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The lead-acid battery typically used in a photovoltaic/genset hybrid system is a complex, 

non-linear device exhibiting memory. A mathematical model of this device has been 

developed for the purposes of hybrid system modelling. It is a semi-empirical model of the 

current-voltage characteristics, partly taken from the literature and partly founded on basic 

electrochemistry. The model has been fit to measured data from two lead-acid batteries, a 

tubular flooded-vented cell with low antimony grids and an absorbed glass mat cell. It 

accounts for many aspects of the battery’s behaviour, including temperature dependence, 

self-discharge, gassing, water loss, ageing, and heat generation. While relatively simple, 

the model should suffice for modelling the energy flows within a hybrid system and 

provide insight into questions relating to thermal management, maintenance requirements, 

and battery replacement intervals. The model should also be useful for modelling 

PV/battery systems and cycle-charging systems. 

 

1) The Role of the Battery in Hybrid 

System Simulation 
 

Hybrid power systems, consisting of a 

fossil-fuel powered genset and a 

photovoltaic generator, constitute an 

important class of electrical power supply 

for off-grid loads. These systems typically 

include a battery, usually of the lead-acid 

variety, that stores energy between the 

time when it is generated and the time 

when it is required by the load. Although 

such systems consist of relatively few 

components, their control depends on 

such stochastic variables as demand and 

solar radiation. The optimal control 

strategy is not necessarily obvious. 

Furthermore, the control strategy will 

have direct bearing on significant costs 

related to fuel consumption, genset and 

battery maintenance requirements, and 

genset and battery lifetime. 

  

The battery is the central component in 

this system. The operating point of the PV 

array is determined by the voltage of the 

battery and the genset will generally be 

started and stopped depending on the state 

of the battery. Thus the state of the battery 

is a key input to the system controller. 

 

Simulation can be used to quickly 

compare and identify promising control 

strategies. These can then be tested on a 

real hybrid system. It is evident that the 

battery model will be at the heart of the 



simulation. This paper describes a simple 

battery model that fulfils in a rudimentary 

way many of the requirements of hybrid 

system modelling. 

 

2) Approaches to Battery Modelling  

 

The simplest battery models treat the 

battery as store of energy with a certain 

efficiency. For many investigations, this 

approach may be sufficient, but it does 

have several weaknesses. First, the control 

strategy must be couched in terms of 

state-of-charge, which in reality is an 

unknown quantity that must be estimated 

based on the inputs and outputs of the 

battery. Second, it may complicate the 

determination of gas evolution, water loss, 

and heat evolution. Third, it will introduce 

imprecision since the PV array output and, 

in many cases, the genset start and stop 

signals are functions of the battery 

voltage—which is unknown when the 

battery is treated simply as a store of 

energy.  

 

Somewhat more complex are the battery 

models that predict battery voltage on the 

basis of charge or discharge current and 

the state-of-charge (SOC) of the battery. 

In essence, these models treat the battery 

as a resistance that varies with SOC and 

sometimes current; the function for 

resistance is assumed to take a certain 

form and then constants for this function 

are determined by curve fitting. These 

models overcome the three 

aforementioned shortcomings of the 

battery-as-energy-store models and can be 

suitable for examining the effects of 

control strategy on energy flows within 

hybrid system operation. 

 

This second approach has its own 

limitations. It generally ignores the 

changes in battery characteristics that 

occur due to electrolyte stratification and 

ageing. It treats the battery as a 

homogeneous physical device, when in 

reality different conditions and even 

different reactions will occur at different 

points in the electrode. For example, at a 

certain point in time a battery with 

stratified electrolyte might readily accept 

charge at the bottom of the plate, be fully 

charged at the top of the plate, and have 

significant rates of corrosion and 

sulfatation at the bottom of the plate (see 

Sauer et al. (1997)). Thus, these battery 

models are inappropriate for 

investigations into how the control 

strategy affects the internal workings of 

the battery. Rather, this requires a third 

type of model, one that considers 

diffusion of ions within the electrolyte and 

permits different parts of the electrode to 

have different states and reactions (e.g., 

Sauer (1997)). Such a model is necessarily 

more complex than a model of the first or 

second approach. 

 

The hybrid systems program at the 

CANMET Energy Diversification 

Research Laboratory (CEDRL), for which 

this model was developed, aims to 

optimize energy flows within the hybrid 

system and the second modelling 

approach was consequently chosen. But 

CEDRL also wanted to investigate the 

effects of the control strategy on battery 

maintenance and lifetime. Furthermore, 

one important consideration in many 

Canadian hybrid system installations is 

winter component temperatures, and 

CEDRL wanted to examine whether heat 

generated by the battery could be used to 

advantage. Thus, a relation between 

voltage and current/SOC was insufficient; 

the model also had to account for, in a 

rudimentary way, battery ageing, water 

loss, gassing, self-discharge, and heat 

evolution. While the literature discusses at 



length the battery model in terms of the 

voltage-current/SOC relation, a 

comprehensive discussion linking this to 

these secondary considerations is 

uncommon.  

 

3) Modelling the Voltage-Current/SOC 

Relation 

 

Most of the voltage-current/SOC relations 

for lead-acid batteries are modifications of 

the relation for constant-current discharge 

proposed by C. M. Shepherd (1965): 
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where  E is the battery voltage, 

 Es is a constant potential, 

K is the coefficient of polarization 

per unit of current density,  

Q is the amount of active material 

available per unit of electrode area, 

 i is the apparent current density, 

assumed constant during the discharge, 

 t is the time elapsed since the start 

of discharge, 

and  N is the internal resistance per unit 

area. 

 

Shepherd’s relation is based on physical 

considerations of battery operation. Es can 

be related to the potential of the couple, 

i.e., the open circuit voltage; the second 

term implies that the polarization of the 

battery will be inversely proportional to 

the fraction of the active material 

remaining, and directly proportional to the 

current density; and the final term 

accounts for the internal resistance of the 

battery. 

 

More recent voltage-current/SOC 

relations for lead-acid batteries are 

significantly more complicated than the 

Shepherd relation. These relations 

typically start with a relation similar to 

that of Shepherd, and then add and modify 

terms to 1) improve the fit of the relation 

to measured battery charge and discharge 

curves and 2) relax the assumptions 

behind the Shepherd model. Some of 

Shepherd’s assumptions that do not apply 

to lead-acid battery models for hybrid 

system simulation are: 

1) The relation must apply to charge as 

well as discharge, and must therefore 

include a relation for voltage in the 

gassing region. 

2) The current is not constant, and 

therefore there must be some more 

sophisticated way of keeping track of 

the active material remaining in the 

battery. 

3) In a lead-acid battery, the open-circuit 

voltage is not constant, but changes 

with state-of-charge. 

4) Temperature will vary and affect 

battery operation. 

 

The voltage-current/SOC relation 

developed here is based upon a model 

described by J.B. Copetti (1993). There 

are several important differences between 

the two. This relation, and how it differs 

from that of Copetti,  are outlined below. 

 

3.1 Modelling State-of-Charge 

 

Copetti’s relation, like most other voltage-

current/SOC relations, uses SOC as a state 

variable. SOC is an ill-defined quantity 

and its use within a battery model causes 

problems. For example, every time the 

discharge current changes, the battery 

state-of-charge exhibits a discontinuity: a 

battery at an SOC of 20% at a 100 hour 

discharge rate may be at an SOC of 0% at 

a 10 hour discharge rate. Rather than deal 

with such problems as negative state-of-

charge, state-of-charge over 100%, etc., 

this battery model uses another measure 

of the energy stored within the battery: the 

charge (i.e., number of Ah) that would 



have to be discharged from a fully 

charged battery to bring it to its current 

state (see Bader, 1974). This is an 

unambiguous measure that has definite 

physical meaning; subtituting it for SOC 

considerably simplifies the model. 

 

Every time step, the “Ah discharged” 

variable is updated according to 

( )( ) 0,max AhDdtIIIAhD SDgas +−−= ∫  

where AhD is the number of Ah that 

would have to be discharged from a fully 

charged battery to bring it to its current 

state; 

 I is the normalized charge current 

(in amps, negative for discharge); 

 Igas is the gassing current (in amps, 

calculated elsewhere in the model, zero or 

positive on charge and zero on discharge); 

 ISD is self-discharge current (in 

amps, always positive); 

 t is time (in hours); 

and  AhD0 is AhD at the beginning of 

the simulation. 

 

This last variable is calculated from  

00 SOCCCAhD refref −=  

where  Cref  is the reference cell capacity 

(i.e., the capacity of the cell to which the 

model was fit) in Ah; 

and  SOC0 is the initial state-of-charge 

specified by the user (in terms of C/20 at 

25ºC).  

 

The normalized charge current, I, is 

calculated by 

sim

ref

sim
C

C
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where  Isim is the charge current input to 

the model (i.e., the charge current outside 

of the battery model) in amps; 

and  Csim is the capacity of the battery 

specified for the simulation (in Ah). 

 

The Copetti model calculates SOC in a 

significantly different way. Copetti 

assumes a relation between Coulombic 

efficiency and SOC, and then applies this 

efficiency to the charge current (discharge 

is assumed to be 100% efficient). Here, it 

is assumed that all Coulombic 

inefficiencies are caused by gassing—a 

less empirical and more physical 

approach. This approach is made possible 

by calculation of the gassing current, 

based on the voltage, as discussed below.  

 

3.2 Modelling Battery Voltage and 

Gassing Current  

 

When the charge current, I, is negative, 

the battery is discharging and the cell 

voltage, V, is calculated from: 
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where DVoc is a fit parameter roughly 

corresponding to the open-circuit voltage 

of the battery when it is fully charged; 

 T is the battery temperature (ºC); 

 DVslope is a fit parameter roughly 

corresponding to the partial derivative of 

the open circuit voltage with respect to 

state-of-charge; 

 AhR is the useable amount of 

charge remaining in the battery (Ah); 

 DKT is the discharge capacity of 

the reference cell at the temperature T, in 

Ah; 

 DP1,2,3,4  are fit parameters; 

and  DaTr is a parameter describing the 

change in internal battery resistance with 

temperature.  

 

The variable DKT is calculated by: 

( )( )251 −+= TDaTcDKDKT  

where  DK is a fit parameter 

corresponding to the discharge capacity of 

the reference cell at an infinitesimal 



discharge current (i.e., the capacity of 

active material in the cell) in Ah; 

and  DaTc is a parameter describing the 

change in the useable battery capacity 

with temperature. 

 

From this, AhR is calculated by: 

TDK

AhD
AhR −= 1  

 

The partial derivative of the open circuit 

voltage with respect to temperature (in 

V/ºC) is calculated based on a curve fit to 

data from Vinal (1955, p. 194): 
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where SG is the specific gravity of the 

battery (assumed fully mixed, i.e., no 

stratification) measured at 25ºC and is 

calculated from 

( )
DK

SGSGAhD
SGSG

emptyfull

full

−
−=  

where the subscripts “full” and “empty” 

refer to the battery being fully charged 

and fully discharged. 

 

When the charge current, I, is zero, the 

battery is open circuited and the cell 

voltage, V, equals VOC and is calculated 

from a curve fit to data from Vinal (1955, 

p. 193): 
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When the charge current, I, is positive, the 

battery is charging and the cell voltage, V, 

is calculated from: 
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where Vmax is the maximum attainable 

voltage, i.e., the voltage that would occur 

with all charge current being used in the 

gassing reaction; 

CVoc is a fit parameter roughly 

corresponding to the open-circuit voltage 

of the battery when it is fully discharged; 

 CVslope is a fit parameter roughly 

corresponding to the partial derivative of 

the open circuit voltage with respect to 

state-of-charge; 

 AhC is the useable amount of 

charge remaining in the battery; 

 CK is a fit parameter 

corresponding to the capacity of the 

reference cell, in Ah; 

 CP1,2,3,4  are fit parameters; 

and  CaTr is a parameter describing the 

change in internal battery resistance with 

temperature. 

 

The useable amount of charge remaining 

in the battery is calculated from: 

CK

AhD
AhC −= 1  

 

The gassing current, Igas, is based solely 

upon the voltage of the battery and the 

temperature (the charge current and state-

of-charge are only implicitly involved). 

We assume that the rate of the gassing 

reaction is described by the Tafel 

equation, which is linearized at voltages 

just above the onset of gassing. Between 

the voltage of the onset of gassing, Vgas, 

and the voltage at which the linearization 

no longer applies, Vgas+VTafel, there is a 



smooth transition between the linear and 

the exponential curves. This is achieved 

by linearly weighting the two equations 

between these two points: 
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where  τ1 and τ3 are fit parameters.  

 

The gassing current is actually based on 

Vdiff, the difference between the battery 

voltage and the voltage at the onset of 

gassing, Vgas: 

( )( )( )[ ]251,0max 2 −−−= TCaTgVVdiff τ  

where τ2 is a fit parameter roughly 

corresponding to the voltage of the onset 

of gassing, 

and CaTg is a parameter describing the 

change in gassing voltage with 

temperature. 

 

The maximum attainable voltage given 

the charge current, Vmax, is found from 

solving for Vdiff in the equation for Igas, 

with Igas=I, the charge current. This may 

require iteration. 

 

Copetti does not calculate the gassing 

current, and therefore can not use it to 

reduce the Coulombic efficiency at the 

end of charge. It is this reduction in the 

Coulombic efficiency that causes the 

characteristic voltage plateau associated 

with the end of charge. Copetti must 

artificially account for this plateau by 

using one relation for voltage below the 

onset of gassing and then another (fully 

empirical) relation in the gassing region. 

When Copetti’s model was fit to constant 

current charge curves, it was found that at 

the onset of gassing the voltage was not 

differentiable—it abruptly switched from 

convex to concave. Here a smooth, 

realistic curve is generated automatically, 

we do not need to assume a function for 

efficiency or voltage in the gassing region, 

we obtain information about the gassing 

current, and we ensure that the coloumbic 

efficiency is realistically related to the 

gassing current. 

 

3.3 Modelling Self-Discharge 

 

The rate of self-discharge rises 

exponentially with temperature; low- or 

no-antimony grids have a lower rate of 

self-discharge than high antimony grids. 

The self-discharge current is calculated 

by: 
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where  mSD is 0.027, and based on the 

slope of a graph given by Linden ( 

1984, p.3-18) and information 

given by Spiers et al., (1998); 

and  βSD is calculated based on the 

monthly self-discharge rate: 

Tm

month

SD
SD

SD

10
=β  

where  SDmonth is the fraction of the 

battery’s capacity that is 

discharged in one month at a 

temperature of T.  

 

3.4 Modelling Gassing and Loss of Water 

 

The accumulated water loss from the 

battery, MH2O, expressed as a fraction of 

the maximum permissible water loss, 

MH2O (in kg), is calculated from: 
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where  Igas* is the greater of ISD and Igas. 

The rate of hydrogen gas evolution, in 

L/hr, is equal to the 0.4178Igas*. 

 

3.5 Modelling Ageing 
 

Three “counter” variables are used to 

estimate the number of times a battery 

would need replacement during a given 

period of time (see Spiers (1995) and 

Spiers (1996)). The float life counter 

holds the estimate of the fraction of the 

“current” battery’s float life (i.e., the life 

when only corrosion processes are 

considered) that has been used. The cycle 

life counter holds the estimate of the 

fraction of the “current” battery’s cycle 

life that has been used. The overall life 

counter holds the number of battery lives 

used (a counting number) plus the fraction 

of the “current” battery that has been 

used. This fraction is estimated to be 

equal to the greater of the float life and the 

cycle life counters. Both the float life and 

cycle life counters are reset to zero, and 

one is added to the overall life counter, 

whenever either the float life or the cycle 

life counter reaches one. Note that this is 

similar to, but not exactly equivalent to, 

the approach used in the WATSUN PV 

model (WATSUN Simulation Laboratory, 

(1997)), which at each time step decreases 

the remaining battery life by the greater of 

the cycle life ageing and float life ageing 

in that time step.   

 

It is generally considered that the float life 

of a lead-acid battery halves for every 8ºC  

(for non- or low-antimonial grids) to 10ºC 

(for antimonial grids) rise in temperature 

(Spiers  (1995)). Below 20ºC, float ageing 

is considered invariant with temperature 

(Spiers (1996)). Thus the time rate of float 

life ageing (with t in hours) can be 

estimated from the following equation. 

This is integrated with respect to time to 

generate the float life counter. 
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where m is estimated at –3.0x10
-2

 for 

antimonial grids and –3.8x10
-2

 for non- or 

low-antimonial grids; 

and  βfloat is calculated based on the 

battery float life (in years) and associated 

temperature.  

 

It is not clear how best to estimate the 

cycle life ageing. Some of the literature 

suggests log-linear ageing curves (e.g., 

Linden, (1984)) while manufacturers 

sometimes indicate linear ageing curves 

(e.g., Global Yuasa). The model used here 

calculates that from time t to time t+dt, the 

cycle life ageing will be equal to: 
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This expression can be summed over time 

steps to determine the fraction of the 

battery’s cycle life that has been used. The 

state-of-charge is calculated from: 

refC

AhD
SOC −= 1  

With a linear cycle life ageing estimation 

method, the number of cycles to failure as 

a function of SOC is given by: 

( )
cyccyc SOCmSOCCycles β+=  

whereas with a log-linear cycle life ageing 

estimation method, the number of cycles 

to failure as a function of SOC is given 

by: 

( ) SOCm

cyc

cycSOCCycles 10β=  

where mcyc and βcyc are calculated based 

on the pair of points on the cycles versus 

SOC curve specified by the user. 



 

Note that if a very flat cycle life curve is 

specified, this approach will 

underestimate the rate of cycle life ageing. 

That is, if the SOC has little effect on the 

number of cycles before failure, this 

approach will not be appropriate. For most 

real batteries, and certainly most lead-acid 

batteries, the above approach appears 

reasonable. 

 

3.6 Modelling Heat Evolution 

 

Three sources of heat are modelled here: 

1) “Joule” Heat: The heat due to the 

losses causing the overpotential, i.e., 

the current multiplied by the entire 

polarisation overpotential. 

2) “Reversible” Heat: The heat, liberated 

by the battery on charge and absorbed 

on discharge, corresponding to the 

difference between the heat of reaction 

and the useful work done. 

3) “Gassing” Heat: The heat absorbed 

when water is electrolyzed in the 

gassing reaction and the hydrogen and 

oxygen gasses thus produced escape 

the battery; it corresponds to the 

difference between the heat of reaction 

and the electric work done to perform 

the electrolysis.  

 

On discharge, current is negative and the 

rate of heat generation (in Watts, with 

positive indicating heat liberated from the 

battery) is calculated by: 
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The former term represents the joule heat 

and the latter term the reversible heat. 

 

On charge, the rate of heat generation is 

calculated by: 

( ) ( )

( )







−⋅

⋅

×
−−+










∂

∂
⋅++−−=

recombgas

OC

OCgasheat

VI

T

V
TVVIIP

η1
965002

1044.48
23.1

15.273

3

*

*

 

 

where  ηrecomb is the fraction of oxygen 

gas evolved that is recombined within the 

battery. 

 

In the above equation, the first term 

represents the joule heat of the charge 

reaction, the second the reversible heat of 

the charge reaction, the third the joule 

heat of the gassing reaction, and the fourth 

the gassing heat. 

 

4) Model Parameters 

 

Parameters for the above model were 

determined for two batteries—a tubular, 

vented, low-antimony cell with 20 hour 

capacity of 400 Ah; and an absorbed glass 

mat valve-regulated cell with 20 hour 

capacity of 122 Ah.  

 

For the voltage-current/SOC relation, all 

parameters except for the temperature 

compensation coefficients were found by 

fitting the model to measured charge and 

discharge curves at various currents, 

ranging from a ten hour rate to a 200 hour 

rate, using a non-linear least-squares fit 

procedure in Matlab. There were 

insufficient curves at temperatures below 

25ºC to fit the temperature compensation 

coefficients, so those of Copetti were 

adopted. Ageing and self-discharge 

parameters were estimated from 

manufacturer’s data sheets; where these 

did not supply the requisite information, 

battery handbooks were consulted. For the 

vented tubular battery, a float life of 10 

years at 25ºC and a cycle life of 1500 

cycles to 50% SOC and 800 cycles to 



20% SOC was assumed. For the AGM 

battery, a float life of 20 years at 25ºC and 

a cycle life of 600 cycles to 50% SOC and 

300 cycles to 20% SOC was assumed. 

The model parameters are summarized in 

the table below. 

 Tubular 

Vented 

AGM 

DVoc 2.087 2.1772 

DVslope  0.1805 0.2558 

DP1 5.1922 3.662 

DP2 0.8309 0.9257 

DP3 0.4000 0.6011 

DP4 2.245 1.3093 

DK 582.3 154.6 

DaTr 0.007 0.007 

DaTc 0.005 0.005 

CVoc 1.9054 2.0033 

CVslope 0.3764 0.2613 

CP1 21.8951 8.4241 

CP2 0.8942 0.9899 

CP3 0.1570 0.0362 

CP4 1.1657 1.8856 

τ1 0.023 0.0019 

τ2 2.4014 2.28 

τ3  0.2144 0.0745 

CK 507.92 103.13 

CaTr 0.015 0.015 

CaTg 0.002 0.002 

Cref 400 122 

SGfull 1.29 1.30 

SGempty 1.05 1.05 

Vtafel 0.1 0.1 

SDmonth 5%@20ºC 2%@20ºC 

MH2O 0.8 1 

βfloat 56.6 8.72 

mcyc, linear 2333 1000 

βcyc, linear 333 100 

mcyc, log-linear 0.910 1.003 

βcyc, log-linear 526 189 

ηrecomb 0 0.99 

 

 

 

 

5) Model Output 

 

The model has been implemented in 

Matlab code as well as the Simulink 

environment. Sample output is shown in 

Figures 1 through 5. Figures 1 and 2 

compare the model output to monitored 

data from the tubular vented battery. In 

the first figure it is being charged at C/10 

and C/20 rates; in the second figure it is 

being discharged at the same rates. 
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Figure 1. Model Output vs. Monitored 

Data, Charge at C/10 and C/20 
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Figure 2. Model Output vs. Monitored 

Data, Discharge at C/10 and C/20 

 

The Simulink model has been combined 

with models of other PV system 

components. Figure 3 shows the output of 

a system consisting of PV array, charge 

controller, and battery.  

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Sample Model Output 

 

Figure 4 shows how the heat output of the 

battery changes as the battery goes from 

low current discharge to higher current 

discharge, then to charge and gassing.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Heat Output of the Model 

 

Figure 5 shows the output from the ageing 

portion of the model. A battery with both 

poor cycling capabilities and short cycle 

life has been assumed. At first, the battery 

is cycled at 25ºC. Under these conditions,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the cycle life is limiting. The temperature 

is then raised to 60ºC. Due to the 

difficulty of fully charging the battery at 

this temperature, the average state of 

charge falls. This causes an increase in the 

rate of cycle ageing, manifested in the 

slight increase in the slope of the ageing 

curve. While the ageing due to corrosion 

is accelerated at these high temperatures, 

the cycle life remains limiting until one 

full battery lifetime is used up. Then the 

slope of the ageing curve changes again, 

reflecting the rate of ageing due to 

corrosion. When the temperature drops 

back down to 25ºC, the rate of corrosion 

drops significantly, and the ageing curve 

rises very slowly until the cycle ageing is 

once again dominant.  

 

6) Further Work 

 

While the model works reasonably well, it 

could be improved in several ways.  
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Figure 5. Ageing Behaviour 

 

Further battery testing at temperatures 

below 25ºC, at high voltages, and at high 

currents would permit a more complete 

set of curves to which the model could be 

fit. Furthermore, the cycling behaviour of 

the battery should be documented and 

compared with that predicted by the 

model in order to determine how seriously 

stratification will affect the accuracy of 

the model. 

 

Rather than fit the parameters DVOC, 

DVslope, CVOC, and CVslope to the curves, 

the open circuit voltage should be 

calculated using the curve for VOC. This 

would simplify the model, put it on a 

sound electrochemical foundation, and 

possibly improve the low temperature 

charge performance of the model, 

particularly for the absorbed glass mat 

battery. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rather than apply a temperature 

correction term to the whole of the 

“overpotential” part of the charge and 

discharge voltage relations, the 

temperature correction should be applied 

to only the term with current in the 

denominator. It may be possible to infer 

this relation from the change in resistivity 

of sulfuric acid with temperature. 

 

The form of the gassing equation should 

be changed such that gassing commences 

at the theoretical onset of gassing and then 

rises linearly to a fit parameter describing 

the voltage at which the exponential 

nature of the Tafel equation becomes 

evident. At this voltage, the numerator of 

the exponent would be 0, not VTafel, as it is 

now.  This would improve the model’s 

ability to predict battery efficiency. 

 

The gassing current should be directly 

incorporated into the voltage relation for 

charging. That is, Igas should be 
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subtracted from I for the term of the 

charge relation that includes AhC in the 

denominator. This would improve the 

model’s performance when the battery is 

nearly fully charged. 

 

Stratification should be accounted for in 

some way, perhaps by modelling the cell 

as three or more parallel grids, in different 

concentration solutions of sulfuric acid.  

 

After the above improvements, the fit 

exponents should be replaced with more 

physically justified exponents, if possible. 

 

7) Conclusions 

 

A simple model, appropriate for the 

modelling of energy flows within a hybrid 

power system, has been developed. The 

model accounts for the heat evolved by 

the battery during charge and discharge, 

the water loss from the battery, and the 

ageing of the battery. The model has been 

implemented in Matlab code and the 

Simulink environment. 
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