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Abstract

In the first part of this paper, the development of a ssmulation 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. © 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 electrica 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 DC/DC 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 DC/DC converter can be used for two rea-
sons. Firgt, 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 DC/DC converter supplies the circuit parts in the load
with the lowest possible supply voltage, irrespective of the
battery voltage. In the DC/DC converter, an electromag-
netic element, i.e., a storage inductor, is used, trandating
the electrical energy from the battery into magnetic energy
and back into electrical energy again. In the load, the
electrical energy from the DC/DC converter is converted
into sound, vision, motion, EM radiation, etc.
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monitor and control

Fig. 1. The energy chain from mainsto 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, especialy 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 al 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, ssimulation models of al links in the energy
chain are essential. For example, an approach for mod-
elling transformers has been developed, using the physical
parameters of the transformer (number of turns of the
windings, core dimensions, material constants, etc.) and
yielding an electronic circuit suitable for simulation in an
electronic-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 PSTARO,
which is developed by and commonly used within Philips
Electronics. Other circuit simulators, e.g., SPICEO, can
also be used, as long as they alow 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
(SoC) agorithms, optimal supply voltages for the various
system parts of the load, etc. Implementation of such
algorithms form part of a so-caled Battery Management
System.

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

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
[14-20]. Three approaches can be distinguished.

(i) The equivaent electronic circuit may consist of
linear passive elements, i.e., resistances, capacitances and
inductances, to account for the impedance of batteries
[14-17]. However, due to the complex non-linear be-
haviour of batteries, these models generally fail to describe
the most important battery characteristics.

(ii) The equivalent electronic circuit may consist of
linear passive elements in combination with voltage sources
describing the battery behaviour using look-up tables
[18,19]. 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.

(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
been 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 mathematicad 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
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
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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
account [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. Finaly, conclusions are drawn in Section 6.
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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 al 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 elementsin 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

nickel cadmium
electrode electrode
40H™ == 02+ 2H0 + 4e” Over-
0, Cd(OH), charge
o T
2
2Cd
4NiOOH charge
storage  Qpj, Max charge Qcd, Max
capacity l 40H” l
discharge i
aNi(OH), | 59 lacd(oH)g discharge
_______________ 2 40H" e 4e- _____________l_
Q
Qcd(oH),, Ni| |Cd(OH)2 & Cd. ¢ Over-
0, discharge

40H == 03+ 2H,0 + 4e~

Separator

+
KOH electrolyte
Fig. 2. Schematic representation of a sealed rechargeable NiCd cell.
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reactions. During charging, at the nickel electrode Ni(OH),
is oxidised to NiOOH. At the same time, Cd(OH), is
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 OH™ ions inside the electrolyte. Externally,
the current flows through the charger and /or load.

2.2. Sde reactions taking place during overcharging and
overdischarging

Besides the main storage reactions, electrochemical side
reactions also take place, especialy 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
the grey area Cd(OH), at the nickel electrodein Fig. 2. All
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. Overcharging

An overcharge reserve of excess Cd(OH), is added to
the cadmium electrode to prevent too high pressure buildup
during overcharging. Hence, the nickel electrode is the
capacity determining electrode, which is reflected in
Quimax PEING smaller than Qgy o N Fig. 2. As aresult,
during the charge process the nickel electrode will run out
of Ni(OH), before the cadmium electrode will run out of
Cd(OH),. A different oxidation reaction has to occur at the
nickel electrode, which will start to produce oxygen,
whereas metallic Cd is still formed at the cadmium elec-
trode because of the excess Cd(OH),. Evolution of oxygen
at the nickel electrode takes place by oxidizing OH™ 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 OH™ ions. Especialy, the
reduction of oxygen at the cadmium electrode generates a
lot of heat, which leads to arise in temperature, as will be
described in Section 4.

2.2.2. Overdischarging

An overdischarge reserve of excess Cd(OH),, generaly
denoted as depolarizer, is added to the nickel electrode in
the amount Qg o), ni s indicated in Fig. 2. Additionally,
some metallic cadmium is added to the cadmium electrode
in an amount Qg cq SMaller than Qcy on, ni- Thisis done

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 evolution/oxidation cycle is
avoided [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
metallic Cd. At this moment, the excess Cd(OH), at the
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 arise in oxygen pressure. When the oxygen
pressure increases, the oxygen reduction reaction starts to
compete with the Cd(OH),, reduction reaction at the nickel
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
(Standard Hydrogen Electrode) are 0.520 V and — 0.808
V, 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.
SHE 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 eguations. 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 eguations. Hereby, use is
made of the analogy in energy and power definitionsin the
several domains, i.e., the electrical domain, the chemical
domain and the temperature domain [27]. The anaogy
between the electrical, chemical and therma 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 therma domains
Electrical domain Chemical domain Thermal domain
Quantity Symbol Unit  Quantity Symbol Unit Quantity Symbol Unit
Voltage \ \% Chemical potential “ J/mol Temperature T K
Current | A Chemical flow Jen mol /s Hest flow Jin W
Electrical power Py=VI w Chemical power Pen = e w ‘Thermal power’ P =T WK
Charge Q=1lt Cc Molar amount m=Jgyt mol Hest Qi = Jint J
Electrical energy Ey =Pyt J Chemical energy Egn = Pant J ‘Thermal energy’ Ei = Pt XK
Electrical capacitance Cy=Q/V F Chemical capacitance C,,=m/u mol?/J Thermal capacitance  Cy, =Qu/T  J/K
Electrical resistance Ry =V/I Q Chemical resistance Ry =m/Jqy Js/mol>  Thermal resistance Rn=T/d K/W

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
[27].

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,=N=#e and f,=N=f,, where N denotes the trans-
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 CY, representing
the double-layer capacitance. This double-layer capaci-
tance is aresult of the charge separation effect taking place
at the electrode surface in the electrolyte. The electrodes
are separated by a resistance R,, modelling the ionic
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-
guished, which denote from top to bottom: (i) the nickel
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 paralel can be distinguished, which
denote from top to bottom: (i) the cadmium storage reac-
tion and (ii) the oxygen side reaction.

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

non-linear capacitances C;, where i denotes the reacting
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 the
oxidation reaction and the other represents the reversed
reduction reaction. The voltage across each transformer
equals the so-called equilibrium potential V;*! of the corre-
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 hon-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
domain 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 Jy, , where the index k indicates the
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 Ry, is integrated in
the cell thermal capacitance C,;. The amount of charge on
this capacitance represents the amount of hest in the cell
and the voltage across this capacitance represents the
internal cell temperature T, using the analogy of Table 1.
C,np represents the thermal capacitance of the environ-
ment, where the voltage across this capacitance corre-
sponds to the ambient temperature T,.,. A temperature
difference between the cell and its environment will result
in a heat flow through thermal resistance Ry, which is
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 m{2, including the
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.

electroactive 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 R,
representing the electrolyte. Again considering an AA size
NiCd cell, the value of the electrolyte resistance is fixed at
10 mQ, which isin 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
area of 0.2 F/m? [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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Cd and Cd(OH),, (see Fig. 2). In the present model, a value
of 2.4 F is assumed for the double-layer capacitance of the
nickel electrode CY, whereas a value of 4.7 F is assumed
for C3,. A value of 14 J/K for C., and a vaue of 25
K/W for Ry, is estimated for the AA size NiCd cell in this
paper. If the value of C,,,, istaken very high, the tempera-
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 alarge voltage across capacitance C,, the ambi-
ent temperature modelled by the voltage across capaci-
tance C,,, will hardly change. An example of a more
complex thermal model of the cell environment will be
given in Section 5. The parameter values related to the
congtruction 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

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 w of a
reacting speciesi in a reaction taking place at the electrode
surface s is given by Eq. (1) [29].

S

i = pud + RTIn + zF¢ (1)

i,ref

In Eq. (1), u¥ denotes the standard chemical potential
of reacting species i (in J/mol), R denotes the gas con-
stant (R=8.314 J/mol K), T the absolute temperature (in
K), & the surface activity of reacting species i (in
mol /m®), &, . the activity of reacting species i in the
reference state, z the charge number of reacting speciesii,
F the Faraday constant (F =96485 C/mol) and ¢ 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)

Ryi 2 mQ Ohmic resistance nickel electrode

Reyq 2 m{ Ohmic resistance cadmium electrode

Ry 10 mQ Ohmic resistance 8 M KOH electrolyte

cd 24 F Double-layer capacitance nickel electrode

cd, 47 F Double-layer capacitance cadmium electrode

Ay 11.8 m? Effective surface area nickel electrode

Acq 233 m? Effective surface area cadmium electrode

QniMax 3060 C Maximum storage capacity nickel electrode (see Fig. 2)

Qcd max 5000 C Maximum storage capacity cadmium electrode (see Fig. 2)
Qcd(oH),Ni 1000 C Overdischarge reserve of Cd(OH), in nickel electrode (see Fig. 2)
Qcd.cd 800 C Overdischarge reserve of Cd in cadmium electrode (see Fig. 2)
v, 15x10°6 m® Free gas volume inside the cell

Electrochemistry-related parameters

Standard free energy change for nickel reaction at 298 K
Standard free energy change for cadmium reaction at 298 K
Standard free energy change for oxygen reaction at 298 K
Principal number of electrons involved in nickel reaction
Principal number of electrons involved in cadmium reaction
Principal number of electrons involved in oxygen reaction
Charge transfer coefficient for all reactions

Exchange current nickel reaction at 50% SoC

Exchange current cadmium reaction at 50% SoC

Exchange current O, evolution reaction at nickel electrode at 10°

Pa partial oxygen pressure

Exchange current O, evolution reaction at cadmium electrode at 10°

Pa partial oxygen pressure

Exchange current O, reduction reaction at nickel electrode at 10°

Pa partial oxygen pressure

Exchange current O, reduction reaction at cadmium electrode at 10°

Pa partial oxygen pressure

AGY; 5.0 x 10* J/mol
AG, —1.6x10° J/mol
AGg, 15x 10° J/mol
N 1 -
Neg 2 -
No, 4 -
Q 0.5 -
13 0.036 x 10° A
1& 2.3x10° A
UGN 117.6x 107° A
(18,)& 23x 1073 A
(8" 05x 1073 A
(18)& 23x1073 A

O+ 5x 10" m?/s
DSy - 5x 10710 m?/s
Dg, 5x 10" 10 m?/s
doy - 1x10°8 m

do, 3x10°7 m

Diffusion coefficient of H* ions at 298 K

Diffusion coefficient of OH™ ions at 298 K

Diffusion coefficient of O, molecules at 298 K

Diffusion layer thickness of OH™ ions for cadmium reaction
Diffusion layer thickness of O, molecules
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(in V). Note that the third term in Eq. (1) is zero for
non-charged reacting species. The activity a of species i
is assumed linearly proportional to its concentration and to
its molar amount m; through an activity coefficient, where
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
constant in the present model [30].

All speciesi with a varying value of & in the course of
the reaction are represented by non-linear capacitances, the
voltage across which corresponds to the chemical potential
w; and the charge on which corresponds to the molar
amount m; of species i (see also Table 1). For each
non-linear capacitance C;, the relation between w; and m,
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 &’ of reacting
species water and OH™ ions, hence, their concentrations,
are assumed to be constant and uniform across the cell.
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 ag,,- of
OH™ ions, by including a non-linear capacitance Cg,- in
series with the other non-linear capacitances for all reac-
tions where OH™ ions are involved. Also, the activities a’
and & of an electron are unity by definition. Therefore,
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 AG?, which represents the standard free
energy change for reaction j. Note that the value of AG? is
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, = mRT, with P as the oxygen pres-
sure, V, as the free gas volume inside the cell and m as the
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 means
of ideal transformers. The chémical flow of oxygen evolu-
tion is into Cy,, whereas the chemical flow of oxygen
reduction is out of Co,- The net chemical flow of oxygen
is integrated in Cg , yleldmg the net molar amount of
oxygen.

In equilibrium, the net sum of the eectrochemical
potentials of al speciesi taking place in an electrochemi-
ca 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;, voltage

source AG;” and the secondary coil of the ideal transformer
in the chemical domain for each electrochemical reaction.
Also, in equilibrium, the surface activity & is equal to the
bulk activity a° of speciesi, i.e., there is no concentration
gradient of species i. For each electrochemical reaction,
electrons can be found a one side of the arrow of the
reaction equation, whereas OH™ ions can be found at the
other side (see also Fig. 2). For electrons, the electrostatic
potential ¢ in Eq. (1) represents the electrostatic electrode
potential ¢°, whereas for OH™ ions, the electrostatic
potential ¢ in Eq. (1) represents the electrostatic elec-
trolyte potential ¢'. As aresult, a voltage zZF(¢ps— ¢') is
present across the secondary coil of the transformer in the
chemical domain. The transformer coefficient is 1/n;F,
with n; the number of electrons involved in the electro-
chemical reaction j. This leads to the following equation
for the equilibrium potential of reaction j, V,*:

aGe RT3
L+ —In

%9 =
njF njF 1q]aq‘red

Iias

P,0X
=V°+ —In-t =¢5— ¢ (2)
: nJF Iq]aa,red

In Eq. (2), V,° denotes the standard electrode potential
of reaction j (in V) (see Section 2). The numerator of the
In term in Eqg. (2) equals the product of all surface
activities aj of the oxidising species p in an electrochemi-
cal reaction, whereas the denominator of the In term in Eq.
(2) equals the product of al surface activities ag of the
reducing species q in this reaction. The difference ¢ — ¢'
equals the potential of the electrode where reaction j takes
place. The values of AG and n; for reaction j used in the
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 |
equals the difference between the currents flowing through
the oxidation ( Lo, ) and the reduction reaction diode ( lreq, ).
The relation between this net current flowing through a
reaction path and the overpotential x; across the anti-
parallel diodes D; is given in Eq. 3, Which is known as
the Butler—VVolmer equation describing the reaction kinet-
ics [31]. This equation is used for the anti-parallel diodes
D; in Fig. 3a

a;jn;Fn; *(1faj)nj|:ni

=1°(aP)e R\ —1°(aP)e KT

kin _ _
4= 15, —1 ,

(3

In Eg. (3), the diode-like current—voltage relation for
the reaction currents lox, and |, can be clearly recog-
nized. The terms RT/q; n F and I-J?T/(l a))n;F resem-
ble the well-known thermal voltage KT /q in semiconduc-
tor physics, where «; denotes the dimensionless charge
transfer coefficient of reaction j, with 0 < @; < 1. The term
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I J-°(aib) denotes the exchange current of reaction j, which is
afunction of the bulk activities a° of the reacting speciesii
[23,24]. In ageneral form, the dependency of the exchange
current of reaction j on the bulk activities of the oxidising
and reducing species in the reaction is given by [31]:

1-a;

i
1= FAK IpTaB,ox) (gag,red) (4)

where A, is the electrode surface area at which reaction j
takes place (in m*) and k; is the standard rate constant of
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 «;, n; and I
for chosen values of a” used in the simulations in this
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-
trodes [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 aso
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 a® and the surface activities a’. This leads to a
deviation of the equilibrium potentia given in Eqg. (2), for
which a=aP, which can be expressed by an apparent
equilibrium potential V,*¥ = V,* + 7, where n, represents
the diffusion over potential. Diffusion limitation plays a
rolein all electrochemical reactions concerned in the model
presented in this paper. In the present model for the nickel
reaction, the diffusion of H* ions in the solid-state nickel
electrode is considered, for the cadmium reaction the
diffusion of OH™ ions in the electrolyte is considered and
for the oxygen reaction the diffusion of O, molecules in
the electrolyte is considered.

In the nickel electrode, during charging, Ni(OH), is
oxidised into NiOOH, and a H* ion and an electron are
released. The H* ion diffuses through the nickel electrode
to the electrode surface by ‘ hopping’ from one NiOOH site
to the other. Diffusion limitation of H* ions leads to a
concentration profile of both the NiOOH and Ni(OH),
species in the nickel electrode, where the concentration
profile of NiOOH is the reverse of that of Ni(OH),.
Hence, the apparent equilibrium potentia V{¥ is now
valid for the Ni reaction. The RC network depicted in Fig.
3a is used to calculate the surface activity & and the
concentration profiles for both NiOOH and Ni(OH),. The

electrode is therefore subdivided into x compartments,
with each capacitance C, representing the molar amount
of NiOOH and Ni(OH), in compartment X, respectively.
The value of the resistances depends on the value of the
diffusion coefficient for protons D+ in the nickel elec-
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
OH™ ions and O, molecules, respectively. In both cases
stationary diffusion with a linear concentration gradient
across a thin diffusion layer with fixed thickness d was
assumed. This assumption is alowed when the time to
build the diffusion layer is much smaller than a typica
charge—discharge time of the cell. In the case of stationary
diffusion, the diffusion current %" for diffusing species i
can be calculated from Ficks first law, yielding [29,31]:

4 NFA D@
& = T (5)
In Eg. (5), A, denotes the area through which the
species i diffuses (in m?), D, the temperature-dependent
diffusion coefficient of the diffusing speciesi and d; the
diffusion layer thickness (in m). Assuming a combined
kinetic-diffusion controlled reaction j involving the diffus-
ing species i, the overall reaction current |; can be found
from [31]:

kiny dif
Lk,

| = a7 (6)
] |jk|n + |id|f

where 1/" is found from Eq. (2). Using Eq. (6) for the
diode D; for the cadmium and oxygen reactions, the
diffusion limitation of OH™ ions and O, molecules leads
to the diffusion potential m, being present across the
diodes D;. As an extension to the present model, non-linear
capacitances Cg,,- could be added to the model of Fig. 3
describing the surface activities of OH™ ions. Similar RC
networks as for the Ni(OH), and NiOOH species can then
be used to calculate the OH™ concentration profile
throughout the electrolyte. The values of the diffusion
coefficients D; and diffusion layer thicknesses d; used in
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,** will
thermodynamically be more favourable than a redox reac-
tion with a higher value of V,*. Applying Kirchhoff's
voltage law to two reaction paths in parallel, this means
that the thermodynamically favourable reaction has a higher
overpotentia 1. 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 asingle 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 25°C. 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 conseguently the oxygen pressure, starts to
rise more steeply. Especialy, 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 —AV
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, al 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
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Fig. 4. Simulated voltage (V), oxygen pressure (P) and temperature (T)
curves as a function of State-of-Charge (SoC) during charging at 25°C
with a current of 600 mA for an AA size 600 mA h rechargeable NiCd
cell.
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Fig. 5. Measured voltage (V), oxygen pressure (P) and temperature (T)
curves as a function of State-of-Charge (SoC) during charging at 25°C
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
from left (positive terminal) to right (negative terminal).
From 0% SoC to about 90% SoC, the current will flow
through the nickel reaction path (D, and transformer) and
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
Chioon Will increase, whereas the molar amount in capaci-
tances Cy;(on), Will decrease. In the cadmium electrode,
the current will flow through the cadmium reaction path
(Dgy and transformer) and the molar amount in capaci-
tance Cy will increase, whereas the molar amount in
capacitance Ceqopy), Will decrease. Although the oxygen
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
low exchange current 15 in Eq. (3) for oxygen reaction
diodes Dy,. A negligible amount of current will flow
through the Cd reaction path at the nickel electrode, be-
cause under normal charging conditions only Cd(OH), is
present and no metallic Cd, which could be oxidized into
Cd(OH),. A negligible reduction current will flow through
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
amount of Ni(OH), will lead to a lower exchange current
1% for the nickel reaction through Eq. (4) and hence, a
higher overpotential n,; for a constant current | (see Eq.
(3)). At the same time, the apparent equilibrium potential
V¥ rises according to Eq. (2), where the surface activities
are not equal to the bulk activities. The increase of 1, and
V" results in a steep rise of the cell voltage. Conse-
quently, the overpotential of the oxygen reaction also rises,
as can be understood from applying Kirchhoff’'s voltage
law to the paralel 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 |5, for the
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 an
increase in internal oxygen pressure. Owing to the avail-
able oxygen, current may now aso 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 dlightly, 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° of the
cadmium and oxygen reaction, and hence between the
equilibrium potentials Vigd and V). Applying Kirchhoff's
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 n across the diodes Dy,
during overcharging. When a reaction takes place with a
high overpotential, it will generate a relatively large heat
flow Jy,, because heat flow generated by a reaction is
proportional t0 | eionTheaction 132]- Hence, the current
source Jy, in Fig. 3b representing the oxygen reduction at
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° and the overpotentials  have a negative tempera-
ture coefficient, the cell voltage will decrease because of
the rising temperature, yielding the — AV 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 H* 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"
will start to rise earlier in the charging process because of
a larger vaue of the diffusion overpotentia n,, leading to
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 60°C as a function of the SoC. The sum of both partial
currents equals the charge current. At the higher tempera-
ture of 60°C, 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
externaly applied load. Because the value of V\ islarger
than Vg (see Section 2), Vi is higher than VS, There-
fore, aloop 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 25°C, about 80% of charge is lost after 75 days.
This corresponds well to the typical average self-discharge
rate reported in literature of about 1% a day at 25°C [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 25°C with a 600 mA discharging current. In
the voltage curve, after approximately 1 h, a 0 V region
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Fig. 6. Simulated partial nickel (Iy;) and oxygen (lo,) currents as a
function of State-of-Charge (SoC) in the nickel electrode during charging
with a current of 100 mA at 0 and 60°C 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
Cd decreases and the amount of Cd(OH), increases. In the
nickel electrode, the amount of NiOOH decreases and the
amount of Ni(OH), increases. As explained in Section 2,
because of the excess amount of Cd at the cadmium
electrode, the nickel electrode will run out of NiOOH
before al Cd has been consumed at the cadmium elec-
trode. Consequently, at the end of discharging, the ex-
change current 15, of the nickel reaction becomes low
leading to a larger overpotential )y, and the value of the
apparent equilibrium potential V$' becomes low, mainly
because diffusion limitation of H* ions leads to a large
value of the diffusion overpotentia . The current can no
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, al current flows through
both Cd reaction paths and the resulting cell voltage
becomes closeto 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°
between the cadmium and the oxygen reaction, the poten-
tia of the cadmium electrode will now reverse. At the
nickel electrode, the oxygen reduction starts to compete
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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.
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Fig. 8. Simulated voltage (V ), oxygen pressure (P) and temperature (T)
curves as a function of time during discharging and overdischarging at
25°C 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
(Qqy) during discharging at an ambient temperature of
25°C with a current of 600 mA. The battery pack was
constructed by placing six cells in series. Two cases have
been simulated. In case (a), al six cells inside the pack
were given a capacity of 600 mAh. In case (b), al cells
were given different capacities, ranging from 700 to 450
mAbh 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
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Fig. 9. Simulated voltage (V) and oxygen pressure (P) curves as a
function of charge drawn from the battery (Q,,,) during discharging with
acurrent of 600 mA at 25°C. In (@), al six cellsin the battery pack have
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.

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, al cells will be
empty at exactly the same moment and the voltage curve is
simply the sum of six identical voltage curves. The pres-
sure curve (P(a) shown is for only one cell, but it is the
same for al six cells. The rise in oxygen pressure occurs
when all the cells have reversed their voltages, asin 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.

The curves for case (b) in Fig. 9 clearly show the result
of the different capacities inside the battery pack. Curve
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
V. This can be seen in curve V(b) as the first drop in
battery pack voltage. Because the other cells till 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-
guence, the oxygen pressure inside this cell will increase,
as can be seen from curve P(b). The battery pack voltage

Tamb
Rs
Rz Tsuppl Ri
— L ——
T Csupply @
D R5 D R4 Psupply
‘l_ = % X Icharge ><Vcell
Rsi-¢ Tic Re Tamb

e

Tamb = 250C @

1
=3 x Icharge x Veell

.|}_

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 K/W
R, Heat resistance from cell to remaining supply parts 93.3 K/W
R, Heat resistance from cell to ambient 40.8 K/W
R, Heat resistance from remaining supply partsto IC 49.8 K/W
Rs Heat resistance from cell to IC 166 K/W
Rs Heat resistance from IC to ambient 232 K/W
Ry _¢ Heat resistance from internal silicon to outside casing of IC 15 K/W
Cc Heat capacitance of 1C 18 J/K
Caupply Heat capacitance of remaining supply parts 84 J/K
a this moment is still around 2.5 V, which might alow a total power of Iy, qeVeq IS dissipated in the power

discharging to be continued even further. High pressure
buildup inside the cells may eventualy 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
Supply (SMPS) in flyback configuration [33], consisting of
a rectifying mains buffer, transformer, charge—current reg-
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
regulation 1C 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 network
replaces Ry, and C,,,. Thisis shown in Fig. 10, where the
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 the
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 Rq_ is
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,

supply, of which approximately 1/3 is dissipated in the IC
and 2/3 is dissipated in the remaining supply parts. The
voltage at node T, denotes the constant ambient tempera-
ture, the voltage at node T the IC casing temperature, the
voltage at node T, the temperature of the remaining
charger parts and the voltage at node T, the cell tempera-
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 therma 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 | e Of
1.2 A was applied during 45 min. As can be seen from Fig.
11, the cell temperature rises to a value of around 60°C 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
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Fig. 11. Simulated charge current (1,,qe), State-of-Charge (SoC), charge
efficiency and cell temperature (T,,) as a function of time for a charging
process of an AA size 600 mAh rechargeable NiCd cell with a constant
current of 1.2 A at 25°C inside a shaver.
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Fig. 12. Simulated charge current (1y,,.qe), State-of-Charge (SoC), charge
efficiency and cell temperature (T,) as a function of time for a
thermostatic charging process of a 600 mAh rechargeable NiCd cell with
acurrent starting at 1.2 A at 25°C inside a shaver. The cell temperatureis
not allowed to rise above 35°C.

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,,qe Was made a function of the cell temperature
in such a way that the cell temperature never exceeds
35°C. This may be called thermostatic charging, i.e.,
charging with a maximum temperature, as opposed to
galvanostatic 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 35°C
by adapting the charge current |,,q.. Due to the lower cell
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 sedled 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 ssimulations 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, eg., NiIMH or Li-ion rechargeable
batteries [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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