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Abstract

In the first part of this paper, the development of a simulation model for a sealed rechargeable NiCd cell is described. Based on the
concept of this cell type, a mathematical description of the various physical and electrochemical processes occurring inside the cell can be
given. Subsequently, these equations are introduced in the form of electronic components into an electronic-circuit simulator. This enables
the user to simulate the most important cell characteristics like voltage, temperature and internal gas pressure simultaneously and
coherently under a wide variety of charging, discharging and open-circuit conditions. The construction of the model enables the user to
investigate the course of each of the various reactions taking place inside the cell. Moreover, the electrical and thermal interaction with
the surrounding electronics attached to the cell and with other cells, e.g., in a battery pack, can also be simulated. In the second part of
this paper, some examples of simulations of cell characteristics are presented. The results of the simulated phenomena show good
qualitative agreement with measured cell characteristics. An understanding of phenomena such as charge efficiency, self-discharge and
overdischarge is presented using the model. Simulation of battery behaviour in an electronic system enables a system designer to design
the optimal Battery Management System around the battery. In the third part of this paper, an example of applying the model in an
electronic system is given, i.e., a shaver. Also, simulations of several cells connected in series forming a battery or battery pack are
described. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Nowadays, an increasing demand for portability of vari-
ous electronic consumer products can be distinguished
clearly. Therefore, the use of rechargeable batteries in
these products is growing rapidly. Ultimately, the energy
delivered by a rechargeable battery to a portable product
originates from the electrical energy delivered by the
mains. The conversion of energy from the mains to the
load can be described as an energy chain, which is
schematically drawn in Fig. 1. The links of the energy
chain are a charger, a battery, a DCrDC converter and a
load.

Electrical energy from the mains is fed to the battery
through the charger during charging. In the charger, elec-
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tromagnetic components like a transformer or an inductor
are used, in which electrical energy from the mains is first
transformed into magnetic energy and then back into elec-
trical energy. In the battery, the electrical energy is stored
in the form of chemical energy. During discharge of the
battery, chemical energy is converted back into electrical
energy. The DCrDC converter can be used for two rea-
sons. First, the battery might deliver a voltage which is not
suitable for operation of the load. Second, for efficiency
reasons, each circuit part of the load should be operated
from the lowest possible supply voltage, because a surplus
in supply voltage is often dissipated in heat. In both cases,
the DCrDC converter supplies the circuit parts in the load
with the lowest possible supply voltage, irrespective of the
battery voltage. In the DCrDC converter, an electromag-
netic element, i.e., a storage inductor, is used, translating
the electrical energy from the battery into magnetic energy
and back into electrical energy again. In the load, the
electrical energy from the DCrDC converter is converted
into sound, vision, motion, EM radiation, etc.
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Fig. 1. The energy chain from mains to load for a portable product.

In order to make optimal use of the energy inside the
battery, all conversions of energy in the energy chain
should be well understood and made as efficient as possi-
ble, especially when miniaturization of the portable prod-
uct is concerned. When the volume of a portable product
decreases, the amount of dissipated power should decrease
also, because a smaller volume will yield a higher tempera-
ture when the amount of dissipated power remains the
same. In order to check all conversions of energy on
efficiency, the operation of all links in the energy chain
should be monitored and controlled. This is schematically
shown in Fig. 1.

Simulation is a helpful tool to obtain optimal control
algorithms for the links in the energy chain, since in depth
knowledge of a wide range of disciplines is involved.
Therefore, simulation models of all links in the energy
chain are essential. For example, an approach for mod-
elling transformers has been developed, using the physical

Žparameters of the transformer number of turns of the
.windings, core dimensions, material constants, etc. and

yielding an electronic circuit suitable for simulation in an
w xelectronic-circuit simulator 1 . In this paper, an approach

to model rechargeable cells is described, applied to the
well-known NiCd rechargeable cell. The model was imple-
mented by using the electronic-circuit simulator PSTARq,
which is developed by and commonly used within Philips
Electronics. Other circuit simulators, e.g., SPICEq, can
also be used, as long as they allow the introduction of
large sets of coupled nonlinear equations.

The optimal control algorithms resulting from simula-
tion of the complete energy chain can be implemented in
the form of optimal charging algorithms, State-of-Charge
Ž .SoC algorithms, optimal supply voltages for the various
system parts of the load, etc. Implementation of such
algorithms form part of a so-called Battery Management
System.

Modelling rechargeable batteries based on a mathemati-
cal description of the processes occurring inside the battery

w xhas often been reported in literature 2–13 . No use is
made of an equivalent electronic circuit for these models
which only describe the voltage characteristics of the
battery. Moreover, none of these models considers the
battery temperature and internal gas pressure development

during operation of the battery and the interaction between
these characteristics. In fact, in a sealed rechargeable
battery system, the battery voltage, pressure and tempera-
ture are closely linked and their mutual influence is consid-
erable. For example, both pressure and temperature influ-
ence the rate of the oxygen evolution and reduction reac-
tions inside a battery. These reactions do not contribute to
the accumulation of chemical energy inside the battery and
hence, the battery pressure and temperature influence the
charge and discharge efficiency.

Apart from purely mathematical models of rechargeable
batteries, modelling rechargeable batteries using electronic
equivalent circuits has also been described in literature
w x14–20 . Three approaches can be distinguished.

Ž .i The equivalent electronic circuit may consist of
linear passive elements, i.e., resistances, capacitances and
inductances, to account for the impedance of batteries
w x14–17 . However, due to the complex non-linear be-
haviour of batteries, these models generally fail to describe
the most important battery characteristics.

Ž .ii The equivalent electronic circuit may consist of
linear passive elements in combination with voltage sources
describing the battery behaviour using look-up tables
w x18,19 . With this approach the simulated battery character-
istics can only be realized through interpolation of the
tabulated data. Moreover, the accuracy of this type of
model depends strongly on the amount and reliability of
the tabulated data.

Ž .iii An equivalent electronic-circuit model of a
rechargeable NiCd cell based on non-linear passive and
active elements configured around a PIN-diode model has

w xbeen reported 20 . Again, in this model the influence of
cell pressure and temperature on the behaviour of the cell
is not taken into account. Also, many parameters in the
model do not have any electrochemical significance.

In the approach of modelling rechargeable cells de-
scribed in this paper, a mathematical model of the
rechargeable cell is derived first. This model is based on
the charge transfer kinetics and mass transport limitations
of the various reactions and physical processes occurring

Ž . Ž .during over charging, resting and over discharging. Then,
for each process the mathematical equations are clustered
and these clusters are represented by linear and non-linear



( )H.J. BergÕeld et al.rJournal of Power Sources 77 1999 143–158 145

equivalent electronic-circuit elements, which are combined
in an electronic network. In this electronic network, three
domains can be distinguished, i.e., the electrical domain,
the chemical domain and the thermal domain. These do-
mains are coupled, modelling the mutual influence of the
cell voltage, pressure and temperature characteristics, re-
spectively. The pressure is derived from the molar amount
of oxygen in this case, which is calculated in the chemical
domain.

The advantage of the approach described in this paper is
the possibility to simulate the cell or a combination of
cells, i.e., a battery, in an electronic environment, using an
electronic-circuit simulator, taking the battery voltage,
pressure and temperature and their mutual influence into

w xaccount 21–24 . Because the model is based on an elec-
trochemical and physical battery theory, the origin of
specific battery behaviour can be examined by studying
both the local currents and voltages in the equivalent
electronic network. As an advantage, all parameters in the
model have an electrochemical significance and can there-
fore be determined from experiments or literature.

In Section 2 some general information about the con-
struction and operation of sealed rechargeable NiCd cells
is given. Section 3 describes their equivalent electronic
network. Some simulation results of a NiCd cell are de-
scribed in Section 4. An understanding of battery phenom-
ena such as charge efficiency, self-discharge and overdis-
charge is presented using the model. In Section 5, some
simulations are described giving examples of the interac-
tion between the battery and its electronic and thermal
environment. Finally, conclusions are drawn in Section 6.

2. Basic operational mechanism of sealed rechargeable
NiCd cells

The rechargeable NiCd cell is still commonly used
nowadays. It is relatively cheap, robust, and it has the
ability to supply a large current, which makes it the
obvious choice, e.g., for power tools. It has a cell voltage
of around 1.3 V and a capacity ranging roughly from 600
to 1000 mAh in standard AA size, depending on the type
and manufacturer. The construction of a NiCd cell depends
on its application area, e.g., large-capacity cell or high-
power drain cell. In all cases, the cell is sealed, yielding a
closed system. A vent is present to allow the cell to vent
during extreme pressure buildup.

A schematic representation of a mature construction of
a sealed rechargeable NiCd cell is given in Fig. 2. This
construction was chosen as the basis for deriving the cell
model in this paper. The three basic elements in Fig. 2 are:
the positive nickel electrode, the negative cadmium elec-
trode, and a concentrated KOH electrolyte solution. To
prevent electrical contact between the positive and nega-
tive electrodes, both electrodes are separated by a thin
porous layer of insulating material, the separator.

2.1. Main storage reactions taking place during charging
and discharging

The electrochemical storage reactions are given in the
region denoted as storage capacity in Fig. 2. The arrows
pointing upwards denote the charging reactions, whereas
the arrows pointing downwards denote the discharging

Fig. 2. Schematic representation of a sealed rechargeable NiCd cell.
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Ž .reactions. During charging, at the nickel electrode Ni OH 2
Ž .is oxidised to NiOOH. At the same time, Cd OH is2

reduced to metallic Cd at the cadmium electrode. During
discharging, the reverse reactions take place. Current flow
inside the cell is supported by electrons inside the elec-
trodes and by OHy ions inside the electrolyte. Externally,
the current flows through the charger andror load.

2.2. Side reactions taking place during oÕercharging and
oÕerdischarging

Besides the main storage reactions, electrochemical side
reactions also take place, especially during overcharging
and overdischarging. Overcharging means continuing
charging the cell when it is full, whereas overdischarging
means continuing discharging the cell when the cell volt-
age reaches the value of 0 V. The latter situation occurs,
for example, in batteries or battery packs with several cells
in series, as will be explained in Section 5. These side
reactions include oxygen evolution and reduction reac-
tions, denoted in Fig. 2 by the curved arrows, and a
cadmium side reaction at the nickel electrode, denoted by

Ž .the grey area Cd OH at the nickel electrode in Fig. 2. All2

grey areas in Fig. 2 symbolize the excess material added to
the NiCd cell to protect it from too high pressure buildup
inside the cell during overcharging and overdischarging.
The way in which this is achieved is discussed below.

2.2.1. OÕercharging
Ž .An overcharge reserve of excess Cd OH is added to2

the cadmium electrode to prevent too high pressure buildup
during overcharging. Hence, the nickel electrode is the
capacity determining electrode, which is reflected in
Q being smaller than Q in Fig. 2. As a result,Ni,Max Cd,Max

during the charge process the nickel electrode will run out
Ž .of Ni OH before the cadmium electrode will run out of2

Ž .Cd OH . A different oxidation reaction has to occur at the2

nickel electrode, which will start to produce oxygen,
whereas metallic Cd is still formed at the cadmium elec-

Ž .trode because of the excess Cd OH . Evolution of oxygen2

at the nickel electrode takes place by oxidizing OHy ions
into oxygen and water molecules. When the oxygen pres-
sure increases, oxygen molecules can diffuse to the cad-
mium electrode and the oxygen reduction reaction starts to
compete with the Cd forming reaction. The oxygen
molecules can be reduced to OHy ions. Especially, the
reduction of oxygen at the cadmium electrode generates a
lot of heat, which leads to a rise in temperature, as will be
described in Section 4.

2.2.2. OÕerdischarging
Ž .An overdischarge reserve of excess Cd OH , generally2

denoted as depolarizer, is added to the nickel electrode in
the amount Q as indicated in Fig. 2. Additionally,Cd ŽOH . ,Ni2

some metallic cadmium is added to the cadmium electrode
in an amount Q smaller than Q . This is doneCd,Cd CdŽOH . ,Ni2

to enforce a similar oxygen evolution and reduction pro-
cess as occurring during overcharging. In this way, the
evolution of hydrogen gas at the nickel electrode is pre-
vented and a hydrogen evolutionroxidation cycle is

w xavoided 25 . Because of the excess of metallic Cd in the
cadmium electrode, the nickel electrode will run out of
NiOOH before the cadmium electrode will run out of

Ž .metallic Cd. At this moment, the excess Cd OH at the2

nickel electrode will be reduced to metallic Cd and the
oxidation reaction the other way around still occurs at the
cadmium electrode. When discharging proceeds to the
stage where the cadmium electrode runs out of metallic
Cd, the cadmium electrode will start to produce oxygen
gas, leading to a rise in oxygen pressure. When the oxygen
pressure increases, the oxygen reduction reaction starts to

Ž .compete with the Cd OH reduction reaction at the nickel2

electrode and a similar situation as during overcharging
occurs.

For each electrochemical reaction, a standard electrode
potential can be defined vs. a reference electrode. For the
nickel and cadmium electrode reactions as indicated in Fig.
2, the standard electrode potentials at 298 K vs. SHE
Ž .Standard Hydrogen Electrode are 0.520 V and y0.808

w xV, respectively 26 . Assuming that the state of the nickel
and cadmium electrode reactions only causes a relatively
low deviation of the actual electrode potentials from the
standard electrode potentials, the standard potential differ-
ence between the two electrodes leads to a theoretical open
circuit voltage of 1.328 V for the complete NiCd cell. For
the oxygen reaction, the standard electrode potential vs.

w xSHE at 298 K is 0.401 V 26 .

3. An equivalent electronic-network model of a NiCd
cell

As was explained in the Section 1, the most important
electrochemical and physical processes occurring in a
rechargeable NiCd cell can be described by a set of
mathematical equations. For each of these processes an
equivalent electronic circuit consisting of one or more
elements can be designated, which behaves according to
the corresponding mathematical equations. Hereby, use is
made of the analogy in energy and power definitions in the
several domains, i.e., the electrical domain, the chemical

w xdomain and the temperature domain 27 . The analogy
between the electrical, chemical and thermal domains is
made clear in Table 1. In each domain, an effort variable e
and a flow variable f can be defined, which are given in
the first two rows of Table 1, e.g., in the electrical domain,
the effort is voltage and the flow is current. The displace-
ment variable is defined as the integral of the flow variable
and is shown in the fourth row of Table 1. Note that the
choice of heat as the displacement variable in the thermal
domain leads to a definition of ‘power’ and ‘energy’
which is not physical as can be seen from the unit. Using
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Table 1
Analogy between the electrical, chemical and thermal domains

Electrical domain Chemical domain Thermal domain

Quantity Symbol Unit Quantity Symbol Unit Quantity Symbol Unit

Voltage V V Chemical potential m Jrmol Temperature T K
Current I A Chemical flow J molrs Heat flow J Wch th

Electrical power P sVI W Chemical power P sm J W ‘Thermal power’ P sTJ WKel ch ch th th

Charge Qs It C Molar amount msJ t mol Heat Q sJ t Jch th th

Electrical energy E sP t J Chemical energy E sP t J ‘Thermal energy’ E sP t JKel el ch ch th th
2Electrical capacitance C sQrV F Chemical capacitance C smrm mol rJ Thermal capacitance C sQ rT JrKel ch th th

2Electrical resistance R sVrI V Chemical resistance R smrJ Jsrmol Thermal resistance R sTrJ KrWel ch ch th th

entropy as displacement variable would solve this problem.
However, for practical reasons the use of heat as displace-
ment variable in the thermal domain is generally accepted
w x27 .

Domains can be linked by an ideal transformer, repre-
senting the energy exchange between the domains. For an
ideal transformer linking domains 1 and 2, it holds that
e sN) e and f sN) f , where N denotes the trans-2 1 1 2

former coefficient, which has a dimension dependent on
the dimensions of e and f of the domains it links. By
combining the equivalent electronic circuits of all impor-
tant processes in an electronic network, a cell model can
be created, in which the individual processes as well as the
relation between the processes can be modelled.

The complete equivalent electronic-network model for a
sealed rechargeable NiCd cell based on the schematic
representation shown in Fig. 2 is shown in Fig. 3. Fig. 3a
represents the equivalence of the electrochemical be-
haviour and Fig. 3b of the thermal behaviour. In Fig. 3a,
the nickel electrode model is shown on the left side,
whereas the cadmium electrode model is shown on the
right side. The electrodes are modelled by a series resis-
tance R, representing the electronic conductivity of the
electrode material, in series with a parallel connection of
several reaction paths and a capacitance Cdl, representing
the double-layer capacitance. This double-layer capaci-
tance is a result of the charge separation effect taking place
at the electrode surface in the electrolyte. The electrodes
are separated by a resistance R , modelling the ionice

conductivity of the electrolyte and separator. In the part of
the equivalent electronic network, representing the nickel
electrode, three reaction paths in parallel can be distin-

Ž .guished, which denote from top to bottom: i the nickel
Ž . Ž .storage reaction, ii the oxygen side reaction, and iii the

cadmium side reaction. In the part of the equivalent elec-
tronic network, representing the cadmium electrode, two
reaction paths in parallel can be distinguished, which

Ž .denote from top to bottom: i the cadmium storage reac-
Ž .tion and ii the oxygen side reaction.

Two domains can be distinguished in Fig. 3a, i.e., the
electrical and the chemical domain. Energy storage in the
electrical domain is modelled by capacitances Cdl, while
energy storage in the chemical domain is modelled by

non-linear capacitances C , where i denotes the reactingi

species. The coupling between the electrical and chemical
domain is represented by ideal transformers, which repre-
sent energy transfer between the electrical and chemical
domain through an electrochemical reaction. Each reaction
path j is modelled as an ideal transformer in series with
two antiparallel diodes D , where one diode represents thej

oxidation reaction and the other represents the reversed
reduction reaction. The voltage across each transformer
equals the so-called equilibrium potential V eq of the corre-j

sponding redox reaction, whereas the voltage across each
pair of antiparallel diodes represents the so-called overpo-
tential for the corresponding redox reaction. This overpo-
tential can be seen as the driving force for the redox
reaction and it has a non-zero value under non-equilibrium
conditions, i.e., when current flows through a reaction
path. In this case, the electrode potential equals the sum of
the equilibrium and over potential.

The network shown in Fig. 3b represents the thermal
Ždomain and is used to calculate the cell temperature see

.also Table 1 . Heat production inside the cell originates
from the various reactions and heat dissipation in ohmic
resistances. These heat producing sources are represented
by heat flow sources J , where the index k indicates theth k

origin of the heat flow. The net heat flow of heat produc-
tion inside the cell and heat flow to the environment, as
represented by the thermal resistance R , is integrated inth

the cell thermal capacitance C . The amount of charge oncell

this capacitance represents the amount of heat in the cell
and the voltage across this capacitance represents the
internal cell temperature T using the analogy of Table 1.cell

C represents the thermal capacitance of the environ-amb

ment, where the voltage across this capacitance corre-
sponds to the ambient temperature T . A temperatureamb

difference between the cell and its environment will result
in a heat flow through thermal resistance R , which isth

inversely proportional to the surface area of the cell. Also,
the value of this resistance depends on the material of the
cell.

Considering an AA size NiCd cell, the value of the
resistances R and R are fixed at 2 mV, including theNi Cd

contact resistance between the metallic current collector
and the electroactive species and the resistance of the
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Fig. 3. Equivalent electronic-network model of a rechargeable NiCd cell based on the schematic representation of Fig. 2.

w xelectroactive species itself 28 . The ionic conductivity of
the electrolyte is assumed to be constant during cell opera-
tion, leading to a constant value of the resistance Re

representing the electrolyte. Again considering an AA size
NiCd cell, the value of the electrolyte resistance is fixed at
10 mV, which is in the range of reported values for NiCd

cells. Both values of the double-layer capacitances are
based on the value of the double-layer capacitance per unit

2 w xarea of 0.2 Frm 29 and typical morphology of both
porous electrodes. The double-layer capacitance of the
cadmium electrode is larger than that of the nickel elec-
trode, because its surface area is larger, due to the excess
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Ž . Ž .Cd and Cd OH see Fig. 2 . In the present model, a value2

of 2.4 F is assumed for the double-layer capacitance of the
nickel electrode Cdl , whereas a value of 4.7 F is assumedNi

for Cdl . A value of 14 JrK for C and a value of 25Cd cell

KrW for R is estimated for the AA size NiCd cell in thisth

paper. If the value of C is taken very high, the tempera-amb

ture outside the cell will be more or less fixed at the
ambient temperature. Even if the cell heats up consider-
ably, resulting in a high cell temperature which is mod-
elled by a large voltage across capacitance C , the ambi-cell

ent temperature modelled by the voltage across capaci-
tance C will hardly change. An example of a moreamb

complex thermal model of the cell environment will be
given in Section 5. The parameter values related to the
construction of the AA size NiCd cell considered in the
simulations in later sections are summarized in the upper
part of Table 2.

In general, for each reacting species i taking place in a
reaction in the chemical domain, a chemical potential can

Ž .be defined see also Table 1 . In an electrochemical reac-
tion, apart from non-charged reacting species, charged
reacting species, i.e., electrons and ions, are involved. In
that case, the term electrochemical potential is used. The
general expression for an electrochemical potential m of a
reacting species i in a reaction taking place at the electrode

Ž . w xsurface s is given by Eq. 1 29 .

as
i0m sm qRT ln qzFf 1Ž .i i ž /ai ,ref

Ž . 0In Eq. 1 , m denotes the standard chemical potentiali
Ž .of reacting species i in Jrmol , R denotes the gas con-

Ž . Žstant Rs8.314 Jrmol K , T the absolute temperature in
. s ŽK , a the surface activity of reacting species i ini

3.molrm , a the activity of reacting species i in thei,ref

reference state, z the charge number of reacting species i,
Ž .F the Faraday constant Fs96485 Crmol and f the

electrostatic potential associated with reacting species i

Table 2
Most important parameter values of considered rechargeable NiCd cell model used in simulations

Parameter Value Unit Description

( )Construction related parameters AA size 600 mAh NiCd cell
R 2 mV Ohmic resistance nickel electrodeNi

R 2 mV Ohmic resistance cadmium electrodeCd

R 10 mV Ohmic resistance 8 M KOH electrolyteel
dlC 2.4 F Double-layer capacitance nickel electrodeNi
dlC 4.7 F Double-layer capacitance cadmium electrodeCd

2A 11.8 m Effective surface area nickel electrodeNi
2A 23.3 m Effective surface area cadmium electrodeCd

Ž .Q 3060 C Maximum storage capacity nickel electrode see Fig. 2Ni,Max
Ž .Q 5000 C Maximum storage capacity cadmium electrode see Fig. 2Cd,Max

Ž . Ž .Q 1000 C Overdischarge reserve of Cd OH in nickel electrode see Fig. 2Cd ŽOH . ,Ni 22
Ž .Q 800 C Overdischarge reserve of Cd in cadmium electrode see Fig. 2Cd,Cd

y6 3V 1.5=10 m Free gas volume inside the cellg

Electrochemistry-related parameters
o 4

DG 5.0=10 Jrmol Standard free energy change for nickel reaction at 298 KNi

DGo y1.6=105 Jrmol Standard free energy change for cadmium reaction at 298 KCd
o 5

DG 1.5=10 Jrmol Standard free energy change for oxygen reaction at 298 KO 2

n 1 – Principal number of electrons involved in nickel reactionNi

n 2 – Principal number of electrons involved in cadmium reactionCd

n 4 – Principal number of electrons involved in oxygen reactionO 2

a 0.5 – Charge transfer coefficient for all reactionsj
o 3I 0.036=10 A Exchange current nickel reaction at 50% SoCNi
o 3I 2.3=10 A Exchange current cadmium reaction at 50% SoCCd

o ox y9 5Ž .I 117.6=10 A Exchange current O evolution reaction at nickel electrode at 10O Ni 22

Pa partial oxygen pressure
o ox y3 5Ž .I 23=10 A Exchange current O evolution reaction at cadmium electrode at 10O Cd 22

Pa partial oxygen pressure
o red y3 5Ž .I 0.5=10 A Exchange current O reduction reaction at nickel electrode at 10O Ni 22

Pa partial oxygen pressure
o red y3 5Ž .I 2.3=10 A Exchange current O reduction reaction at cadmium electrode at 10O Cd 22

Pa partial oxygen pressure
o y14 2 q

qD 5=10 m rs Diffusion coefficient of H ions at 298 KH
o y10 2 y

yD 5=10 m rs Diffusion coefficient of OH ions at 298 KOH
o y10 2D 5=10 m rs Diffusion coefficient of O molecules at 298 KO 22

y6 y
yd 1=10 m Diffusion layer thickness of OH ions for cadmium reactionOH

y7d 3=10 m Diffusion layer thickness of O moleculesO 22
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Ž . Ž .in V . Note that the third term in Eq. 1 is zero for
non-charged reacting species. The activity as of species ii

is assumed linearly proportional to its concentration and to
its molar amount m through an activity coefficient, wherei

the volume in which the species i is present is assumed
constant. Although in concentrated solutions, the activity
coefficient is dependent on the concentration, it is assumed

w xconstant in the present model 30 .
All species i with a varying value of as in the course ofi

the reaction are represented by non-linear capacitances, the
voltage across which corresponds to the chemical potential
m and the charge on which corresponds to the molari

Ž .amount m of species i see also Table 1 . For eachi

non-linear capacitance C , the relation between m and mi i i
Ž .is given by Eq. 1 using the activity coefficient . Note that

the signs of the chemical potentials are opposite for species
at the opposite side of the arrow in the reaction equation,
see also the reaction equations in Fig. 2. In the present
model, as a simplification, the activities as of reactingi

species water and OHy ions, hence, their concentrations,
are assumed to be constant and uniform across the cell.

Ž .Therefore, the second term in Eq. 1 is taken constant for
both species. However, the model can easily be adapted to
include for instance a variable surface activity as

y ofOH

OHy ions, by including a non-linear capacitance C y inOH

series with the other non-linear capacitances for all reac-
tions where OHy ions are involved. Also, the activities as

i

and a of an electron are unity by definition. Therefore,i,ref
Ž .the second term in Eq. 1 is zero for electrons. In the

chemical domain in Fig. 3, for each reaction j, all constant
terms of the electrochemical potentials of the reacting
species in an electrochemical reaction are combined in a
voltage source DGo, which represents the standard freej

energy change for reaction j. Note that the value of DGo isj

dependent on temperature.
For the nickel reaction, the molar amount of NiOOH,

which is formed during charging, is directly related to the
SoC. For the oxygen reaction, the net molar amount of
oxygen is related to the oxygen pressure through the
general gas law PV smRT , with P as the oxygen pres-g

sure, V as the free gas volume inside the cell and m as theg

number of moles of oxygen present inside the free gas
volume. As explained in Section 2, when oxygen is pro-
duced at one electrode, it can be consumed at the other
electrode. This can be seen in Fig. 3a by the coupling of
the non-linear capacitance C to both electrodes by meansO 2

of ideal transformers. The chemical flow of oxygen evolu-
tion is into C , whereas the chemical flow of oxygenO 2

reduction is out of C . The net chemical flow of oxygenO 2

is integrated in C , yielding the net molar amount ofO 2

oxygen.
In equilibrium, the net sum of the electrochemical

potentials of all species i taking place in an electrochemi-
w xcal reaction is zero 30 . This can be seen in Fig. 3a for

each reaction j by applying Kirchhoff’s voltage law to the
loop consisting of non-linear capacitances C , voltagei

source DGo and the secondary coil of the ideal transformerj

in the chemical domain for each electrochemical reaction.
Also, in equilibrium, the surface activity as is equal to thei

bulk activity ab of species i, i.e., there is no concentrationi

gradient of species i. For each electrochemical reaction,
electrons can be found at one side of the arrow of the
reaction equation, whereas OHy ions can be found at the

Ž .other side see also Fig. 2 . For electrons, the electrostatic
Ž .potential f in Eq. 1 represents the electrostatic electrode

potential f s, whereas for OHy ions, the electrostatic
Ž .potential f in Eq. 1 represents the electrostatic elec-

l Ž s l.trolyte potential f . As a result, a voltage zF f yf is
present across the secondary coil of the transformer in the
chemical domain. The transformer coefficient is 1rn F,j

with n the number of electrons involved in the electro-j

chemical reaction j. This leads to the following equation
for the equilibrium potential of reaction j, V eq :j

P as
o p ,oxDG RT pjeqV s q lnj sn F n F P aj j q ,red

q

P as
p ,oxRT po s lsV q ln sf yf 2Ž .j sn F P aj q ,red

q

Ž . oIn Eq. 2 , V denotes the standard electrode potentialj
Ž . Ž .of reaction j in V see Section 2 . The numerator of the

Ž .ln term in Eq. 2 equals the product of all surface
activities as of the oxidising species p in an electrochemi-p

cal reaction, whereas the denominator of the ln term in Eq.
Ž . s2 equals the product of all surface activities a of theq

reducing species q in this reaction. The difference f s yf l

equals the potential of the electrode where reaction j takes
place. The values of DGo and n for reaction j used in thej j

simulations in this paper are summarized in Table 2.
In a non-equilibrium situation, the net current flowing

through the antiparallel diodes D for each redox reaction jj

equals the difference between the currents flowing through
Ž . Ž .the oxidation I and the reduction reaction diode I .ox redj j

The relation between this net current flowing through a
reaction path and the overpotential h across the anti-j

Ž .parallel diodes D is given in Eq. 3 , which is known asj

the Butler–Volmer equation describing the reaction kinet-
w xics 31 . This equation is used for the anti-parallel diodes

D in Fig. 3a.j

Ž .a n Fh y 1ya n Fhj j j j j j

kin o b o bRT RTI s I y I s I a e y I a eŽ . Ž .j ox red j i j ij j

3Ž .
Ž .In Eq. 3 , the diode-like current–voltage relation for

the reaction currents I and I can be clearly recog-ox redj j

Ž .nized. The terms RTra n F and RTr 1ya n F resem-j j j j

ble the well-known thermal voltage kTrq in semiconduc-
tor physics, where a denotes the dimensionless chargej

transfer coefficient of reaction j, with 0-a -1. The termj
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oŽ b.I a denotes the exchange current of reaction j, which isj i

a function of the bulk activities ab of the reacting species ii
w x23,24 . In a general form, the dependency of the exchange
current of reaction j on the bulk activities of the oxidising

w xand reducing species in the reaction is given by 31 :
a 1yaj j

o b bI sn FA k P a P a 4Ž .j j j j p ,ox q ,redž /ž /
p q

where A is the electrode surface area at which reaction jj
Ž 2 .takes place in m and k is the standard rate constant ofj

reaction j. The exchange current of a redox reaction deter-
mines the kinetics of the reaction, i.e., a redox reaction
with a low value of the exchange current will proceed
relatively slowly, whereas a high value corresponds with a
relatively fast reaction. Note that the value of the exchange
current for each redox reaction will change when the
reaction proceeds, because the bulk activities of some
reacting species will change. The values of a , n and I o

j j j

for chosen values of ab used in the simulations in thisi

paper are summarized in Table 2. Note that for the oxygen
reaction, different values of the exchange current are used
for the oxidation and reduction reactions at different elec-

w xtrodes 24 .
Apart from the kinetics of a redox reaction, which

determines the reaction rate through the value of the
exchange current, the supply and removal of the reacting
species to and from the surface of the electrodes can also
determine the rate of a reaction. We assume that mass
transport of reacting species inside the cell mainly takes
place through diffusion. In general, diffusion limitation of
a reaction leads to concentration profiles of the reacting
species and hence to differences between the bulk activi-
ties ab and the surface activities as. This leads to ai i

Ž .deviation of the equilibrium potential given in Eq. 2 , for
which as sab, which can be expressed by an apparenti i

equilibrium potential V eqX sV eq qh , where h representsi i d d

the diffusion over potential. Diffusion limitation plays a
role in all electrochemical reactions concerned in the model
presented in this paper. In the present model for the nickel
reaction, the diffusion of Hq ions in the solid-state nickel
electrode is considered, for the cadmium reaction the
diffusion of OHy ions in the electrolyte is considered and
for the oxygen reaction the diffusion of O molecules in2

the electrolyte is considered.
Ž .In the nickel electrode, during charging, Ni OH is2

oxidised into NiOOH, and a Hq ion and an electron are
released. The Hq ion diffuses through the nickel electrode
to the electrode surface by ‘hopping’ from one NiOOH site
to the other. Diffusion limitation of Hq ions leads to a

Ž .concentration profile of both the NiOOH and Ni OH 2

species in the nickel electrode, where the concentration
Ž .profile of NiOOH is the reverse of that of Ni OH .2

Hence, the apparent equilibrium potential V eqX is nowNi

valid for the Ni reaction. The RC network depicted in Fig.
3a is used to calculate the surface activity as and thei

Ž .concentration profiles for both NiOOH and Ni OH . The2

electrode is therefore subdivided into x compartments,
with each capacitance C representing the molar amountx

Ž .of NiOOH and Ni OH in compartment x, respectively.2

The value of the resistances depends on the value of the
diffusion coefficient for protons D q in the nickel elec-H

trode. This diffusion constant is temperature-dependent.
For the cadmium and oxygen reaction, a simpler ap-

proach was used in the present model to include the
influence on the electrode potential of the diffusion of
OHy ions and O molecules, respectively. In both cases2

stationary diffusion with a linear concentration gradient
across a thin diffusion layer with fixed thickness d was
assumed. This assumption is allowed when the time to
build the diffusion layer is much smaller than a typical
charge–discharge time of the cell. In the case of stationary
diffusion, the diffusion current I dif for diffusing species ii

w xcan be calculated from Ficks first law, yielding 29,31 :

nFA D ab
i i idifI s . 5Ž .i di

Ž .In Eq. 5 , A denotes the area through which thei
Ž 2 .species i diffuses in m , D the temperature-dependenti

diffusion coefficient of the diffusing species i and d thei
Ž .diffusion layer thickness in m . Assuming a combined

kinetic-diffusion controlled reaction j involving the diffus-
ing species i, the overall reaction current I can be foundj

w xfrom 31 :

I kinI dif
j i

I s 6Ž .j kin difI q Ij i

kin Ž . Ž .where I is found from Eq. 2 . Using Eq. 6 for thej

diode D for the cadmium and oxygen reactions, thej

diffusion limitation of OHy ions and O molecules leads2

to the diffusion potential h being present across thed

diodes D . As an extension to the present model, non-linearj

capacitances C y could be added to the model of Fig. 3OH

describing the surface activities of OHy ions. Similar RC
Ž .networks as for the Ni OH and NiOOH species can then2

be used to calculate the OHy concentration profile
throughout the electrolyte. The values of the diffusion
coefficients D and diffusion layer thicknesses d used ini i

the simulations in this paper can be found in Table 2.
During current flow, in each electrode the current di-

vides itself over the available reaction paths. Which reac-
tions will occur depends on the value of the equilibrium
potential of each reaction and the rate with which each
reaction can take place. In principle, the redox reaction j
with the lowest value of the equilibrium potential V eq willj

thermodynamically be more favourable than a redox reac-
tion with a higher value of V eq . Applying Kirchhoff’sj

voltage law to two reaction paths in parallel, this means
that the thermodynamically favourable reaction has a higher

Ž .overpotential h. However, as can be seen from Eq. 3 ,
this does not necessarily mean that this reaction will
actually take place, because the reaction rate might be too
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low. This low rate might be caused by either a low
exchange current or diffusion limitation.

4. Simulation results

In this section some simulation results performed with
the model of a single AA size 600 mAh NiCd cell with the
parameter values listed in Table 2 are described. The
model is based on the schematic description shown in Fig.
2. Fig. 4 shows the simulated voltage, oxygen pressure and
temperature development as a function of the SoC during
charging with a current of 600 mA at an ambient tempera-
ture of 258C. Fig. 5 shows similar curves, measured under
the same conditions as assumed in the simulations, with an
AA size 600 mAh NiCd cell for which the parameter
values in Table 2 were derived.

The simulated curves are in good qualitative agreement
with the measured curves. When the cell is not yet fully
charged, the voltage rises gradually, whereas the pressure
and temperature remain relatively constant. When the cell
SoC approaches 100% and charging is continued, the
voltage, and consequently the oxygen pressure, starts to
rise more steeply. Especially, from the moment when the
oxygen pressure starts to level off, the temperature starts to
rise. Because of the temperature rise, the cell voltage will
drop. This phenomenon is commonly known as the yDV
effect, which is often used in fast chargers as an End-of-
Charge criterion. The quantitative differences between Figs.
4 and 5 are largely due to the fact that many parameters in
the cell model are not precisely known at present, but they
have been chosen in the range encountered in the open
literature. However, all parameters in the model have an
electrochemical or physical meaning and research contin-
ues in order to measure the exact value of some of these
parameters in order to obtain a better quantitative agree-
ment between simulations and measurements.

The simulated curves shown in Fig. 4 can be under-
stood from the equivalent electronic network model of the

Ž . Ž . Ž .Fig. 4. Simulated voltage V , oxygen pressure P and temperature T
Ž .curves as a function of State-of-Charge SoC during charging at 258C

with a current of 600 mA for an AA size 600 mA h rechargeable NiCd
cell.

Ž . Ž . Ž .Fig. 5. Measured voltage V , oxygen pressure P and temperature T
Ž .curves as a function of State-of-Charge SoC during charging at 258C

with a current of 600 mA for an AA size 600 mAh rechargeable NiCd
cell.

NiCd cell in Fig. 3. During charging, the current will flow
Ž . Ž .from left positive terminal to right negative terminal .

From 0% SoC to about 90% SoC, the current will flow
Ž .through the nickel reaction path D and transformer andNi

chemical energy will be stored in the non-linear capaci-
tances in the RC network of the nickel electrode under the
assumed conditions. The molar amount in capacitances
C will increase, whereas the molar amount in capaci-NiOOH

tances C will decrease. In the cadmium electrode,Ni ŽOH .2

the current will flow through the cadmium reaction path
Ž .D and transformer and the molar amount in capaci-Cd

tance C will increase, whereas the molar amount inCd

capacitance C will decrease. Although the oxygenCd ŽOH .2

reaction path in the nickel electrode has a higher overpo-
tential than the nickel reaction, a negligible amount of
oxygen will be formed at the nickel electrode at the
beginning of charging. This is caused by the relatively low
rate of the oxygen evolution reaction, which results in a

o Ž .low exchange current I in Eq. 3 for oxygen reactionO 2

diodes D . A negligible amount of current will flowO 2

through the Cd reaction path at the nickel electrode, be-
Ž .cause under normal charging conditions only Cd OH is2

present and no metallic Cd, which could be oxidized into
Ž .Cd OH . A negligible reduction current will flow through2

the oxygen reaction path at the cadmium electrode, be-
cause there is a negligible amount of oxygen gas present
during the first stages of charging.

When charging is continued, the decrease in molar
Ž .amount of Ni OH will lead to a lower exchange current2

o Ž .I for the nickel reaction through Eq. 4 and hence, aNi
Žhigher overpotential h for a constant current I see Eq.Ni

Ž ..3 . At the same time, the apparent equilibrium potential
eqX Ž .V rises according to Eq. 2 , where the surface activitiesNi

are not equal to the bulk activities. The increase of h andNi

V eqX results in a steep rise of the cell voltage. Conse-Ni

quently, the overpotential of the oxygen reaction also rises,
as can be understood from applying Kirchhoff’s voltage
law to the parallel combination of the nickel and oxygen
reaction paths. An increase in overpotential for the oxygen
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reaction eventually allows some oxygen to be formed. This
will lead to an increase in exchange current I o for theO 2

oxygen reaction and the oxygen reaction will gradually
take over from the nickel reaction.

As a result of the current flowing through the oxygen
reaction path at the nickel electrode, the molar amount of
oxygen in capacitance C increases, which leads to anO 2

increase in internal oxygen pressure. Owing to the avail-
able oxygen, current may now also start to flow through
the oxygen reaction path at the cadmium electrode, which
represents the reduction of oxygen. As a result, in the
chemical domain the oxygen reduction flow will have the
opposite direction of the oxygen evolution flow induced at
the nickel electrode and the internal oxygen pressure will
level off. Moreover, in the simulation of Fig. 4, the
pressure even drops slightly, because the supposed temper-
ature dependence of the oxygen reduction reaction is
somewhat high in comparison to the experimental results.
Therefore, at high temperatures, the reduction rate be-
comes higher than the evolution rate. Determination of the
exact temperature dependence of these parameters needs
further investigation.

As was explained in Section 2, there is a large differ-
ence between the standard electrode potentials V o of the
cadmium and oxygen reaction, and hence between the
equilibrium potentials V eq and V eq . Applying Kirchhoff’sCd O 2

voltage law to the parallel connection of the cadmium and
oxygen reaction path at the cadmium electrode reveals that
there will be a large overpotential h across the diodes DO 2

during overcharging. When a reaction takes place with a
high overpotential, it will generate a relatively large heat
flow J , because heat flow generated by a reaction isth k

w xproportional to I h 32 . Hence, the currentreaction reaction

source J in Fig. 3b representing the oxygen reduction atth k

the cadmium electrode will attain a large value. As a
result, the cell temperature will start to rise steeply in this
overcharge region. Because the standard electrode poten-
tials V o and the overpotentials h have a negative tempera-
ture coefficient, the cell voltage will decrease because of
the rising temperature, yielding the yDV effect.

The division of current between the nickel reaction path
and the oxygen reaction path is very important in deter-
mining the charge efficiency of the cell. Only current
flowing through the nickel reaction path leads to the
effective accumulation of chemical energy inside the cell,
whereas current flowing through the oxygen reaction path
leads to pressure buildup and eventually to energy loss in
the form of heat dissipation. The charge efficiency is
highly influenced by both the value of the charge current
and the cell temperature. For higher charge currents, the
diffusion of Hq ions becomes a limiting factor of increas-
ing importance for the rate of the nickel reaction. This
means that the apparent nickel equilibrium potential V eqX

Ni

will start to rise earlier in the charging process because of
a larger value of the diffusion overpotential h , leading tod

an oxygen pressure buildup and hence a lower charge

efficiency. For higher temperatures, the ratio between the
rates of the nickel and oxygen reactions becomes smaller.
This is caused by a difference in temperature dependence
of the rates of both reactions. Fig. 6 shows the simulated
partial currents flowing through the nickel and oxygen
reaction paths in the nickel electrode during charging with
a constant current of 100 mA at ambient temperatures of 0
and 608C as a function of the SoC. The sum of both partial
currents equals the charge current. At the higher tempera-
ture of 608C, the oxygen reaction can be seen to take over
a lot earlier in the charging process, leading to a poorer
charge efficiency at higher temperatures. This is indeed
found in experiments.

When batteries are not used for some time, they will
loose stored energy by self-discharge, especially at higher
temperatures. The phenomenon of self-discharge can easily
be understood from the cell model in Fig. 3, with no
externally applied load. Because the value of V o is largerNi

o Ž . eq eqthan V see Section 2 , V is higher than V . There-O Ni O2 2

fore, a loop current will flow counterclockwise through the
parallel combination of the nickel and oxygen path in the
nickel electrode. This leads to a decrease in stored energy
at the nickel electrode and an increase in the amount of
oxygen. The produced oxygen is reduced at the cadmium
electrode, leading to a decrease in stored energy at the
cadmium electrode through a similar loop current. Fig. 7
shows the simulated SoC at different ambient tempera-
tures. At 258C, about 80% of charge is lost after 75 days.
This corresponds well to the typical average self-discharge

w xrate reported in literature of about 1% a day at 258C 29 .
At higher temperatures, the rates of all electrochemical
reactions become higher and consequently, the loop cur-
rents in the nickel and cadmium electrodes become higher,
leading to a higher self-discharge rate, which agrees with
the simulation results of Fig. 7.

Fig. 8 shows the simulated voltage, oxygen pressure
and temperature curves during discharging and overdis-
charging at 258C with a 600 mA discharging current. In
the voltage curve, after approximately 1 h, a 0 V region

Ž . Ž .Fig. 6. Simulated partial nickel I and oxygen I currents as aNi O 2
Ž .function of State-of-Charge SoC in the nickel electrode during charging

with a current of 100 mA at 0 and 608C ambient temperature for an AA
size 600 mAh rechargeable NiCd cell.
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can be clearly recognized, followed by a region where the
cell voltage is reversed. In this latter region, both the
temperature and pressure increase and level off to a
steady-state value. The phenomenon of overdischarging
can be understood from the cell model given in Fig. 3.

The current direction in Fig. 3a is from right to left
during discharging. During normal discharging, where the
cell voltage remains at a relatively constant level of 1.3 V
on the average, current will flow through the cadmium
reaction path at the cadmium electrode and the nickel
reaction path at the nickel electrode and the cell is effec-
tively discharged. In the cadmium electrode, the amount of

Ž .Cd decreases and the amount of Cd OH increases. In the2

nickel electrode, the amount of NiOOH decreases and the
Ž .amount of Ni OH increases. As explained in Section 2,2

because of the excess amount of Cd at the cadmium
electrode, the nickel electrode will run out of NiOOH
before all Cd has been consumed at the cadmium elec-
trode. Consequently, at the end of discharging, the ex-
change current I o of the nickel reaction becomes lowNi

leading to a larger overpotential h , and the value of theNi

apparent equilibrium potential V eqX becomes low, mainlyNi

because diffusion limitation of Hq ions leads to a large
value of the diffusion overpotential h . The current can nod

longer flow through the nickel reaction path. Besides, no
current can flow through the oxygen reaction path, because
there is no oxygen available yet to be reduced. Therefore,
the current is forced to flow through the cadmium reaction
path at the nickel electrode. Because identical reactions
now occur at both electrodes, all current flows through
both Cd reaction paths and the resulting cell voltage
becomes close to 0 V.

When the amount of excess Cd at the cadmium elec-
trode decreases to zero, the current starts to flow through
the oxygen reaction path at the cadmium electrode. As a
result, the amount of oxygen and hence the oxygen pres-
sure will increase. Because of the difference in sign of V o

between the cadmium and the oxygen reaction, the poten-
tial of the cadmium electrode will now reverse. At the
nickel electrode, the oxygen reduction starts to compete

Ž .Fig. 7. Simulated State-of-Charge SoC as a function of time at different
ambient temperatures for an AA size 600 mAh rechargeable NiCd cell.

Ž . Ž . Ž .Fig. 8. Simulated voltage V , oxygen pressure P and temperature T
curves as a function of time during discharging and overdischarging at
258C with a current of 600 mA for an AA size 600 mAh rechargeable
NiCd cell.

with the cadmium reaction. The reverse situation as de-
scribed for the charging process now occurs. The cadmium
electrode acts as a positive, oxygen forming electrode,
whereas the nickel electrode acts as a negative electrode,
where oxygen is reduced. As a result, the oxygen pressure
will level off, as can be seen in Fig. 8. Again, because of
the high overpotential of the oxygen reduction, now occur-
ring at the nickel electrode, this reaction in particular
produces a lot of heat, leading to a significant increase in
temperature. The situation of cell voltage reversal can
occur when cells are connected in series, as will be
explained in the Section 5.

5. Application of the NiCd cell model

Two examples are given in this section of using the cell
model, in order to predict the negative effect of certain
battery phenomena in an application. Based on these pre-
dictions, the design of the application could be altered in
order to make optimal use of the battery. In the first
example, the simulation result of a battery pack shows a
possible reason for the often occurring breakdown of
battery packs.

Series or parallel connections of cells in battery packs
are often applied in practice in order to obtain a higher
input voltage or a higher battery capacity. Fig. 9 shows the
simulated battery pack voltage and oxygen pressure of one
of its cells as a function of charge drawn from the battery
Ž .Q during discharging at an ambient temperature ofout

258C with a current of 600 mA. The battery pack was
constructed by placing six cells in series. Two cases have

Ž .been simulated. In case a , all six cells inside the pack
Ž .were given a capacity of 600 mAh. In case b , all cells

were given different capacities, ranging from 700 to 450
mAh in steps of 50 mAh to reflect spread in cell capacity,
which depends on the type, manufacturer, usage history
and age of the pack. The heat resistances between the six
cells and between the cells and the environment were



( )H.J. BergÕeld et al.rJournal of Power Sources 77 1999 143–158 155

Ž . Ž .Fig. 9. Simulated voltage V and oxygen pressure P curves as a
Ž .function of charge drawn from the battery Q during discharging without

Ž .a current of 600 mA at 258C. In a , all six cells in the battery pack have
Ž .a capacity of 600 mAh, in b , the six cells display capacity spread from

700 to 450 mAh in steps of 50 mAh.

taken as zero for simplicity. In more advanced simulations,
thermal models of the heat flows between the cells in a
pack or from individual cells to the environment can be
considered as well.

Ž .The curves for case a in Fig. 9 are basically the same
as the voltage and pressure curves in Fig. 8. Because all
cells have exactly the same capacity, all cells will be
empty at exactly the same moment and the voltage curve is
simply the sum of six identical voltage curves. The pres-

Ž Ž ..sure curve P a shown is for only one cell, but it is the
same for all six cells. The rise in oxygen pressure occurs
when all the cells have reversed their voltages, as in Fig. 8.
In practice, the pressure buildup will not take place in the
case of identical cell capacities, because when the battery
pack voltage decreases and approaches 0 V, the application
does not operate anymore and discharging the pack will
stop.

Ž .The curves for case b in Fig. 9 clearly show the result
of the different capacities inside the battery pack. Curve
Ž . Ž .V b shows the total pack voltage, whereas curve P b

shows the pressure buildup inside the cell with the lowest
capacity. The cell with the lowest capacity will be the first
fully discharged cell and its voltage will become close to 0

Ž .V. This can be seen in curve V b as the first drop in
battery pack voltage. Because the other cells still have a
voltage of around 1.3 V, the battery pack voltage is still
high enough to power the application and discharging is
continued. Subsequently, the cell with the second lowest
capacity reaches a voltage of approximately 0 V, which
can be seen as the second drop in battery pack voltage.
The third drop in battery pack voltage is due to voltage
reversal of the cell with the lowest capacity. As a conse-
quence, the oxygen pressure inside this cell will increase,

Ž .as can be seen from curve P b . The battery pack voltage

Ž .Fig. 10. Thermal and electrical simulation model of a shaver with integrated NiCd cell and charger see also Table 3 .
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Table 3
Values of components in Fig. 10

Component Description Value Unit

R Heat resistance from remaining supply parts to ambient 47.2 KrW1

R Heat resistance from cell to remaining supply parts 93.3 KrW2

R Heat resistance from cell to ambient 40.8 KrW3

R Heat resistance from remaining supply parts to IC 49.8 KrW4

R Heat resistance from cell to IC 166 KrW5

R Heat resistance from IC to ambient 232 KrW6

R Heat resistance from internal silicon to outside casing of IC 15 KrWSi – c

C Heat capacitance of IC 1.8 JrKIC

C Heat capacitance of remaining supply parts 8.4 JrKsupply

at this moment is still around 2.5 V, which might allow
discharging to be continued even further. High pressure
buildup inside the cells may eventually lead to venting and
loss of electrolyte, which degrades their performance. The
simulation clearly shows that the battery pack is as strong
as its weakest cell. Therefore, the capacities of cells inside
a battery pack should match as closely as possible and the
application should be shut off at an appropriate voltage
level. The choice of this voltage level is a compromise
between run time of the application and life time of the
battery pack. The example clearly shows the need for a
Battery Management System.

In some portable products, such as a shaver, the battery
and charging electronics are packed close together inside
the product. In the second example, charging a NiCd cell
inside a shaver is simulated and a possible improved
method of charging yielding better charge efficiency is
presented. For the shaver for which simulations were
performed, the charger inside is a Switched-Mode-Power

Ž . w xSupply SMPS in flyback configuration 33 , consisting of
a rectifying mains buffer, transformer, charge–current reg-

Ž .ulation integrated circuit IC including the high voltage
switch, rectifying secondary diode, and electrolytic
smoothing output capacitor. Based on temperature differ-
ence and relaxation measurements of the chosen shaver, a
simplified thermal model can be made with three heat
producing components: the NiCd cell, the charge–current

Žregulation IC and the remaining charger parts transformer,
.rectifying mains buffer, diode . This thermal model can be

coupled to the thermal network of the NiCd cell model at
node T shown in Fig. 3b, where the thermal networkcell

replaces R and C . This is shown in Fig. 10, where theth amb

remaining charger parts are denoted as supply. Each heat
producing component is coupled to the constant ambient
temperature modelled by voltage source T and to theamb

two other heat producing components by means of heat
resistances.

Each heat-producing component is modelled as a heat
flow source, which models the dissipation, and a heat
capacitance. For the IC, an extra heat resistance R isSi – c

shown, modelling the heat resistance from the integrated
circuit in silicon to the outside casing. From practice, an
efficiency of the power supply of 50% was found. Hence,

a total power of I V is dissipated in the powercharge cell

supply, of which approximately 1r3 is dissipated in the IC
and 2r3 is dissipated in the remaining supply parts. The
voltage at node T denotes the constant ambient tempera-amb

ture, the voltage at node T the IC casing temperature, theIC

voltage at node T the temperature of the remainingsupply

charger parts and the voltage at node T the cell tempera-cell

ture. The values of the components in the thermal network
model of Fig. 10, as deduced from measurements, are
summarized in Table 3.

In Fig. 11, the simulated charge current, charge effi-
ciency, SoC and cell temperature are shown as a function
of time for the charging process of a rechargeable NiCd
cell inside a shaver using the thermal network model
shown in Fig. 10. The charge efficiency is defined as the
ratio between effectively stored chemical energy and ap-
plied electrical energy. A constant charge current I ofcharge

1.2 A was applied during 45 min. As can be seen from Fig.
11, the cell temperature rises to a value of around 608C at
the end of the charging process. The charge efficiency
clearly drops at the end of charging, which is caused by
the elevated temperature, as was also shown in Fig. 6.
Moreover, the self-discharge rate becomes higher at ele-
vated temperatures, as was shown in Fig. 7. As a result,
with the current model parameter set the SoC of the cell
drops at the end of charging, because the self-discharge

Ž . Ž .Fig. 11. Simulated charge current I , State-of-Charge SoC , chargecharge
Ž .efficiency and cell temperature T as a function of time for a chargingcell

process of an AA size 600 mAh rechargeable NiCd cell with a constant
current of 1.2 A at 258C inside a shaver.
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Ž . Ž .Fig. 12. Simulated charge current I , State-of-Charge SoC , chargecharge
Ž .efficiency and cell temperature T as a function of time for acell

thermostatic charging process of a 600 mAh rechargeable NiCd cell with
a current starting at 1.2 A at 258C inside a shaver. The cell temperature is
not allowed to rise above 358C.

rate becomes even higher than the rate at which energy is
stored. After the current is interrupted, the rather high
self-discharge rate leads to a continuing decrease in SoC
and charge efficiency. In practice, the problem of reduced
charge buildup inside small portable equipment with built-
in charger, caused by too much heat evolution in a small
volume and hence high temperatures, is commonly known.

An example of simulating the shaver, including the
NiCd cell, to come up with an improved charging algo-
rithm is shown in Fig. 12. All simulation conditions were
chosen the same as in Fig. 11, except that the charge
current I was made a function of the cell temperaturecharge

in such a way that the cell temperature never exceeds
358C. This may be called thermostatic charging, i.e.,
charging with a maximum temperature, as opposed to
galÕanostatic charging with a fixed current. The total
charge time was again chosen to be 45 min, as was the
case for the galvanostatic simulation of Fig. 11. As can be
seen from Fig. 12, the maximum cell temperature is 358C
by adapting the charge current I . Due to the lower cellcharge

temperature, the drop in charge efficiency during charging
is considerably less than in Fig. 11. Also, the drop in SoC
is less than in Fig. 11. As a result, the charge efficiency
increases from 62% for Fig. 11 to 87% for Fig. 12, leading
to at least the same SoC after 2 h, although less electrical
energy was supplied. A second advantage of thermostatic
charging is that a longer cycle life of the cell due to a
reduction in maximum temperature of the cell may be
anticipated.

6. Conclusions

The construction and application of a simulation model
for a sealed rechargeable NiCd cell was described in this
paper. The simulation results presented in this paper show
good qualitative agreement with measurements. Research

is continued in order to find proper values for all parame-
ters in the model to improve on quantitative agreement.
Because the model already predicts important battery phe-
nomena in a qualitative way, such as charge efficiency,
self-discharge, overcharge and overdischarge behaviour, it
can already be applied in the simulation of portable elec-
tronic systems to predict possible problems. Two examples
of applying the model for such cases have been presented.
For battery packs, a possible mechanism of breakdown and
ways to prevent it have been described. By means of
simulation of the charging process of a shaver, using a
thermal model of the shaver, an alternative charging method
yielding a better charge efficiency has been presented.
Solutions for problems found during simulations can be
implemented in the form of improved Battery Management
Systems.

Although the approach is applied to rechargeable NiCd
cells in this paper, it can also be applied to other recharge-
able battery types, e.g., NiMH or Li-ion rechargeable

w xbatteries 34 and non-rechargeable batteries. Not all pro-
cesses occurring in batteries have been included in the
model at this moment. For example, ageing effects, which
lead to the gradual loss of battery capacity when the
battery becomes older, have not been included, because a
good physical or chemical description of the ageing pro-
cess lacks at the moment. Moreover, the memory effect,
causing a reversible capacity loss when the battery is
repeatedly partially charged and discharged, has not been
included. However, when the corresponding mathematical
equations behind these processes are found, they can read-
ily be included in the model.
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