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BATTERY MANAGEMENT SYSTEM AND 
BATTERY SIMULATOR 

BACKGROUND OF THE INVENTION 

The invention relates to a battery management system 
comprising input means for receiving input signals repre 
sentative of a physical quantity of a battery and processing 
means for calculating at least one physical quantity of the 
battery at least partially based on the input signals and a 
battery temperature; and for generating an output signal 
derived from the calculated physical quantity. The invention 
also relates to a smart battery comprising a battery manage 
ment system. The invention further relates to a battery 
charger/discharger comprising a battery management sys 
tem. 

The invention also relates to a battery simulator compris 
ing: input means for receiving an input value of at least one 
parameter representative of a physical quantity of a battery; 
and processing means for calculating at least one character 
istic of a physical quantity of the battery at least partially 
based on the input value and a battery temperature; and for 
generating an output characteristic derived from the calcu 
lated characteristic of the physical quantity. The invention 
further relates to a method for simulating a behaviour of a 
battery; the method comprising receiving an input value of 
at least one parameter representative of a physical quantity 
of the battery; calculating at least one characteristic of a 
physical quantity of the battery at least partially based on the 
input value and a battery temperature; and generating an 
output characteristic derived from the calculated character 
istic of the physical quantity. 

The invention further relates to a method for producing a 
battery, comprising simulating a characteristic of the battery, 
and producing the battery according to the generated output 
characteristics. 

The application of rechargeable batteries and, particularly, 
of sealed rechargeable batteries in portable electronic prod 
ucts is rapidly groWing. Important application areas are 
portable computers (notebooks, PDAs, game computers, 
etc.), mobile phones, portable audio equipment, camcorders 
and various other cordless products, such as shavers, 
vacuum cleaners, or screW-drivers. From a consumer’s point 
of vieW a longer playing time and a longer life-time of 
battery driven products are key factors in determining their 
attractive poWer. For many products it is important that the 
consumer is informed of the actual State of Charge (SoC) of 
the battery. This is particularly the case for devices, such as 
mobile phones or camcorders, Which may be used outside 
the reach of poWer supplies, alloWing the user to determine 
Whether the battery needs to be recharged While the user still 
has access to a poWer supply. Increasingly Battery Manage 
ment Systems (BMSs) are used for, depending on the 
application, realising fast and efficient battery charging, 
alloWing exploitation of a substantial part of the available 
battery capacity, or providing information, such as the state 
of charge, to the user. The battery management system may 
be integrated With the battery (forming a so-called smart 
battery), added to a battery in a ?xed smart battery pack, 
used in a quick-charger, or implemented in a consumer 
product. It Will be understood that the term battery relates 
not only to a single battery cell but also to a group of 
batteries used in series or parallel, or a combination of both. 

The patent application NL 9001578 describes a battery 
management system Wherein an input signal, Which repre 
sents a physical quantity of the battery, such as battery 
voltage, charge or discharge current and battery temperature, 
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2 
is sampled regularly, for instance every second. The battery 
management system uses a model, describing the physical 
behaviour of the battery, to generate as the output signal an 
indication of the State of Charge based on the present and 
historic measurements. After each neW measurement the 
previous State of Charge value is updated by subtracting the 
discharge current (I d) for the sampling period and adding the 
charge current (16) for the sampling period multiplied by a 
charge ef?ciency parameter ETA (SoCn=SoCn_1—Id/3600+ 
ETA*IC/3600, Where the SoC is given in Also an 
accumulated charge and discharge current are calculated. 
Whenever a predetermined “full” or “empty” charge state is 
reached, the accumulated measurements are used to readjust 
the charge efficiency parameter. The model is programmed 
in softWare and executed by a processor. The knoWn system 
is limited to indicating the State of Charge. The system uses 
a physical model, Which uses the charge and discharge 
current as input. No use of other inputs for determining the 
State of Charge is described. The accuracy of the system is 
limited, particularly When the predetermined “full” or 
“empty” charge states are not frequently reached. 

SUMMARY OF THE INVENTION 

It is an object of the invention to provide a battery 
management system of the kind set forth Which supplies 
more reliable information, such as State of Charge, With 
respect to a condition of the battery. It is a further object to 
provide a battery management system of the kind set forth 
Which can be used for controlling fast and efficient charging 
of a battery. It is a further object to provide a battery 
management system of the kind set forth Which can be used 
for controlling charging or discharging of a battery in such 
a Way that the available battery capacity can be exploited 
ef?ciently. 
A battery management system according to the invention 

is characterised in that the processing means is conceived to: 
calculate the physical quantity based on an electrochemical/ 
physical model of the battery; the model including at least 
one representation of a main electrochemical storage reac 
tion; calculate the battery temperature based on a tempera 
ture model of a temperature development in the battery and 
to calculate the behaviour of the representation in depen 
dence on the calculated battery temperature; and derive the 
output signal at least partially from a state of the represen 
tation. 
The inventors had the insight that, in order to produce a 

better and more reliable information signal from the input 
signals, the actual behaviour of the battery needed to be 
modelled more accurately, particularly by modelling the 
main electrochemical storage reaction. In order to make the 
battery management system also suited for controlling 
charging or discharging of a battery, the inventors realised 
that existing battery management systems, capable of doing 
this, typically deal With a conservative operating range of the 
battery, avoiding unclear and more dynamic (and potentially 
dangerous) behaviour and that, as a result, it may not be 
possible to fully exploit the potentially available battery 
capacity and that the time needed to charge a battery to a 
desired charge level may be longer than required. The 
inventors had the insight that the physical and electrochemi 
cal processes in the battery are to a high extent in?uenced by 
the battery temperature and that, therefore, a model of the 
temperature development Was required in order to be able to 
better determine the state of the battery. By incorporating the 
temperature dependency in the electrochemical model the 
behaviour of the battery can be controlled and/or predicted 
under a Wider operating range. 
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It should be noted that, instead of using a model for 
implementing the battery knowledge, it is also knoWn to use 
a table, Which is indexed using one or more battery param 
eters (e.g. charge/discharge current) to produce the required 
control signal. Usually the table is derived from experiments 
With knoWn batteries. Furthermore, it is also knoWn to use 
a neural netWork Which has been trained With measurements 
of knoWn batteries. Based on the supplied battery param 
eters the neural netWork produces the required control 
signal. Both of these approaches can only be guaranteed to 
operate With a reasonably high accuracy under knoWn and 
relatively stable circumstances. These approaches, therefore, 
are not suited for handling more ‘dynamic’ situations such as 
overcharging, overdischarging or rapidly ?uctuating ambi 
ent temperature (eg placing a battery pack from a charger 
With a high temperature of eg 60° C. into a car of —10° C.). 
Even if the table contained data for the entire operating 
range of eg —10° C. to 60° C., relaxation of the battery 
(Which is not described in the table but handled separately) 
Would be different due to the temperature jump. Usually the 
alloWed temperature range is also very restricted and tem 
peratures outside this restricted temperature range can not be 
handled. By explicitly modelling the temperature behaviour 
of the battery and the in?uence of the battery on the 
electrochemical storage reaction, the system according to 
the invention is better suited for dealing With such dynamic 
situations. 

It should also be noted that some existing battery man 
agement systems in addition to the current or voltage use the 
battery temperature as an input. The measured battery tem 
perature is used to correct the 50C prediction based on the 
present temperature or to terminate the charging process 
When a too high temperature is reached, a de?ned tempera 
ture difference With an ambient temperature is reached or 
When a de?ned change in temperature occurs. 

In a further embodiment according to the invention, the 
battery management system is characterised in that the 
battery temperature is modelled as depending on an internal 
heat ?oW generated in the battery, Where the internal heat 
?oW depends on at least one of: an entropy change of the 
main electrochemical storage reaction inside the battery, a 
poWer loss through charge transfer resistance in an electro 
chemical reaction, and poWer loss through internal ohmic 
resistance of an electrode and/or electrolyte. By modelling 
the internal heat ?oW, the accuracy of the calculation of the 
battery temperature is increased and, therefore, of the entire 
battery management system. Particularly, during charging 
the battery temperature may change signi?cantly due to the 
internal heat ?oW. By, for instance, calculating the state of 
charge of the battery based on an accurate estimate of the 
battery temperature, the accuracy of the output of the battery 
management system is signi?cantly increased. 

In a further embodiment according to the invention, the 
battery management system is characterised in that the input 
means comprises an input for receiving a signal represen 
tative of an ambient temperature and in that the battery 
temperature is modelled as depending on an heat ?oW 
betWeen the battery and an environment of the battery. 
Particularly in situations Where the ambient temperature 
may change signi?cantly, it is advantageous to incorporate 
the actual ambient temperature in the calculation of the 
battery temperature. It Will be appreciated that the ambient 
temperature may change by placing the battery in an envi 
ronment With a different temperature. Particularly When the 
battery and battery management system are embedded in a 
consumer product the ambient temperature may also rise due 
to use of the product and, speci?cally for small products, due 
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4 
to heat generated by a transformer and associated electronics 
during charging. By incorporating these considerable 
changes in temperature into the model, particularly the 
accuracy of the state of charge prediction can increase 
signi?cantly. 

In a further embodiment according to the invention, the 
battery management system is characterised in that at least 
one electrode comprises an overdischarge reserve; in that the 
model includes a second representation for an electrochemi 
cal side reaction involving the overdischarge reserve; and in 
that the processing means is conceived to calculate a state of 
the second representation in dependence on the calculated 
battery temperature and to derive the control signal at least 
partially from a state of the second representation. By 
incorporating the electrochemical side reaction involving 
the overdischarge reserve into the model, the accuracy of the 
model improves even further and, therefore, the accuracy of 
the output signal. 

In a further embodiment according to the invention, the 
battery management system is characterised in that the 
battery temperature is modelled as depending on an entropy 
change of the electrochemical side reaction involving the 
overdischarge reserve. Advantageously, also the in?uence of 
the electrochemical side reaction involving the overdis 
charge reserve on the battery temperature (and, therefore, 
also on the main electrochemical storage reaction and the 
output signal) is incorporated. 

In a further embodiment according to the invention, the 
battery management system is characterised in that the 
battery is of a sealed type; in that the model includes a third 
representation for an electrochemical side reaction involving 
gas; and in that the processing means is conceived to 
calculate a state of the third representation in dependence on 
the calculated battery temperature and to derive the output 
signal at least partially from a state of the third representa 
tion. Particularly during overcharging or overdischarging of 
aqueous battery systems, the electrochemical side reaction 
involving gas in?uences the main electrochemical storage 
reaction. Incorporating this effect enables increasing the 
accuracy of the output signal. 

In a further embodiment according to the invention, the 
battery management system is characterised in that the 
battery temperature is modelled as depending on an entropy 
change of the electrochemical side reaction involving gas. 
Advantageously, also the in?uence of the electrochemical 
side reaction involving gas on the battery temperature (and, 
therefore, also on the main electrochemical storage reaction 
and the output signal) is incorporated. 

In a further embodiment according to the invention, the 
battery management system is characterised in that the 
processing means is conceived to calculate a battery pres 
sure based on a pressure model of a pressure development in 
the battery for the received input signals and to calculate the 
behaviour of the third representation in dependence on the 
calculated battery pressure. Particularly as a result of gas 
development, pressure may build-up, in?uencing the gas 
side reaction. Incorporating this effect enables increasing the 
accuracy of the output signal. 

In a further embodiment according to the invention, the 
battery management system is characterised in that the 
model includes a fourth representation for modelling ion 
transport in an electrode and/or electrolyte; and in that the 
processing means is conceived to calculate a state of the 
fourth representation and an in?uence of the fourth repre 
sentation on the ?rst and/or second representation. By mod 
elling the ion transport, such as the transport of protons for 
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a NiCd battery, the kinetics of the reactions in the battery are 
modelled better. Incorporating this effect enables increasing 
the accuracy of the output signal. 

In a further embodiment of the battery management 
system according to the invention, Wherein the control 
signal controls at least a battery charger, the battery man 
agement system is characterised in that the processing 
means is conceived to control the charging of the battery by 
maintaining a battery temperature substantially at a prede 
termined temperature curve. The temperature highly deter 
mines the behaviour of the battery. Advantageously, a charg 
ing scheme used by the battery charger controls the battery 
temperature according to a desired temperature curve, 
alloWing faster or more fully charging of the battery. 

It is a further object of the invention to provide a smart 
battery of the kind set forth Which supplies more reliable 
information, such as State of Charge, With respect to a 
condition of the battery. It is a further object to provide a 
smart battery of the kind set forth Which can be charged fast 
and efficiently. It is a further object to provide a smart battery 
of the kind set forth Which can be charged and/or discharged 
in such a Way that the available battery capacity can be 
exploited efficiently. This object is achieved by the smart 
battery comprising a battery; measuring means for measur 
ing at least one physical quantity of the battery; a battery 
management system, Wherein the measuring means is con 
nected to the input means of the battery management sys 
tem; and information/control means for presenting informa 
tion With respect to physical quantity of the battery and/or 
controlling charging/discharging of the battery in response 
to the output signal of the battery management system, 
Where for the battery management system one of above 
described battery management systems is used. 

It is a further object of the invention to provide a battery 
charger/discharger of the kind set forth Which supplies more 
reliable information, such as State of Charge, With respect to 
a condition of the battery. It is a further object to provide a 
battery charger/discharger of the kind set forth Which can be 
used for fast and efficient charging of a battery. It is a further 
object to provide a battery charger/discharger of the kind set 
forth Which can be used for charging or discharging of a 
battery in such a Way that the available battery capacity can 
be exploited efficiently. This object is achieved by the 
battery charger/discharger comprising measuring means for 
measuring at least one physical quantity of a battery; a 
battery management system, Wherein the measuring means 
is connected to the input means of the battery management 
system; and control means for controlling charging and/or 
discharging of the battery in response to the output signal of 
the battery management system, Where for the battery man 
agement system one of above described battery management 
systems is used. 

It is desired to provide batteries for equipment, such as 
portable or cordless products, Which give a long playing 
time and/or have a long life-time. To this end, increasingly 
application-speci?c batteries are developed for such 
equipment, for instance considering average and peak poWer 
requirements of the equipment and energy requirements for 
the equipment. It is knoWn to use a battery simulator to 
simulate characteristics of the battery, based on input param 
eters Which represent a physical quantity of a battery. By 
adjusting the input parameters, it can be checked Whether a 
battery design based on the design input parameters provides 
the required result. An eXample of a design parameter Which 
can be chosen is the particle siZe of the electrode material, 
Which in turn contributes to the surface area of the electrode 
and, as such, in?uences the charge transfer kinetics. If the 
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6 
simulation shoWs that the calculated characteristic(s) meet a 
predetermined criterion (eg the supplied current is suffi 
cient for a given duration of stand-by poWer consumption 
and full poWer consumption), the battery is produced based 
on the design parameters Which gave the desired result. In 
practice, hoWever, the simulated results do not alWays 
suf?ciently accurately match the observed real behaviour of 
the battery. 

It is a further object of the invention to provide a battery 
simulator of the kind set forth Whose simulation results 
better match the real behaviour of a battery. It is a further 
object to provide a method for simulating a battery leading 
to simulation results Which better match the real behaviour 
of a battery. It is a further object of the invention to provide 
a method for producing a battery in Which a characteristic of 
the battery better matches a predetermined criterion. 

To meet the object of the invention, the battery simulator 
is characterised in that the processing means is conceived to 
calculate the battery temperature based on a temperature 
model of a temperature development in the battery; calculate 
the characteristic of the physical quantity based on an 
electrochemical/physical model of the battery; the model 
including at least one representation of a main electrochemi 
cal storage reaction, Whose behaviour depends on the cal 
culated battery temperature; and derive the output charac 
teristic at least partially from a state of the representation of 
the main electrochemical storage reaction. 
To meet the object of the invention, the method for 

simulating a behaviour of a battery is characterised in that 
the method comprises: calculating the battery temperature 
based on a temperature model of a temperature development 
in the battery; calculating the characteristic of the physical 
quantity based on an elertrochemical/physical model of the 
battery; the model including at least one representation of a 
main electrochemical storage reaction Whose behaviour 
depends on the calculated battery temperature; and deriving 
the output characteristic at least partially from a state of the 
representation of the main electrochemical storage reaction. 
To meet the object of the invention, the method for 

producing a battery, comprises: simulating a characteristic 
of the battery, by 

iteratively: selecting a value for at least one parameter 
representative of a physical quantity of the battery; 
calculating at least one characteristic of a physical 
quantity of the battery at least partially based on the 
parameter value and a battery temperature, by: calcu 
lating the battery temperature based on a temperature 
model of a temperature development in the battery; and 
calculating the characteristic of the physical quantity of 
the battery based on an electrochemical/physical model 
of the battery; the model including at least one repre 
sentation of a main electrochemical storage reaction 
Whose behaviour depends on the calculated battery 
temperature; the calculated characteristic at least par 
tially being derived from a state of the representation of 
the main electrochemical storage reaction; 

until the calculated characteristic meets a predetermined 
criterion; and producing the battery from battery mate 
rials by selecting and/or adapting a chemical compo 
sition and/or physical characteristic of the battery mate 
rials according to the parameters values last selected in 
the iteration. 

The selected parameter values may directly or indirectly 
determine aspects such as the particle siZe of the electrode 
material (used for selecting or pre-processing the raW elec 
trode material), the composition of the electrochemically 
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active species of the electrodes involved in the energy 
storage reaction, Whether and the eXtent in Which use is 
made of other battery materials (such as resistance lowering 
materials), or Whether surface depositing of other metals or 
materials on the electrode takes place. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other aspects of the invention Will be apparent 
from and elucidated With reference to the embodiments 
shoWn in the draWings. 

FIG. 1 shoWs a block diagram of a smart battery incor 
porating the battery management system according to the 
invention, 

FIG. 2 shoWs a block diagram of a battery charger/ 
discharger incorporating the battery management system 
according to the invention, 

FIG. 3 illustrates main elements and electrochemical 
reactions of a NiCd battery, 

FIG. 4 shoWs an experimental behaviour of a NiCd 
battery, 

FIG. 5 shoWs an electrical netWork representing electro 
chemical reactions in a NiCd battery, 

FIG. 6 illustrates a model for proton diffusion in a NiCd 
battery, 

FIG. 7 shoWs an electrical netWork modelling the devel 
opment of the temperature of a battery, 

FIG. 8 shoWs curves of simulated voltage vs. charge 
behaviour of a NiCd battery as a function of the current, 

FIG. 9 shoWs curves of simulated pressure vs. charge 
behaviour of a NiCd battery as a function of the current, 

FIG. 10 shows curves of simulated temperature vs. charge 
behaviour of a NiCd battery as a function of the current, 

FIG. 11 shoWs curves of simulated voltage vs. charge 
behaviour of a NiCd battery as a function of the ambient 
temperature, 

FIG. 12 shoWs curves of simulated pressure vs. charge 
behaviour of a NiCd battery as a function of the ambient 
temperature, 

FIG. 13 shoWs curves of simulated state-of-charge vs. 
charge behaviour of a NiCd battery as a function of the 
ambient temperature, and 

FIG. 14 shoWs curves of simulated selfdischarge behav 
iour of a NiCd battery at different ambient temperatures. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

FIG. 1 illustrates a block diagram of the battery manage 
ment system 100 according to the invention. As an eXample, 
the battery management system 100 is integrated With a 
battery 110, measuring means 120 and information/control 
means 130, forming a smart battery 10. The smart battery 10 
comprises at least tWo terminals 140, 142 for supply/ 
reception of poWer. Typically, the poWer is DC. If required 
also means for converting AC to DC, and/or vice versa, may 
be included alloWing for the supply/reception of AC poWer. 
The measuring means 120 are used to measure at least one 
physical quantity of the battery. As an eXample, the mea 
suring means 120 of FIG. 1 comprises a current measurer 
122, a voltage measurer 124 and a temperature measurer 
126. In itself such measurement means are knoWn. As an 
eXample, the current measurer 122 may be implemented by 
including a loW resistance device, such as for eXample a 0.1 
ohm resistor, in one of the path from the terminals 140 and 
142 to corresponding poles 144 and 146 of the battery 110 
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8 
and monitoring the voltage across the resistance device. 
Alternatively, a current sensing MOSFET may be used for 
the current measurer 122. The voltage measurer 124 may be 
implemented by comparing the voltage betWeen the poles 
144 and 146 of the battery 110. The temperature measurer 
126 may be implemented using a temperature sensor, Which 
may be formed using a temperature sensitive resistor. The 
temperature measurer 126 may be used to measure the 
temperature of the battery 110 by positioning a temperature 
sensitive part of the temperature measurer 126 close to the 
battery 110 (eg on a seal of the battery), or integrating the 
temperature sensitive part of the temperature measurer 126 
With the battery 110. This alloWs the battery management 
system 100 to compare the measured battery temperature 
against the battery temperature calculated by the battery 
management system 100 and adapt the model to the mea 
sured temperature. Advantageously, the temperature mea 
surer 126 measures the ambient temperature, in Which case, 
preferably, the temperature sensitive part of the temperature 
measurer 126 is located such that primarily the ambient 
temperature is measured instead of the battery temperature. 
It may be required to locate the temperature sensitive part of 
the temperature measurer 126 on the outside of a pack of the 
smart battery or even further removed from the pack. It Will 
be appreciated that the measuring means 120 may comprise 
a temperature sensor for sensing the battery temperature as 
Well as a temperature sensor for sensing the ambient tem 
perature. The measuring means 120 provides the measured 
signals to input means 102 of the battery management 
system 100. Typically, the measured signals Will be 
analogue, Whereas the battery management system 100 
processes digital signals. To perform the required 
conversion, an A/D converter 128 may be included in the 
measuring means 120, or alternatively in the input means 
102 of the battery management system 100. 
The information/control means 130 may be used for 

presenting information With respect to a physical quantity of 
the battery. The information, such as a State of Charge, may 
be presented to a user, for instance using a display 132, such 
as an LCD, or supplied as an information signal 134 to a 
device Which incorporates the smart battery 10. Alterna 
tively or additionally, the information/control means 130 
may be used for controlling charging and/or/discharging of 
the battery. To this end, the information/control means 130 
may comprise a charging controller 136 and/or a respective 
discharging controller 138. The charging controller 136 may 
be implemented in a conventional manner, for instance using 
a controllable sWitch, such as a transistor or MOSFET, to 
terminate the charging. The charging controller 136 may 
also provide a charge control signal 137 to the device Which 
incorporates the smart battery 10, alloWing the device to 
control the charging. The discharge controller 138 may use 
conventional logic to in?uence the discharging, eg by 
in?uencing a controllable voltage or current regulator. 
Preferably, the discharge controller 138 provides a discharge 
control signal 139 to the device Which incorporates the smart 
battery 10. In response the device, such as a portable 
computer, may perform a predetermined shut-doWn proce 
dure (such as saving critical data) or limit the poWer con 
sumption. The information/control means 130 receives an 
output signal from output means 104 of the battery man 
agement system 100. Typically, the information/control 
means 130 produces an analogue information or control 
signal. The information/control means 130 may comprise a 
D/A converter 131 for performing the required D/A conver 
sion. Alternatively, the output means 104 of the battery 
management system 100 may comprise a D/A converter. 
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The battery management system 100 comprises process 
ing means 105. The processing means 105 may be imple 
mented using combinatorial logic. Preferably, the processing 
means 105 is implemented using a programmable controller/ 
microprocessor 106. The programmable controller/ 
microprocessor 106 may be based on a conventional CISC 
or RISC type of controller or microprocessor, such as 
usually used for embedded applications. The controller 106 
operates under control of a program stored in a program 
memory 107, such as ROM. The controller 106 may use a 
non-volatile data memory 108 for storing parameters of a 
more permanent nature, such as parameters of the model 
executed on the controller 106. Fixed parameters may be 
stored in ROM. Parameters, Which may change over time, 
such as ageing sensitive parameters may be stored in 
EPROM or EEPROM. The controller 106 may also use a 
volatile data memory 109, such as RAM or registers, for 
temporarily storing data. The battery management system 
100 may use a bus 101 for coupling the input means 102, 
output means 104 to the processing means 105. 
Advantageously, the bus 101 is also used for coupling the 
components of the processing means 105, such as the 
controller 106, the program memory 107, the non-volatile 
data memory 108, and the volatile data memory 109. 
Advantageously, the processing means 105, the input means 
102 and output means 104 are integrated in one component, 
such as a single-chip micro-controller. 

Advantageously, the battery management system 100 
comprises means for adapting the model used by the battery 
management system 100. For instance, conventional tech 
niques may be used to adapt parameters used by the model 
in such a Way that one or more calculated physical quantities 
of the battery closer correspond to measured physical quan 
tities of the battery. The adapting means may in this Way be 
used to achieve that tolerances in the production process, 
such as small differences in the quantities of the species, 
Which result in the behaviour of speci?c batteries deviating 
from the behaviour of a standard battery are corrected by 
adapting the model for the standard battery to a speci?c 
model for the speci?c battery for Which the model is used at 
that instance. Preferably, the adaption means is used con 
tinuously or repeatedly during the life-time of the battery to 
adapt the model, catering for battery degradation during the 
life-time of the battery. 

FIG. 2 illustrates a block diagram of a battery charger 200 
incorporating the battery management system 100 according 
to the invention. Like numerals indicate like means as in 
FIG. 1. The battery charger 200 comprises at least tWo 
terminals 202 and 203 for connection to poles of a battery. 
It Will be appreciated that if the battery charger 200 is 
included in a consumer product, the battery may be com 
bined With the battery charger 200. The battery charger also 
comprises at least tWo terminals 210 and 212 for connecting 
the battery charger 200 to a poWer supply. If the battery 
charger is poWered by AC poWer, advantageously the battery 
charger comprises an AC to DC converter 220. The AC/DC 
converter 220 may be implemented in a conventional Way, 
such as using a recti?er and, if required, a transformer. The 
charging controller 136 preferably comprises means for, 
under control of the battery management system 100, con 
trolling the charging. The charging controller 136 may be 
implemented using conventional means, depending on the 
charging scheme implemented by the battery charger 200. 
KnoWn charging schemes include constant current charging, 
constant voltage charging, pulsed current charging and 
pulsed voltage charging. Also a combination of schemes 
may be used, such as for instance knoWn from charging 
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Li-ion batteries, Where initially a current charging scheme is 
used until a maXimum voltage has been reached, from Which 
moment onWards a (constant) voltage charging scheme is 
used. 

The processing means 105 of the battery management 
system 100 processes the input signal(s) received via the 
input means 102. As described before, the input signals 
represent a physical quantity of the battery, such as current 
and voltage. Also other relevant signals, such as ambient 
temperature, may be received as an input signal. It Will be 
appreciated that one or all of the signals may be digital 
signals or analogue signals. An analogue signal needs to be 
converted to a digital signal, using an A/D converter, if the 
processing means 105 is implemented using a micro 
controller or microprocessor. It Will also be appreciated that 
the signals may be permanently available or, alternatively, 
sampled at predetermined intervals, preferably under control 
of the processing means 105. The processing means 105 
uses knoWledge of a battery, in the form of a battery model, 
to generate an output signal via the output means 104. The 
output signal is derived from a calculated physical quantity 
of the battery, such as the State of Charge or temperature. 
The processing means 105 may be limited to calculating the 
behaviour of one speci?c type of battery. This is, typically, 
suf?cient for applications Where the battery management 
system 100 and the battery are integrated in a smart battery 
pack or in a consumer product. For situations Where the 
battery management system 100 is not limited to one type of 
battery, the battery management system 100, 
advantageously, includes a speci?c model for each different 
type of battery supported by the battery management system 
100. Preferably, a communication system is used connecting 
the battery management system 100 to a smart battery, 
alloWing the battery management system 100 to determine 
the type of battery and calculate the behaviour of the battery 
using the most appropriate model. Alternatively, the battery 
management system 100 may receive input from a user 
specifying the type of battery. Such input may be received 
via a user interface of the battery charger 200, Which 
incorporates the battery management system 100. The bat 
tery management system 100 may also be able to automati 
cally determine Which of the supported models best suits the 
battery, by, at least initially, calculating a behaviour of the 
battery using more than one model and choosing the model 
Whose outcome best matches the measured signals. 
Alternatively, a general purpose battery charger 200 may 
comprise a battery model Which is generalised from models 
of the supported range of batteries. 

In the remainder, as an eXample details are given for a 
model of a NiCd battery. It Will be appreciated that the same 
techniques can be used for other devices, such as NiMH, 
Li-ion, and Li-polymer batteries. The model is based on the 
electrochemical reactions and physical processes taking 
place inside the battery. The model is described in the form 
of mathematical equations. The model equations have been 
veri?ed using a netWork approach, Wherein the mathemati 
cal description of the processes have been converted to an 
electronic circuit consisting of linear and non-linear circuit 
elements, representing the model equations. An electrical 
circuit simulator, such as PSTAR, has been used to analyse 
the circuit. Techniques for implementing such mathematical 
equations or, alternatively, the electronic netWork in the 
processing means 105 are generally knoWn. One approach is 
to, similar to the electronic circuit simulator, repeatedly 
sample the input signals and numerically solve the equa 
tions. 
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The Concept of Sealed Rechargeable NiCd Batteries 
Aschematic representation of a NiCd battery is shown in 

FIG. 3. The battery comprises a nickel electrode 300 and a 
cadmium-electrode 310 Which are electrically insulated 
from each other by a separator 320. In order to provide ionic 
conductivity betWeen the tWo electrodes during current ?oW, 
both separator and electrodes are impregnated With a con 
centrated alkaline solution (not shoWn). The electrochemi 
cally active species involved in the energy storage reactions 
are indicated in FIG. 3. During charging nickelhydroxide 
(Ni(OH)2) is oxidiZed to nickeloxyhydroxide (NiOOH) and 
cadmiumhydroxide (Cd(OH)2) is reduced to metallic cad 
mium (Cd). The nominal storage capacity 330 of the battery 
is indicated by the White areas of both electrodes 300 and 
310. The model used by the battery management system 100 
includes at least one representation of the main electro 
chemical storage reaction. For NiCd batteries, the basic 
electrochemical charge transfer reactions in its most simpli 
?ed form are as folloWs: 

(1) 
charge 

Ni(OH)2 + OH‘ NiOOH + H2O + e' 
<— 

discharge 

(2) 
charge 

<— 

discharge 

During charging divalent Ni” is oxidiZed into the trivalent 
Nil” state and Cd(OH)2 is reduced to metallic Cd. The 
reverse reactions take place during discharging. 

To ensure the Well-functioning of sealed rechargeable 
batteries under all circumstances, typically, the battery is 
designed in a very speci?c Way, in particular to prevent gas 
pressure build-up Within the batteries during overcharging 
and overdischarging. The various side-reactions taking place 
under these conditions Will be discussed beloW. 

The Cd-electrode 310 comprises an overcharge reserve 
340 in the form of an excess amount of Cd(OH)2, making the 
Ni-electrode the capacity determining electrode in a NiCd 
cell. As a consequence, oxidation of OH“ ions is forced to 
occur at the Ni-electrode during overcharging, through 
Which oxygen evolution starts, according to 

Simultaneously, reduction of Cd(OH)2, in excess present in 
the Cd-electrode, still continues according to reaction As 
a result, the partial oxygen pressure Within the cell starts to 
rise and induces electrochemical conversion of 02 at the 
Cd-electrode according to 

(4) 

This recombination reaction thus competes With reduction of 
Cd(OH)2 (reaction Some investigators claim that 02 
can also chemically react With electrochemically formed Cd. 
The net effect is, hoWever, in both cases the same, i.e. that 
the recombination reaction limits the internal gas pressure. 
In the steady-state, the amount of oxygen evolved at the 
Ni-electrode is equal to the amount of oxygen recombining 
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at the Cd-electrode. This implies that all electrical energy 
supplied to the battery during overcharging is completely 
converted into heat. It can be concluded that, dependent on 
the competition betWeen reaction (2) and (4), the gas pres 
sure and/or the temperature of the battery Will rise during 
overcharging. This is con?rmed by experimental curves 
shoWn in FIG. 4. 

Protection against overdischarging is also of considerable 
importance, especially When batteries, With inevitably small 
differences in storage capacity, are used in series. Since a 
hydrogen recombination cycle has to be avoided due to the 
poor electrocatalydic activity of the Cd-electrode With 
respect to the H2 oxidation reaction, usually an overdis 
charge reserve 350 in the form of a signi?cant amount of 
Cd(OH)2, generally denoted as depolariser, is added to the 
Ni-electrode and, to a lesser extent, some metallic Cd is 
added to the Cd-electrode. During overdischarge the 
Cd(OH)2 present in the Ni-electrode, is reduced to metallic 
Cd (reaction (2)), While the excess of metallic Cd is still 
being oxidiZed at the Cd-electrode. As the amount of extra 
Cd With respect to Cd(OH)2 is limited, oxygen gas Will be 
evolved at the Cd-electrode during continuation of the 
discharge process. Again an oxygen recombination cycle is 
established, noW starting at the cadmium electrode, as 
indicated in FIG. 3. When this oxygen recombination cycle 
starts, i.e. When 02 is evolved at the Cd-electrode at positive 
potentials and converted again into OH“ at the Ni-electrode 
at very negative potentials, a potential reversal of the battery 
occurs. 

Preferably, the model used by the battery management 
system 100 also includes a representation of the electro 
chemical side reaction involving gas, such as for a NiCd 
battery given by reactions (3) and Advantageously, the 
model used by the battery management system 100 addi 
tionally or alternatively also includes a representation of the 
electrochemical side reaction involving the overdischarge 
reserve 350, Which for NiCd batteries may be formed by 
Cd(OH)2 at the Ni-electrode and additional Cd at the 

Cd-electrode, and involves reaction Electronic NetWork Model of a Sealed Rechargeable NiCd 

Battery 
The electrochemical and physical processes occurring in 

a sealed rechargeable NiCd battery can be described by a set 
of mathematical equations. For each of these processes an 
equivalent electronic circuit element can be designated, 
Which behaves according to the corresponding mathematical 
equation. By combining these electronic circuit elements in 
an electronic netWork, a battery model can be created, in 
Which the individual processes as Well as the relations 
betWeen the processes can be modelled. 
An electronic netWork model for a sealed rechargeable 

NiCd battery is shoWn in FIG. 5 With a main electrical circuit 
(FIG. 5a) and an auxiliary circuit (FIG. 5b) to calculate the 
partial oxygen pressure and oxygen reaction equilibrium 
potential. 

In FIG. 5a the three main parts of the NiCd battery can be 
distinguished in the form of a nickel electrode model 500, an 
electrolyte model 520 and a cadmium electrode model 530. 
The nickel electrode model 500 compulses a parallel con 
struction n of three sub-models 502, 504 and 506, each 
modelling a respective electrochemical reaction: the nickel 
main charge/discharge reaction, the oxygen overcharge reac 
tion and cadmium overdischarge reaction. Each electro 
chemical reaction is modelled by a respective variable 
capacitor 508, 510, 512, in Which chemical energy can be 
stored, in series With a respective block 514, 516, and 518 
of tWo anti-parallel diodes. The anti-parallel diodes describe 
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the kinetics of the oxidation and reduction reactions. The 
voltage across the variable capacitor equals the equilibrium 
potential of the reaction considered, Whereas the voltage 
across the anti-parallel diodes represents the reaction over 
potential. Apart from the electrochemical reactions taking 
place at the nickel electrode, the charge separation effect 
taking place at the electrode surface When the electrode is 
immersed in the electrolyte, is modelled by a double layer 
capacitor CdNl-dl 519 in parallel to the blocks 502, 504, and 
506, Which also include the reaction diodes. The ohmic 
material resistance is accounted for by the resistor RNl-S 501. 
The electrolyte model 520 comprises an ohmic resistor Re 
522. Finally, the model 530 of the cadmium electrode is 
modelled in an analogue manner to the nickel electrode. The 
model 530 comprises a sub-model 532 for the cadmium 
main charge/discharge reaction and a sub-model 534 for the 
oxygen side reaction. As before, the electrochemical reac 
tions are modelled by a respective variable capacitor 536 
and 538, in Which chemical energy can be stored, in series 
With a respective block 540 and 542 of tWo anti-parallel 
diodes. The model 530 also comprises a sub-model With the 
double layer capacitance CCddl 544 in parallel to the blocks 
532 and 534 for modelling the charge separation effect 
taking place at the electrode surface When the electrode is 
immersed in the electrolyte. The ohmic material resistance is 
accounted for by the resistor RC; 546. 

and 

It Will be appreciated that not all elements of FIG. 5a need 
to be represented in the model implemented in the battery 
management system 100. Preferably, ohmic resistance of the 
electrodes and electrolyte, represented by 501, 522 and 546, 
are represented in the model, as Well as the main electro 
chemical storage reaction, represented by the sub-models 
502 and 532. Preferably, also the charge separation effect at 
the elertrode surfaces, modelled by 519 and 544, is repre 
sented. 

Advantageously, in a more advanced embodiment of the 
battery management system according to the invention, also 
the side reaction involving gas is represented in the model. 
For the described NiCd battery this involves oxygen as 
represented by 504 and 534. It Will be appreciated that 
optionally only the gas side reaction relating to overcharging 
may be included, Which is represented by the diodes 560 and 
562 and does not require the diodes 564 and 566. 

In a further embodiment of the battery management 
system according to the invention, the overdischarge 
reaction, represented by 506 and 532 (for the excess 
cadmium), is also included. In this embodiment the diodes 
564 and 566, representing the aspect of the gas side reaction 
relating to overdischarging, are included. It Will be appre 
ciated that this extension may be in addition to or replacing 
the overcharge reaction involving gas. 
Mathematical Description of the Nickel Elertrode 

The electrical double layer capacitance can in its simplest 
form be modelled by a ?at plate capacitor, as indicated by 
CNl-dl 519 in FIG. 5a. The double layer charging current 
I dl(t), as a function of the time t, can be represented by: 

14 

d (5) 
1M1): E(ANILI) = 

dAN; d dANi 
+ ANi —q(E/vi) = QUE/vi) 

dz dz 

dE - 

+ANiCi/li N‘ 

where AM- is the electrode surface area, q the charge density, 
CNl-dl is the differential double layer capacity and EM- is the 

10 electrode potential. Since the electrode surface area Will be 
more or less constant during electrochemical operation, the 
term 

(E )dANi 15 4 N1 m 

can be omitted. 

For the Ni electrode a one-dimensional approach may be 
20 adopted Which treats the electrode as a slab of uniform 

thickness in Which the Ni(OH)2 and NiOOH species coexist 
in a single homogeneous phase of variable composition. 
Assuming that the charge transfer is a ?rst order reaction, the 
partial oxidation current I Ni“ and reduction reactions current 
INZ-C can be represented by: 

(6) 

(7) 

35 

Where a]-(0,t) refers to the surface (x=0) activity of the 
various electroactive species j as a function of time (t) and 
kONi is the potential-independent standard rate constant. The 
latter quantity varies With the temperature according to the 

40 Arrhenius equation, i.e. 

j: 

45 

Where y is a pre-exponential factor and Ea is the activation 
energy. Furthermore, in eqns. (6) and (7) 0t is the charge 
transfer coefficient, F is the Faraday constant, R the gas 
constant and T the temperature. Since the electrode is treated 
as a solid solution of the ox and red species, the equilibrium 
potential may be given by the Nernst equation: 

RT ?lviooH (0514200) (9) 

Where a(t) refers to the activities under equilibrium condi 
tions. The standard potential is a temperature dependent 
quantity, Which can be represented by: 

0 
0 0 dB; (10) 

E; (I) = lit-(E298) + (T - 298)- _ 

65 (T1298) 




















