discussed further
later. Nonetheless, it can be concluded that the model matches
the experimental data very well within the normal operation
r

ion
a s. At
a gen
c arly
s pro-
c harge
p rrent
i used
f ro-
c f the
n ur-
Fig. 3. The load current profile.
ange.
Figs. 5 and 6show the currents from the nickel react

nd the oxygen reaction respectively for the same cycle
ny moment, the sum of the nickel current and the oxy
urrent is equal to the total current. These figures cle
how how a dominant nickel reaction in normal charge
ess transits to a dominant oxygen reaction in an overc
rocess. During overcharges, the majority of a charge cu

s wasted for the oxygen reaction since the energy is not
or oxidizing nickel hydroxide. During a self-discharge p
ess, the source of the oxygen current is the reduction o
ickel oxyhydroxide, thus yielding nickel and oxygen c
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Fig. 5. The nickel reaction currents for a cycle.

rents of equal amount but opposite directions. For a normal
discharge, the oxygen current is usually minimal although it
can be significant at high temperatures (see curves for 293 K).

The state of discharge, shown inFig. 7, varies almost lin-
early for a constant charge or discharge rate. During an over-
charge, the state of discharge maintains nearly a constant
value. The value is higher for a higher temperature because
more current goes to the oxygen reaction. Consequently, a
lower overvoltage plateau results (seeFig. 4). The pressure
profiles shown inFig. 8 are complementarily similar to the
states of discharge. This is in fact due to the stored hydrogen
representing the charge state. However, since the pressure is
not only proportional to the amount of hydrogen, but also to
the temperature, it does not accurately represent the state of
discharge. For example, the pressures are higher for higher
temperatures for almost the entire cycle rather than lower to
be consistent with the charge state behaviors, except at the
joining area of normal charge and overcharge where a signif-
icant current loss to the oxygen reaction causes the pressure
for 293 K to be lower than the pressure for 283 K. However,

Fig. 7. The state of discharge for a cycle.

this does not generally affect the use of the pressure detec-
tion for overcharge protection. Thus, our simplified pressure
modeling can still serve the purpose.

The temperatures of the battery for the cycle test are
recorded inFig. 9. Notice that the TRW 30 A h cell has an
effective heat transfer area of 0.06 m2. For maintaining a
constant battery temperature during the test, the cooling
coefficient can be as large as 60 W m−2 K−1 [4], which is
reasonable for a forced convection cooling. In our simulation,
the rate of heat transfer was set equivalently to 3.6 W K−1,
so the conditions for cooling are comparable to the experi-
mental condition.Fig. 9shows the battery cell temperatures
are slightly higher than the ambient during charging for
each test, but with small variations. During discharge, the
temperature increases significantly due to two reasons:
(1) the overpotential heat due to a large discharge current,
and (2) the reversible heat release during electrochemical
reactions. Clearly the heat generation rate exceeds the
surface transfer rate and therefore causing the temperature
Fig. 6. The oxygen reaction currents for a cycle.
 Fig. 8. The battery pressures for a cycle.
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Fig. 9. The battery cell temperature variations for a cycle.

to rise. Because of a large cooling coefficient and a small
cell mass, a thermal equilibrium between the battery and the
ambient was quickly reached. This is shown by the fact that
the cell temperature reaches a constant value soon after the
battery transits from one steady-state mode to another.

4.3. Rate-dependent characteristics

Figs. 10–13show the battery characteristics under three
charge/discharge rates: 0.5, 1.0 and 2.0 C. The ambient tem-
perature is 283 K. For the three rates, the battery was charged
for 2.2, 1.1 and 0.55 h respectively, and then discharged for 2,
1 and 0.5 h, respectively. InFig. 10, both the voltages (thick
lines) and the reversible potentials (thin lines) are shown.
For discharging at high rates, the battery voltages are consid-
erably lower than its reversible potentials due to significant
internal loss that is typical to all batteries. For overcharge,
the holding potentials are higher for higher rates due to a
lower temperature (reversible heat effect).Figs. 11 and 12

F (thin
l

Fig. 11. The state of discharge for different rates.

Fig. 12. The cell pressures for different rates.

Fig. 13. The battery temperatures for different rates.

ig. 10. The cell voltages (thick lines) and the reversible potentials

ines).
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are the correspondent states of discharge and pressures for
the three rates, showing similar characteristics to those in
previous simulations.

Fig. 13shows the cell temperature for the three rates. It
is lower than the ambient during charging processes, higher
than the ambient in discharging processes. Apparently, the
reversal of the entropic heat in charging process causes the
temperature to drop. During discharging, the release of en-
tropic heat and irreversible heat result in higher temperatures.
It is worth to remark that the temperature drop during charg-
ing was also noticed in reference[4]. Our next work is to
improve the thermal modeling once the data are available for
characterization.

5. Battery dynamics in a system

5.1. System description

The dynamic behavior of the Ni–H2 battery in a simpli-
fied spacecraft electric power system, established in VTB as
shown inFig. 14, is simulated. The spacecraft is a low-earth-
orbit (LEO) satellite having an average altitude of 798 km,
an inclination angle of 60◦, and an orbit of about 100 min, of
which 35 min are the shadow time.

SA).
T ime,
a time.
I ant-
c em-
p is
i own
( . The
d eb-
s tery
v riate
e gnal
f ks to
b am-
b d in
t

sing N

Table 3
Parameter setup for the spacecraft power system

Parameter Specification

Spacecraft orbit Altitude 798 km, inclination 60◦, orbit period
100 min

Solar array 100S× 30P cells. CellVoc = 0.615 V, area
0.01 m2, series resistance 10 m�

Battery array 24S× 8P cells. The cell parameters are given in
Table 1

Controller Constant-current 32 A, constant-voltage 36 V,
pressure limit 2.6× 106 Pa

Transmitter 3.25 kW active, 0.25 kW sleeping. Duty ratio
50%, period 17.5 min

The system configuration is not necessarily optimized.
However, the solar array size is chosen such that, without
shunt regulation, it delivers a power to the load and the bat-
tery at a high efficiency (11.5% at a high power phase). The
battery is sized by considering (1) it stores and delivers a
nearly equal amount of energy in each orbit without experi-
encing a deep discharge hazard; (2) the capacity of the battery
is designed to meet the end of life (EOL) requirement based
on the Space Systems Loral performance-based battery de-
sign life model[8,9]. That is, with a temperature of 283 K
and a maximum depth of discharge of 35%, the model yields
a battery life of about 6.5 years. The parameter setup for the
major components of the system is listed inTable 3. These
numbers are chosen to meet the above criteria for demonstra-
tion and observation of the battery dynamic behaviors in a
simplified system environment.

5.2. Simulation results

The total simulation time is 233.3 min, about 2.33 or-
bits. The results are shown byFigs. 15–23. Fig. 15 shows
the orbit solar insolation received by the solar array while
it is orbiting. The insolation level is 1357 W m−2 when the
array sees the sun, and it drops to zero at the shadow pe-
riod. The load power drawn by the transmitter is shown
i the
s e in-
s dow
The energy source for the system is a solar array (
he Ni–H2 battery array stores energy at the sun-view t
nd provides power to the load at the earth-shadow

n order for the battery to operate properly, a const
urrent/constant-voltage/pressure-limited algorithm is
loyed for charge control and protection. The algorithm

mplemented using the following components: a step-d
buck) converter, a PID controller, sensors, and diodes
etails of these component models can be found in VTB w
ite[16], will not be described here. The signals of the bat
oltage and current are sent to the controller for approp
xecution of the algorithm. In addition, the pressure si
eeds the controller for overcharge protection. Heat sin
oth the solar array and the battery transport the heat to
ient. For simplicity, a single load – transmitter – is use

he system.

Fig. 14. Spacecraft power system u
 i–H2 battery as an energy storage device.

n Fig. 16. Notice that the transmitter was operated at
pecified power levels and cycle rate regardless of th
olation levels at the solar array. Obviously, at the sha
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Fig. 15. Insolation received by the solar array as a function of orbiting time.

time, the transmitter power was provided by the battery
array.

Fig. 17shows the solar array power. At the sun-view time,
the solar array converts the solar energy and sends power
to the load as well as to the battery. Due to a pulsed load,
the output power is also pulsating. For a high-power load of
3.25 kW, the solar array power is 4.64 kW with an efficiency
of 11.5% and a voltage of 59.5 V. For a low-power load of
0.25 kW, the array power is about 1.42 kW with an efficiency
of 3.5% and a voltage of 55.4 V. At the earth-shadow time,
the solar array power is zero, leaving the battery to supply
the power to the load. The details of the solar array character-
istics, including voltage, current, efficiency and temperature,
are available from the simulation, but will not be covered here
since it is not a focus of this paper.

The battery behaviors in orbit are shown inFigs. 18–23.
At the sun-view time, the battery is charging, having an in-
creasing voltage from 34.3 to 34.7 V (Fig. 18) and a constant
current of 32 A (Fig. 19), a rate of C/7.5. The positive power
(about 1.1 kW,Fig. 20) indicates that the battery is absorb-

Fig. 17. The solar array output power for 2.33 orbits.

Fig. 18. The battery array voltage for about 2.33 orbits.

Fig. 19. The battery array current for about 2.33 orbits.
Fig. 16. The transmitter power profile as a function of time.
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Fig. 20. The battery array power for about 2.33 orbits.

ing power. The power relations among the source power in
Fig. 17, the load power inFig. 16, and the stored power in
Fig. 20reveal that there is a power loss about 0.29 kW at a
high-power load, and a loss of 0.07 kW at a low-power load,
which are caused by the resistances of circuit components.

At the earth-shadow time, the battery takes the duty to de-
liver power to the load at a voltage around 31 V. The current
has large ripples due to a pulsed power load. For a high-power
load of 3.25 kW, the battery discharge current is 130 A, equiv-
alent to a rate of approximately C/2; while for a low-power
load of 0.25 kW, the averaged discharge current is 12.8 A,
a rate of about C/19. The battery output power (negative)
is 4 kW for a high-power phase and averaged 0.4 kW for a
low-power phase. The system losses are 0.75 kW for high-
power phase, and 0.15 kW for a low-power phase. These
losses are primarily due to large battery currents while oper-
ating at a low bus voltage, as the system is not an optimized
design.

Figs. 21 and 22show the state of discharge and the pres-
sure respectively, which restore their initial values at the

.

Fig. 22. The battery pressure for about 2.33 orbits.

end of each orbit, since the total energy stored and the de-
livered in one orbit are nearly balanced. The state of dis-
charge at the end of an orbit is about 0.3, equivalent to
a depth of discharge 70%, well above the depth of dis-
charge 35% requirement for 6.5 years life according to the
Space Systems Loral performance-based battery life model
[8,9].

The battery temperature variation during the course of or-
biting is shown inFig. 23. The thermal environment in the
LEO is a result of solar insolation, earth albedo, earthshine,
spacecraft heat generation, and space heat sink[17]. In this
study, an equilibrium state for the thermal environment is
assumed for simplicity, which possesses a temperature of
273 K. For the Ni–H2 battery to have a better cycle life, it is
important to control the battery not to operate in high temper-
ature regimes. We have chosen the heat dissipater such that
the temperature of the battery does not exceed 283 K dur-
ing operation to satisfy 6.5 years life requirement. As shown
in Fig. 23, the battery temperature has an about 10 K swing
(270–280 K) for each orbit. The temperature decreases for
Fig. 21. The state of discharge of the battery for about 2.33 orbits
 Fig. 23. The battery temperature for about 2.33 orbits.
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a charging mode. This is again due to, in addition to the
heat transfer, the electrochemical reactions that absorb the
reversible heat. During a discharge mode, heat is released
from the both reversible and irreversible processes, causing
the temperature to rise. However, for a low discharge current,
the rate of heat dissipation is higher than that of generation,
yielding a temporary temperature drop. This is shown by the
jagged temperature profile when the spacecraft is in the earth
shadow time.

6. Discussion

The present model for the Ni–H2 battery is based on a
first approximation—uniform reactions, no rate and concen-
tration limitations, and the two-parameter activity coefficient
characterization of phase activities. The model allows to pre-
dict the battery behaviors and to perform preliminary system
level design and analysis under the conditions of a regulated
charge/discharge protocol. However, like any other models,
the present model has several limitations.

The first noticeable limitation is that, as shown inFig. 4,
the model does not agree with the data for the discharge
below 1.15 V. The discharge plateau appeared near 1.15 V
is due to the activity of the�-phase nickel oxyhydroxide,
f ient
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of porous electrodes where most of heat is generated. Thus,
the model is prone errors if overcharge, deep discharge, and
high-rate discharge occur. The error may also result from
following sources. (1) Several thermal effects are ignored in
the model, such as heat due to isometric process, enthalpy of
mixing, phase change and change of specific heat. (2) The
non-linear feature of overpotential loss is not included. (3)
The two-parameter activity coefficient method may also re-
sult in discrepancy in reversible heat. These features can be
included and improved in the future modeling using detailed
thermodynamic data, which, unfortunately, are not available
at this time.

Finally, the model does not include capacity fade effect.
However, the battery array can be sized based on the Space
Systems Loral performance-based battery design life model
[8,9] using the present model, as explained in Section5. To
ensure a safe, reliable and long lifetime, the spacecraft bat-
tery discharge rate is controlled not to exceed C/2.0, the dis-
charge voltage not to exceed the lower limit of 1.15 V, and
the temperature not to exceed 283 K. The system design can
be improved if a practical load profile is given by utilizing an
appropriate bus voltage level and a regulation method, and
by optimizing solar array and battery array sizes. Though it
is not optimized, the present system still allows performing
preliminary studies of the dynamic behaviors of the Ni–H2
b
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ower voltage limit (1.15 V) corresponds to an actual de
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The thermal modeling mainly considers the constant o
otential loss and the reversible heat, which best appli

he case of a controlled charge/discharge scenario des
n Section5. The bulk temperature is usually lower than t
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attery in a LEO space environment.

. Conclusion

The Ni–H2 battery model based on the thermodynam
f one-electron redox reaction between nickel hydroxide
ickel oxyhydroxide is established in the VTB. The bat

s assumed uniform throughout, and it is not subject to
nd concentration dependencies, which allows great si
cation in mathematical treatment. The non-ideality of
eversible potential is characterized by the two-paramete
ivity coefficients. The overcharge and the self-discharge
esses are characterized by the oxygen reaction. The d
f the energy conversion processes are discussed and th
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Appendix A

A.1. Useful expressions

Since the analytical expressions for the potentials of the
nickel and oxygen reactions are given (Eq.(5) and (12)), they,
together with their derivatives, can be accurately computed.
Thus, we will seek expressions for the admittance matrix el-
ements expressed in terms of potentials and their derivatives,
which are given as:

∂ENi

∂x

= −RT

F

(
1

x(1 − x)
− 1

2
[A0(T )C′(x) + B0(T )D′(x)]

)
,

(A1)

∂ENi

∂T
= e1 + ENi − E0

Ni

T

+ RT

2F
[A′

0(T )C(x) + B′
0(T )D(x)], (A2)
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Combining Eq.(A7) and(A8), we have.

va(t) − vc(t) − ENi (t)

Rint

= −Qmax

2h
[3x(t) − 4x(t − h) + x(t − 2h)]. (A9)

Eq. (A9) can be solved forx(t) numerically for given ter-
minal across variables.

The nickel current component can be derived from Eqs.
(5) and(A7). This is,

iNi (t) =
∑
k

gNi,kk(t) − bNi (t − h), k = va, vc, T, P,

(A10)

where,


gNi,a = 1

Rint + (∂ENi/∂x)/(∂iNi/∂x)|t−h

gNi,c = −gNi,a

gNi,T = − 1

Rint

∂ENi

∂T

∣∣∣∣
t−h

gNi,P = 0

, (A11)
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∂T 2
= R

F
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0(T )C(x) + B′
0(T )D(x)], (A3)
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0(T )C′(x) + B′
0(T )D′(x)]


 ,

(A4)

dEO2

dT
= −0.00168. (A5)

.2. Electrical terminal

The terminal variables can be related to the battery cu
nd voltage as

a(t) = −ic(t) = iNi (t) + iO2(t), (A6)

a(t) − vc(t) = v(t) = ENi (t) + RiiNi (t). (A7)

Since the state of discharge is not a terminal variab
s necessary for the device object to computex during each
ime step. To do so, Eq.(14)is discretized in the time doma
sing Gear’s 2[18],

Ni (t) = −Qmax

2h
[3x(t) − 4x(t − h) + x(t − 2h)]. (A8)
bNi (t − h) = −iNi (t − h) +
∑
k

gNi,kk(t − h),

k = va, vc, T, P. (A12)

For the oxygen current component, since it is an exp
unction of the terminal variables, it is straightforward to fi
he standard expression, as given below.

iO2(t) =
∑
k

gO2,kk(t) − bO2(t − h), k = va, vc, T, P,

(A13)
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(A14)

bO2(t − h) = −iO2(t − h) +
∑
k

gO2,kk(t − h),

k = va, vc, T, P. (A15)
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Using(A10) and(A13) in (A6), it can be found the equa-
tions for the anode and cathode are,

(
ia(t)

ic(t)

)
=
(

ga,a ga,c ga,T ga,P

gc,a gc,c gc,T gc,P

)
va(t)

vc(t)

T (t)

P(t)




−
(
ba(t − h)

bc(t − h)

)
, (A16)

where,


ga,a = −gc,c = gNi,a + gO2,a

ga,c = −gc,c = gNi,c + gO2,c

ga,T = −gc,T = gNi,T + gO2,T

ga,P = −gc,P = 0

, (A17)

ba(t − h) = −bc(t − h) = bNi (t − h) + bO2(t − h). (A18)

A.3. Thermal terminal

Construction of the thermal terminal is based on Eq.(16),
which can be rearranged, after time-discretizing, as:
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bT(t − h) = −iT(t − h) +
∑
k

gT,kk(t − h),

k = va, vc, T, P, (A25)
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Thus, we obtain the RC equation for the thermal term
s:

iT(t) = (gT,a gT,c gT,T gT,P)
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here,
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.4. Pressure signal terminal

The pressure calculation follows Eqs.(17)–(19). A time-
iscretized form of the pressure is given as,

p(t) = RT (t)

3Vg

[
h

F
iNi (t) + 4nH2(t − h) − nH2(t − 2h)

]
.

(A28)

The equation for the pressure signal terminal follows

P(t) = P(t)

Rp
− p(t). (A29)

herep denotes the pressure, whileP signifies the acros
ariable.Rp is the output impedance of the pressure term
o accurately monitor the pressure, it requiresip(t) ≈ 0 and
(t) ≈p(t). Thus,Rp = 1. The RC equation for this termin
an be derived as,
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where,
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bP(t − h) = −iP(t − h)

+
∑
k

gP,kk(t − h), k = va, vc, T, P.

(A32)

Combining Eq.(A16), (A20) and(A30) yield Eq.(22).
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