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Abstract

This paper presents a review of existing dynamic electrical battery models and subsequently describes a new mathematical model of a lead
acid battery, using a non-linear function for the maximum available energy related to the battery discharge rate. The battery state of charge (SOC)
is expressed in a look-up table relative to the battery open circuit voltage (VOC). This look-up table has been developed through low discharge
experiments of the battery modelled. Further, both the internal resistance and self-discharge resistance of the battery are subsequently expressed
as functions of the open circuit voltage. By using an electrical model with these characteristics and a temperature compensation element to model
different rates of charge and discharge, a relatively simple and accurate battery model has been developed.

The new model takes into account battery storage capacity, internal resistance, self-discharge resistance, the electric losses and the temperature
dependence of a lead acid battery. It is shown in this paper how the necessary parameters for the model were found. The battery modelled was a
Hawker Genesis 42 Ah rated gelled lead acid battery.

The simulation results of the new model are compared with test data recorded from battery discharge tests, which validate the accuracy of the

new model.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

This paper forms the first part of a series of papers describing,
modelling and testing a complete domestic scale fuel cell (FC)
combined heat and power (CHP) system. This FC CHP system,
built at the University of Strathclyde, has been described in detail
in [1]. The motivation to develop a new battery model within the
Matlab/Simulink environment lies in the study of a domestic
scale fuel cell system, in which a lead acid battery bank is used
as an energy storage/buffer device. To simulate and study the
overall FC system the behaviour of each element, in this first
case the lead acid battery, has to be fully understood and models
short term discharge performance before going on in a separate
paper to investigate long term cycling effects.
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Most of the commercial research in stationary FC tech-
nology is concentrated in the development of grid-connected
systems, which typically do not have integrated thermal and
electric buffer/storage systems [2]. This is mainly due to cost
reasons, as the control system will be less complicated and
therefore less expensive, the costs for the buffer devices will
be avoided and operation and maintenance costs (O&M costs)
will be reduced. Any additional electrical power, e.g. for fast or
peak load changes, will be drawn from the electrical grid for
such a system. That kind of system configuration is primarily
suitable for integration in infrastructures with an existing elec-
trical grid connection, hence, mainly in urban areas. The FC
system is electric power controlled, which makes it necessary
to match electrical supply and demand powers at all times. Due
to cost concerns it is more economic to use a hybrid FC/battery
system than purely a FC only system.

The advantages of a hybrid FC/battery system for a grid inde-
pendent system can be easily understood by analysing a typical
domestic load profile (Fig. 1).



M. Diirr et al. / Journal of Power Sources 161 (2006) 1400-1411 1401

hob heaters

ol )
—-——oven preheating
peak = 7.18 kW - =" _oven recycling

7 mean = 0.49 kW ;|
daily load factor = 0.07 i

gl eneroy consumption = 11.8 kWh
sl toaster
=
=
5 4 washing kettle
g machine
e 3| kettle l«o-»-

0 2 4 6 8 10 12 14 16 18 20 22 0
time of day, h

Fig. 1. Typical single household load profile in the UK, summer period [3].

A domestic electric load profile of a typical single household
in the UK (summer period) gives an average power demand
of 0.5kW,, but a peak power demand of greater than 7kW,.
This profile is assumed constant throughout the year, as thermal
demand is anticipated to be met through an existing central heat-
ing system. With FC prices currently between £1500 kW, ~! and
£5000kW, 1, FC stacks remain far more expensive than bat-
tery systems (£70-300 kWh~! ); hence, it makes economic sense
to use a FC with a rating of approximately the average power
demand to allow a relatively high running time of the FC [4-6].
The additional power is provided by a backup system (e.g. bat-
teries).

The FC system developed at Strathclyde University uses an
alkaline fuel cell (AFC) that has a current increase limitation of

10 A s~!, which makes it necessary to provide additional power
for sudden load demands from batteries.

Mainly for cost reasons (e.g. see Fig. 4) the FC/battery hybrid
system will use lead acid batteries and in particular gel-filled
Hawker Genesis 12 V dc 42 Ah types to minimise the safety risk
of acid leakage within an fuel cell system environment. Nonethe-
less, the model described here can be used for other battery types
by changing the energy—voltage characteristic and the internal
model parameters as introduced later. In the following sections,
the experimental tests used to determine these parameters with
a simple battery test station are described followed by a detailed
presentation of the battery model developed.

1.1. Lead acid batteries

Lead acid batteries are still the most common devices to store
and deliver electricity in the range from 5V to 24V dc [7]. A
low price, high availability and ease of manufacture account for
the wide use of the lead acid battery in many designs, sizes,
and system voltages. The lead acid battery is almost always
the least expensive storage battery for any application, while
still providing reasonable performance and life characteristics.
Fig. 2 gives a comparison of main characteristics for commonly
used types of secondary batteries. The numbers 1-5 give arating
from 1—excellent to 5—poor performance.

During the mid 1970s the design of the lead acid battery
has been improved by the development of the maintenance-free
lead acid battery that could operate in any position. The lig-
uid electrolyte was transformed into moistened separators and
the enclosure was sealed. Safety valves were added to allow
venting of gas during charge and discharge. Driven by different
market needs, two lead acid systems emerged: the sealed lead
acid (SLA), also known under the brand name of Gelcell, and
the valve-regulated lead acid (VRLA).

System Energy Power Discharge Cycle Cost
Density density profile Life
Lead-Acid 4 3 3 400 ** 1
(34.7Wh/kg)* | (75-130W/kg) flat £80/kWh
Lithium-lon 2 3 4 500-1000 3
(90Wh/kg) sloping
Nickel- 5 2 1 500-2000 3
Cadmium (30Wh/kg) (150- very flat £400/kWh
200W/kg)
Nickel-Iron 5 2 3 2000-4000 3
(27Wh/kg) moderately
flat
Nickel-metal 3 2 2 300-600 3
hydride (50Wh/kg) (120- flat £360/kWh
250W/kg)
Nickel-Zinc 2 5 2 50-200 3
(60Wh/kg) flat
Nickel- 1 1 3 1500-6000 5
hydrogen (100Wh/kg) (400W/kg) moderately approx.
flat £2500/kWh
Zinc- 2 3 5 15-25 2
Manganese (80Wh/kg) sloping
dioxide

Fig. 2. Comparison of different secondary batteries [8,10]. (*) Hawker Genesis 42 Ah at C discharge rate [9]. (**) Hawker Genesis at 100% depth of discharge [9].
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2. Battery models

As mentioned before, it is very difficult to develop a truly
generic model, which takes all factors of a battery into account.
Depending on the use of the model different approaches have
been made.

In the following section some of the most common electrical
circuit battery models are introduced and their main features are
explained.

2.1. Simple model

The most simple and commonly used model of a battery con-
sists of a constant resistance Ry, in series with an ideal voltage
source Ey [e.g. 11]. The open circuit voltage VOC gives the
voltage across the ideal battery, whereas the voltage across the
ideal battery and resistance Ry gives the terminal voltage of the
battery V.

This simple model does not take into account the true internal
resistance of the battery, which is highly related to the state
of charge and the electrolyte concentration. In this case, the
energy drawn can be unlimited. This model is only suitable for
applications where the state of charge is not important, i.e. very
simplistic modelling.

2.2. Improved simple model

To take recognition of the role of the state of charge this
battery model varies the resistance of the battery, i.e. Ry is now
a function of the state of charge (SOC). The block diagram is the
same as for the simple model in Fig. 3 with the only difference
that Ry, is variable resistor depending on the state of charge. A
typical equation for Ry, is:

Ry = G (H

where

s=1- 2k @)
Cio

Cyp is the 10-h capacity (Ah) at a reference temperature, A the
discharge current (A), & the time of discharging (h), R, the resis-
tance of the fully charged battery (£2), S the state of charge factor,
and k is the capacity coefficient.

S varies from 0, for fully discharged up to 1, for fully charged.
The coefficient k in the improved simple model takes the change
in battery capacity under different discharge rates into account,

-

Rb

Vb

—— Fo

Fig. 3. Simple battery model.
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Fig. 4. Battery capacity vs. discharge rate.

similar to the so-called Peukert factor [12]. The Peukert equa-
tion gives a simple empirical relationship between the battery
capacity and the discharge range, shown in Fig. 4.

The relationship can be written in the form of:

Cap=F x I’ (3)

with Cap the battery capacity (Ah), I the discharge current (A), F/
the constant factor (h), y the constant exponential factor (Peukert
factor).

2.3. Thevenin battery model

The other common basic battery model describes a battery
with an ideal battery voltage (Eyp), internal resistance (R), a
capacitance (C,), and an over-voltage resistance (R,) [13—15].
C, represents the actual capacitance of the battery, the so-called
double layer capacitance, and the resistor R, represents the resis-
tance contributed by the contact resistance of the plates and the
electrolyte. The main disadvantage of this model is that all the
components are constant, whereas in reality all these charac-
teristics vary dependent on the state of charge (SOC) and the
discharge rate. Especially there is no recognition in the model
of the battery electrochemistry, the so-called Faradaic process,
and the resulting limitations from it.

2.4. Non-linear dynamic battery model

A more realistic dynamic battery model has been created
by expanding the Thevenin model, to take account of the non-
linear parameters [15,16]. The internal resistance, self-discharge
resistance and overcharge resistance are characterised and the
charging and discharging processes of the battery are separated
(Fig. 5).

The values of these elements are functions of the open circuit
voltage of the battery, which in turn is an indirect expression of
the state of charge of the battery. The model is pictured in Fig. 6.

The elements involved in this model can be described as fol-
lows:
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Fig. 5. Thevenin battery model.

e (}, — battery capacitance — the battery is an electrical storage
device, which is considered equivalent to a capacitor. The
SOC therefore is described in terms of the amount of stored
charge. The capacitance Cy, of the battery can be modelled as
acontrolled voltage source within Matlab, which is controlled
relative to the state of charge of the battery.

e R, —self-discharge resistance — R, takes into account that the
battery has a small self-discharge leakage current which is a
function of the open circuit voltage.

e Rj. and Rjq — internal resistance — Rjc and Rjq take the resis-
tance of the electrolyte and the resistance of the battery plates
into account. These resistances are different between the
charge and discharge processes.

® R, Ry, and C, — the voltage drop at switch on in a lead acid
battery cannot be represented solely by the contribution of the
internal resistance. In fact, the overpotential is the most impor-
tant factor in the voltage drop. The overpotential is caused by
mass transport and activation limitations on the cathode and
anode of the battery. In an electrical circuit model, this drop
can be expressed with a parallel R—C branch. The voltage
drop for the charge and discharge process is represented by
R¢o and Ry, whereas C, represents the double layer capaci-
tance behaviour of the battery during charge and discharge.

This model takes into account the variation of the elements
with the open circuit voltage VOC, taken from measurement
and/or data sheets. This data is used to create functions of the
capacity and resistances of the battery relative to the open cir-
cuit voltage, and hence the model behaves more accurately. The
voltage dependent capacitance curve has been determined by
curve fitting to sets of experimental data as [7]:

C=kx e(Wx(Vm—VOC))F 4)

Voe

Fig. 6. Dynamic battery model.
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Fig. 8. Capacity—open circuit voltage characteristic (integration of Fig. 9).

with C the battery element modelled, capacitance (F), k the con-
stant (gain factor), W the width factor (negative value), Vy, the
mean voltage (in this model 12.4 V), VOC the open circuit volt-
age, and F is the flatness factor (set to 2).

This parabolic battery capacitance function/curve is centred
about the open circuit voltage of the fully charged battery. F was
chosen to be equal to 2, which gives a parabolic function. By
varying the negative factor W the curve was chosen such that the
area under the curve was equal to unity, therefore enabling the
coefficient k to be fit to the manufacturers stated battery capacity.
The parabolic curve is pictured in Fig. 7 and the integral of this
function is given in Fig. 8.

Similar functions are used in other model approaches (e.g.
Adpvisor battery model [17]) to estimate the relationship between
open circuit voltage and energy state of charge of the battery.

3. A new approach to a dynamic battery computer
model

Recognising that many factors influence battery behaviour
and that there are difficulties in describing them accurately and
simply in a dynamic, non-linear model, a new approach to bat-
tery modelling is presented. Based on the non-linear battery
model in Section 2.4 the author’s model uses a new approach
to determine the open circuit voltage during a dynamic simula-
tion. In the new model, the open circuit voltage VOC depends
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Fig. 9. New dynamic battery model.

on the actual discharge current Ig, the energy drawn from the
battery E¢q and the battery temperature 7. All model parameters
are non-linear and are described using mathematical functions.

A schematic of the proposed model is shown in Fig. 9. The
model was implemented in Matlab/Simulink and uses elements
from the Power System Blockset.

The dynamic model described in Section 2.4 demonstrates
good correlation with experimental results; however, the battery
is not an ideal capacitor, which makes the model inaccurate for
different discharge rates. The drawback of this model is that the
equation used to determine the capacity of the battery can only
be an approximation of the real battery capacity and the accu-
racy of the used mathematical function representing the battery
capacity. Further the capacitance is modelled as a complicated
mathematical function using various mathematical parameters,
which complicates the battery model (see Fig. 7 and Eq. (4)).

The author’s model develops a new simple approach relating
the calculated remaining energy of the battery to the open cir-
cuit voltage using a look-up table, which is based on discharge
tests at low discharge rates. A block diagram of the algorithm to
determine the open circuit voltage VOC is given in Fig. 10.

This model uses the initial battery current /g, when connected
to a load, to predict the maximum available energy at a given
temperature. Hence, different rates of discharge at different tem-
peratures can be accurately modelled. The energy being drawn
from the battery is dynamically calculated and subtracted from
the initial energy to give a value of remaining battery energy and
state of charge (SOC). Knowing the remaining battery energy
allows a new value for the battery open circuit voltage to be
determined using the look-up table.

t ——> | E charge/ Controlled
Vg ——— | discharge Voltage
le == |Ecq=] VI 8t source

H Eeq ﬁVOC
Energy left | Ev_ |1V
£ nergy le
£ max, cor EL=Emax,,:a,’ Em [—t EL

max Emax cor
ﬂ EL

T
T ﬂ Emax, cor soc-_ L

max, cor

Look-up table

Fig. 10. Algorithm to determine open circuit voltage of the battery model.
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Fig. 11. Constant discharge current /g vs. maximum energy.

Several discharge tests at different constant current rates have
been carried out and the results have been used to determine a
simple function to describe the relationship between discharge
rate and maximum available energy accurately.

The test results for the modelled 42 Ah Hawker Genesis bat-
tery and the curve that represents this data is shown in Fig. 11.

The function was defined as:

Emax = 141.29 x I3 — 19601 x Ig + 1.478 x 10° (5)

At each time step of the simulation the energy drawn from the
battery is calculated with the equation:

Eqq = / Vi Ig 8t (6)

with E.q the energy drawn from battery (J), V}, the battery ter-
minal voltage (V), Ig the battery current (A), and 7 the time (s).

The model assumes that the simulation starts with a fully
charged battery, hence, the initial energy of the battery equals
Enmax. For each time step of the simulation the remaining battery
energy Ep is defined as:

EL = Emax - Ecd (7)

Consequently, the battery state of charge SOC can be dynam-
ically expressed as the quotient of remaining energy Ej and
maximum energy Epmax:

E
SOC = —&

®)

E max

3.1. The energy versus open circuit voltage look-up table

The remaining energy E}. versus open circuit voltage (VOC)
characteristic is implemented using experimental data derived
from a low discharge rate test. Experiments have shown that the
open circuit voltage VOC for a fully charged battery is given
as 12.81V with a related battery energy of 1.5 x 10°J. Fully
discharged the battery open circuit voltage drops to 11.58 V and
the remaining energy Er, equals zero.

The characteristic shown in Fig. 12 has been implemented in
the model as a look-up table with the input variable as remaining
energy Er, and the output variable as open circuit voltage (VOC).

A low rate constant discharge test has been carried out and
the energy drawn from the battery E.q has been calculated using
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Fig. 12. Battery remaining energy Ey, vs. open circuit voltage.

Eq. (6). The maximum energy Epmax is known for the chosen
discharge rate for the tested discharge and has been used to
calculate the remaining energy Ep, with Eq. (7).

The energy—VOC look-up table has been generated from
experimental results. Using the described battery discharge sta-
tion a constant low rate discharge test has been carried out. The
discharge time ¢, the current /g and the battery terminal volt-
age V}, have been recorded. This information allows calculating
the remaining battery energy Er . The test station has been pro-
grammed to disconnect the load after a specified discharge time
At. The battery voltage recovers and stabilise at the open circuit
voltage VOC. The measured VOC is related to the calculated
battery energy Ep for the specified discharge time. The proce-
dure has been repeated till the battery has been fully discharged
and an energy/VOC look-up table has been generated. A typical
discharge pattern for this test is shown in Fig. 13.

3.2. Internal resistance for charge and discharge of the
battery

The internal resistance, R;, will vary over the voltage range
of the battery and is dependent on the direction of current flow
(charge or discharge).

vOC 0
VOC 1 \
VOC 2
VOC 3
VvOC 4
% Load Load | Load | Load |Load | Load |Load | Load
8 on off | on off | on off |on off
(=]
>
At A2 A3 Atd Time
Egql E.q2 E.q3 E.q4 Energy

drawn Egq

Fig. 13. Discharge pattern.

switch

Internal ;
Voc p— resistance : Vb

Battery
equivalent

Fig. 14. Circuit diagram internal resistance test.

To determine these parameters, a resistor was connected to
the battery as shown in Fig. 14.

By opening and closing the switch two different values of
voltage can be can measured at the battery terminals; with the
switch open the open circuit voltage VOC is measured and with
the switch closed the battery voltage V}, is measured. The electric
circuit equation is given below:

R
W = VOC 9
b R IR ©))
Hence, the internal resistance can be expressed with:
VOC — W\
R = gYOC = W) (10)
Vo

Measuring the voltage VOC and V4, at different states of charge
leads to the curves presented in Figs. 15 and 16.

The transient that occurs during switching between two dif-
ferent load levels can be used to determine the capacitance of
the battery discussed in Section 3.4.

The internal resistors for charge and discharge cycles are
modelled as series resistances. They are modelled in Simulink
using controlled voltage sources.

3.3. Self-discharge resistance of the battery
The self-discharge phenomenon of lead acid batteries is due

to the fact that the electrode reactions are normally in favour
of the discharge reaction, which means thermodynamically the

Internal resistance - discharging

0.1
0.09 \\
0.08

0.07 \
0.06

0.05 \
0.04 \
0.03 \

0.02 x =
0.01

Ri [Ohm]

12.1 12.2 12.3 12.4 12.5 126 12.7
VOC [V]

Fig. 15. Internal resistance during discharging, Ri4.
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Fig. 16. Internal resistance during charging, Ric.

discharged state is the most stable [8]. Lead and lead dioxide are
unstable in sulphuric acid, and on open circuit, they react with
the electrolyte. These reactions generate oxygen on the positive
electrode (Eq. (11)) and hydrogen on the negative electrode (Eq.

(12)).
PbO, 4+ H2SO4 — PbSO4 + H20 + 0.50, (11)
Pb + H2SOs — PbSO4 +H, (12)

These chemical reactions typically cause the self-discharge of a
lead acid battery [8].

The self-discharge resistance R), is modelled in the same
fashion as the other non-linear resistances dependent on VOC,
e.g. shown in Section 2.4. By knowing the state of charge versus
open circuit voltage characteristic of a battery the self-discharge
resistance can be estimated for different states of charge.

The battery voltage of the modelled Hawker Genesis bat-
tery was recorded over a period of 6 months. Fig. 17 shows
the measured drop in battery VOC caused by the self-discharge
phenomenon for this test.

The open circuit voltage is related to a characteristic energy
level (e.g. Fig. 13). By monitoring the gradual voltage drop of
an isolated battery over a long period (typically 2—6 months) the
energy losses can be deduced via the Epax versus VOC char-
acteristic (Fig. 11). The author assumes that the self-discharge
current is nearly zero, which leads to a maximum battery energy
Emax of 1.478 MJ. The energy loss relative to the maximum bat-

12.850
12.800

12.750 \\
12.700

12,650 e

Self- discerge 42Ah Hawker Genesis

t voltage [V]

pen circui
-
neoon
w [o)]
w o
o o

12.500 P

T

12.450
0 31 62 93 124 155 186 217

Time [d]

Fig. 17. Open circuit voltage drop caused by self-discharge.
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Fig. 18. Self-discharge resistance related to open circuit voltage.

tery energy can then be calculated.
AE = Epax(1 — SOC) (13)

The average self-discharge current flow can be expressed using:

AE
= —— (14)
VOC x ¢
This leads to the self-discharge resistance:
voC
Ry, = - (15)

where Ry, is the self-discharge resistance of the battery (£2), I the
current caused by self-discharged (A), Emax the maximum bat-
tery energy (J), AE the battery energy during the self-discharge
test (J), ¢ the time data of self-discharge test (s), VOC the average
open circuit voltage between two points of the self-discharge test
(V), and SOC is the battery state of charge.

The self-discharge resistance derived, relative to the open
circuit voltage, is illustrated in Fig. 18 and implemented in the
dynamic battery model.

3.4. Faradaic resistance and double layer capacitance
elements

The parallel resistor R,—capacitor C, branch is implemented
in the electrical circuit model to take into account the double
layer capacitance of the battery and the voltage drop caused
by the electrode kinetics and the Faradaic process under load
conditions. Especially activation losses at low load current and
mass transport losses at higher current reduce the ideal battery
terminal voltage.

A parallel capacitor—-resistor (R,—C,) network models this
behaviour during charging and discharging of the battery. R, is
part of the internal resistance and are included in the values given
in Figs. 15 and 16. The double layer capacitance C, was deter-
mined through tests, recording the voltage transient behaviour
of the battery during switching between two different load levels
R1 and R; + R;. The experimental set-up is pictured in Fig. 19.

The voltage response was recorded using a digital storage
oscilloscope and the time constant T was determined (Fig. 20).
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Switch open Load =R,+R,

Switch closed [,0ad =R,

Fig. 19. Test set-up to determine the battery double layer capacitance.

The capacitance was than calculated using Eq. (16).
Co=— (16)

R represents the resistance of the battery circuit (R;, R,) con-
nected to the load (R) and has been calculated to:

_ Ry x (Ri + Ry)
7 Ro+(Ri+Ry)

C, has been calculated to 250 mF for the investigated Hawker
Genesis battery.

A7)

3.5. Temperature effects on the battery performance

The temperature at which the battery is discharged has an
important effect on its available capacity and hence voltage char-
acteristic. This is due to the reduction in chemical activity and the
increase in battery internal resistance at lower temperatures [8].
Lowering the temperature will result in a reduction of capacity as
well as an increase in the slope of the discharge curve (Fig. 21).
The performance will vary for different battery systems, but in
general the optimum performance is obtained between 15°C
and 25°C. At higher temperatures, chemical deterioration of

i Ry+R, I
— Switching between
l two load levels
Vi
V2start | - 4
63%

oy AV

i

o

>
V2 end

T
time

Fig. 20. Experimental determination of time constant 7.
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o
w

Temperature [°C] 0 15 25 40

Capacity at 84 93 100 110
15min rate [%]

Fig.21. Battery capacity vs. temperature characteristic for Hawker Genesis [ 18].

the battery plates and electrolyte may be rapid enough during
discharge to cause a loss in capacity and over a longer period
would severely reduce the lifetime of the battery due to positive
grid corrosion.

However, to be able to model the battery behaviour at lower
and higher temperatures, temperatures between 0 °C and 40 °C
have been taken into account for the model.

As expected, laboratory tests have shown that the capacity of
the battery decreases at lower temperatures, implying the bat-
tery capacity is temperature dependent. Different approaches to
implement thermal effects in battery models are suggested in
Refs. [12,15,19].

In the author’s model the maximum battery capacity has
been adjusted for temperature, as shown in Fig. 21, by using
manufacturer’s data [9,18]. As suggested from the battery man-
ufacturer the author’s model uses a function, which describes
the capacity—temperature characteristic. The empirical function
of this compensation factor Fremyp has the following form:

—0.00272% + 0.793T + 82.42
F Temp — 100 (18)
with T the battery temperature (°C) and Fremp the compensation
factor.
The temperature corrected maximum energy Emaxcorr 1S
defined as the product of the compensation factor Fremp and
the nominal maximum energy Eyax, Which is given at 25 °C.

Enax corr = FTemp X Emax (19)
4. Discharge tests

To verify the simulation results it was necessary to carry
out a range of tests using a 42 Ah Hawker Genesis battery. For
this purpose a test station was built, consisting of an electronic
load (model: Emerson Electronic load EL-300), measurement
equipment for voltage, current and temperature and a computer
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vironmental

electronic

load
computer

Fig. 22. Battery test station.

data acquisition system. Furthermore an environmental cham-
ber (model: Thermotron SM32-C Environmental Chamber) was
used to undertake tests over a range of different temperatures.
Fig. 22 shows the battery test station.

The tests involved repeated discharge and charge tests of the
battery, where the discharge time, the battery voltage, the dis-
charge/charge current and the temperature of the battery were
recorded.

Furthermore, the battery test station equipment was used to
determine the non-linear characteristics of the internal resis-
tance, the self-discharge resistance, the variable resistance R,
and capacitance C, values of the battery related to open cir-
cuit voltage (previously discussed in Section 3.4). The results
determined were implemented in the battery model, which char-
acterised these parameters relative to the open circuit voltage
VOC. The test data obtained was compared with simulation
results and data from the battery manufacturer.

4.1. Battery discharge tests at different rates at standard
temperature

To analyse the accuracy of the model over a wide band of
discharge rates several discharge tests have been undertaken and
the results have been compared with the simulation results. The
results of 1 A, 5 A and 20 A discharge tests at standard tempera-
ture (25 °C) are shown in Figs. 23-25 compared to simulations
suing the author’s model. Close correlation between simulation
and test results is demonstrated in all cases.

The maximum deviation between simulation results and test
data is 0.1V, which gives a maximum error of less than 1%
relative to the experimental data. The error is mainly caused by
two main model characteristics:

e VOC versus SOC characteristic;
e [Ip versus E,x characteristic.

Both are approximations of the true relationships between the
battery parameters, and are based on test and manufacturers data.
However, the small error experienced can be accepted, seeing
the model advantages of the simplifications.
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Fig. 23. Voltage—time characteristic 1 A discharge.

4.2. Battery constant 10 A discharge test at different
temperatures

Asexplained in Section 3.5 temperature has a strong influence
on the battery performance, and this influence is implemented
in the new model by variation of the maximum available capac-
ity/energy of the battery according to Fig. 21. For the chosen
application of a stationary fuel cell/battery CHP system the
batteries are expected to work in an environment of approxi-
mately 15-30 °C. However, for short periods the batteries could
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Fig. 25. Voltage-time characteristic 20 A discharge.
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operate at higher or lower temperatures. To protect the batter-
ies temperatures below 0 °C and higher than 40 °C have to be
avoided.

Fig. 26 shows simulation and experimental results for a 10 A
discharge test at a temperature of 0 °C and 40 °C compared to a
10 A discharge test at standard conditions (25 °C).

As a result of the temperature corrected maximum energy,
the battery model is able to forecast the battery behaviour
within the modelled temperature range. As shown in Fig. 26
the model results predict the actual battery discharge relatively
accurate.

4.3. Discharge at a typical load profile

The battery model will be used as a part of a domestic scale
hybrid fuel cell/battery system model; hence, a discharge test
at a predefined, typical load profile was carried out (see current
profile in Fig. 28): This load profile was chosen to ‘represent’ a
typical domestic electrical demand at a constant temperature of
25 °C. The discharge current for the single 42 Ah battery varies
from 5 A to 50 A during the 1h test duration. The experimen-
tal results have been compared to simulation results from the
author’s model.

Power out1
Voltage Measurement | Current1
__:+ v > y Power
) » D R
Current
Product Delay
b

Current Measurement ; ; ; ; G *
< = < E < =

Or———— Switch1 Switch2 Switch3 Switch4 Bwitchs Switché
Vin E 5 5 5 5 5
o] ] [¢] o [e] o

3
V outt
Resistor Resistor1 Resistor2 Resistord Resistors Resistoré
< Y < Y < Y < Y < ‘
A /

Fig. 27. Load model.
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Fig. 28. Load profile discharge test.

The variable load has been modelled as a parallel resistor
bank as shown in Fig. 27.

The various resistors can be switched on or off according to
the demanded load at the time.

In Fig. 28 the voltage and current characteristics for the test
and the simulation are illustrated. It can be seen that the simu-
lation closely matches the test results, supporting the author’s
claim of a robust and accurate battery model.

4.4. Transient response

To investigate the transient response accuracy of the battery
model, load switching tests have been carried out. Figs. 29 and 30
show the current and voltage response for a load switching test
from 0 A to 37 A. In both figures the actual test results have been
compared with the simulation results.

The results show that the model predicts the battery behaviour
accurately. The current spike, paired with a voltage drop, at
switching time is caused by the use of a filament light bulb
load during the experiment, whereas in the simulation the load
is modelled as an ideal resistor bank, hence, no current spike
occurs in the simulation.
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5. Discussion of the results and conclusions to the
battery model

The mathematical model developed during this work accu-
rately describes the behaviour of a lead acid battery under typical
discharge conditions.

By developing and modelling a look-up table to describe the
battery state of charge vs. voltage characteristic a simple but
accurate method has been developed to model a typically highly
non-linear lead acid battery.

The non-linear elements of the battery, such as the internal
resistance and the self-discharge resistance have been expressed
by functions dependent on the open circuit voltage of the battery.
The non-linear functions were determined by experiment and/or
taken from the manufacturer’s data.

Moreover, a temperature compensation element has been
implemented in the model to take account of the temperature
effects on the capacity of the battery. Due to the complex elec-
trochemical reactions taking place in the battery the tempera-
ture compensation element is only considered to be accurate at
present in the range between 0°C and 40 °C. This limitation
is acceptable for the battery buffer/storage device that will be
ultimately employed in the Strathclyde University FC system.

As stated before other factors (e.g. cycle history, internal cor-
rosion) influence the battery parameters (e.g. SOC, true capacity)
and consequently the battery performance. However, the method
suggested provides an easy and practical way to model the bat-
tery behaviour for the mentioned application of a fuel cell/battery
system.

Switching tests and simulations have shown that the model
can be used to simulate different load profiles. The load has
been changed over a range of nearly 50 A and the model pre-
dicted exactly the voltage and current behaviour of the battery.
Additionally the battery’s fast transient response to an abrupt
load changes has been tested and simulated. Once more the bat-
tery response was accurately forecasted by the simulation using
the new developed improved battery model.

It remains to be proven that the author’s model is also valid for
the charging cycle of a lead acid battery. Additionally the model
is currently only valid for the specific battery tested and, for
accurate modelling of other batteries, the implemented battery
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characteristics would have to be developed for each new battery
type through tests and/or manufactures data.

This battery model forms part of an overall model of a domes-
tic CHP FC system. This FC system uses a battery buffer/storage
consisting of several lead acid batteries, primarily due to cost
reasons. Further research will concentrate on battery system
modelling, i.e. of several batteries in series, and the devel-
opment of a monitoring and control algorithm to obtain effi-
cient battery performance and to maintain appropriate battery
lifetime.
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