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Abstract

To build a lithium battery system from single cells for use in an electric drive system the coupled
electrochemical and thermal characteristics of these cells have to be well-known. Otherwise it is not
possible to find the best cell for a given application considering capacity, power, thermal and electric
management, housing, monitoring, etc.

In the presented work an easy to parameterize Simulink model regarding the electrochemical and thermal
properties was developed to simulate different cell types for an electric drive system. The model is based
on an equivalent circuit diagram which is parameterized by means of impedance spectroscopy as well as of
current pulse techniques. Differences of these methods are discussed briefly.

By comparing simulation results and measurements it is shown that the coupled electrochemical-thermal
model can predict the current - voltage behaviour and the temperature development of the different cells
very exactly for both constant current profiles and load profiles appropriate for an electric forklift

application.
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both lithium chemistries and choice of packaging
1 Introduction is wide [7]. Many different cathode chemistries
(LiNiCoAlO,, LiNiMnCoO,, LiMn,0O4, LiFePOy,
etc), a variety of anode materials (graphite -
natural or synthetic, soft or hard carbon, LTO, etc),
the choice of electrolyte (e.g. LiPF¢ based, lithium-
bis-oxalato borate, ionic liquids [8,9]) and different
cell structures (spirally wound cylindrical and
elliptic, stacked plates and wound pouch cells)
have to be considered when developing a battery
system - initially disregarding safety requirements,
costs and aging.

Due to the increased demand for the limited
available  fossil  fuels and  increasing
environmental concerns, there is great interest
worldwide in the use of alternative energy and
storage systems for electric or hybrid electric
vehicles [1-5].

At the moment, the most favoured technology for
storing energy in electric or hybrid vehicles
(EV/HEV) seems to be the lithium-ion or
lithium-ion polymer chemistry [1,2,4-6].
Currently there are different efforts to introduce
EVs or HEVs into the market. The variety of
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From the point of view of a developer of battery
systems, it is difficult to decide which
composition is the best for a given application.

In this paper we present an approach to examine
different types of lithium cells and to
parameterize a coupled electrical-thermal
simulation model. By means of the simulations
the electrical performance and the thermal
behaviour can be predicted and can be used as
help selecting cells and designing battery
systems.

The extension of the cell model to the whole
battery pack including thermal and battery
management system, safety requirements, the
implementation of aging effects and an analysis
of lifetime costs is currently being carried out.

2 Model development

The simulation model has to describe the
physical correlations between the input
parameters, i.e. the current i or power demand p
for the lithium cell and the ambient temperature,
and the output parameters voltage U, state-of-
charge SOC and cell temperature Tce; for both
steady state and dynamic conditions. The model
to be developed should be universally valid for
the different cell chemistries and packages, easy
to parameterize and extendable. Due to this, a
Matlab/Simulink model is used which can be
easily understood and extended because of its
graphical user interface and widespread use.

2.1 Electrochemical model

The electrochemical model is based on an
equivalent circuit diagram (ECD) which is often
used and discussed in the literature. According to
Randles [10], many electrical properties of an
electrochemical system can be described by
elements of an ECD. ECDs are always an
approximation due to the high complexity and
non-linearity of electrochemical systems but in
many applications they reflet the “real world-
behaviour” well.
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Fig. 1: Conventional ECD for cells to describe the
voltage behaviour U as a function of the current i [10].

Fig. 1 shows the ECD suggested by Randles to
describe the voltage behaviour U of the cell with
two RC couples for charge transfer at the
electrode/electrolyte interface (index D) and
decrease of voltage due to the reduction of active
material (index K), an ohmic resistance R, an
inductance L and the open circuit voltage (OCV)
source Uo.

The OCV has to be measured as a function of SOC
and the ohmic resistance R; as a function of SOC
and temperature, see chapter 3.3 and 3.4. The
temperature influence of the OCV was negligible
for the examined lithium cells.

To calculate the charge transfer overpotential Up
eq. (1) is wsed, with i =i-iy  where

i , describes the Tafel kinetics. Values for the

exchange current density were taken from the
literature [11]. By measuring the voltage response
during a current step, the double layer capacity Cp
was determined

== [ic, (ot (1)
D

The overpotential due to the reduction of active
material U, depends on concentration of reactands
respectively SOC and can be expressed as follows
in analogy to the battery model proposed by
Shepherd [32]:

. SOC(t=0) @)
SOC(t =0)—-SOC(t)

k is an experimentally approximated current
dependent parameter. This approach avoids time
expensive measurements of the second RC couple
shown in fig. 1. The simulation results show a
good agreement at the end of charging and
discharging regimes (chapter 4), so that this
approach seems to be reasonable.

The impact of the inductance L in fig. 1 was
negligible for the examined cells and the
application presented in this work because of
relatively slow rates of change of current (chapter
4). For other applications or whole stacks, for
example in a HEV, the inductance can be
important as well [12]. The determination is
possible by the same methods as described in
chapter 3.

u, =i-k

2.2 Thermal model

Thermal modelling can play an important role to
maintain  the  operating temperature and
temperature homogeneity of lithium batteries
within an acceptable range [13-16]. There have
been many previous efforts on the thermal
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modelling of lithium batteries for electric drive
applications [17-19].

In our present work a simplified thermal model is
used based on the general energy balance for
batteries presented by Bernardi et al [20].

Total heat rate q generated in the cell is the result
of Joule heat qjou. and reversible heat effect Qyey:

0 = Qjoute t Yrev (1)
with
Qjoute =1-(U—-Uy) (2)
and
Opey = 1Ty -AS/(N-F) 3)

Eq. 3 represents the heat proportional to entropy
change AS with cell temperature T, the
Faraday constant F and the number of electrons n
transferred in the intercalation reaction (n=1).

Heat dissipation from the cell occurs through
convective @, and conductive @, heat

dissipation and radiation q.. The energy

equation used in the model to calculate the cell
temperature Ty as a function of the ambient
temperature Ty, therefore becomes:

i.((u_UO)Jr@j_
chell — 1

dt me a- (Tcell _Tamb ) +A (Tcell _Tamb )
A
(T =Ty )

cell

“)

where o is the heat transfer coefficient for
forced cooling, A is the conductive heat
coefficient, A is the cell surface, m the mass and
Cp the specific heat capacity of the cell, c and €
are the Stefan-Boltzmann constant and the
radiation coefficient, respectively. The heat
transfer coefficients are both determined
experimentally and derived from the literature,
see chapter 3.6.

3 Evaluating the parameters of
the model

3.1 Examined cells

Three different cell types are examined in the
work presented. Two of them are stacked pouch
cells (sometimes referred to as “coffee-bags”),
the third is a spirally wound cylindrical cell.
They are produced by different manufacturers
and consist of the same cathode material. Details
are given in table 1.

cell (Ll” 462” ‘63’!
nominal
voltage [V] 3.6 3.6 3.6
nominal
capacity 5 2.1 5
[Ah]

cathode LiNiMn | LiNiMn | LiNiMn
material Co0O, Co0O, Co0O,

anode raphite solid raphite
material grap carbon grap

. pris- pris- cylind-
design matic matic rical

Table 1: Examined lithium cells

3.2 Electrochemical parameters

To characterize an electrochemical system many
different methods are known and are provided by
various battery diagnostic methods. They differ by
the manner of stimulation and the analysis in the
time or in the frequency domain.

In this work two different methods to obtain the
values for the ohmic resistance R; and the double
layer capacity Cp are used: (i) Electrochemical
impedance spectroscopy (EIS, chapter 3.3) and (ii)
Current pulse measurement (chapter 3.4). Both
measurements were done for different values of
SOC and temperature.

In chapter 5 the results of both techniques will be
shown and differences will be discussed briefly.

3.3 Electrochemical impedance
spectroscopy (EIS)

EIS is an established and wide spread method to
describe the dynamic behaviour of electrochemical
systems [21,22]. To evaluate the electrochemical
behaviour an electrical stimulus (a known voltage
or current) is applied to the system and the
response is observed. The transfer from the
frequency domain to the time domain is done by
Laplace or Fourier transformation [21]. The
relation between applied voltage and measured
current (or vice versa) is the impedance function of
the system,

Z(jo)=u(jo)/i(jo). (%)

Fig. 2 shows two often used types of illustrations
for the impedance and phase angle (top) rsp. the
real and the imaginary part (bottom) of Z called
Bode and Nyquist plots.

The prerequisites for good impedance functions
are linearity, causality, stability and finiteness of
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the examined system [23,24]. Consequently, the
recorded impedance function of a nonlinear
system, such as electrochemical systems, is only
valid in the neighbourhood of the operating point
[22].

But as long as the applied potential difference is
less than the thermal voltage, about 25mV at
25°C, it can be shown that the basic differential
equations which govern the response of the
system become linear [21,22].

current was limited to 5C) and the voltage
response was measured and analysed. Fig. 3
illustrates the typical voltage response during a
current step. The S5C pulse duration is 12s,
followed by a rest period of 60s after which there
is virtually no further change of voltage.
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Fig. 2: Bode (top) and Nyquist (bottom) plot of a
stacked pouch lithium cell (type “2”, see table 1) at
SOC=1 and 25°C

3.4 Current pulse measurement

The current pulse or current interrupt technique
is frequently used to estimate the various
resistances  in  electrochemical systems
[3,23,25,26]. In particular for HEV or EV
applications which require numerous pulses and
rest periods this seems to be the most promising
method to determine the electrochemical
parameters.

To evaluate the ohmic resistance and the
resistance for charge transfer at the electrode /
electrolyte interface and the double layer
capacity the cell was discharged with high pulse
currents (due to manufacturer specifications the

Fig. 3: Typical dimensionless voltage response during a
current pulse (5C, 12s) to determine ohmic resistance
and the parameters of the RC couple for charge transfer
at the electrode / electrolyte interface, see fig. 1.

The total resistance disregarding long time effects
for the voltage response in fig. 3 during a current
step can be estimated to:

U,-u
Rt == i -, (6)
The ohmic resistance is:

R, = (7)

U; and Uz were the voltage values one millisecond
after U, and U,. This time was chosen as it can be
measured easily, but also, because higher
resolution measurements indicate that at this time
range the general behaviour shown in fig 3 can be
measured best. Referring to the ECD in fig. 1 the
charge transfer resistance for the short time
analysis is the difference between the total and the
ohmic resistance:

Rp =Ry —R;- )
The time constant of the RC couple can be
approximated by
In (1 _ 4_3]
Uend _U3

and the double layer capacity therefore becomes:
Cp=1/Rp (10)
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3.5 OCYV determination

To determine the OCV as a function of SOC, stair
step measurements were carried out at different
current rates and ambient temperature. The cells
were charged and discharged with 1, 2 and 4C at
-10, 0 25 and 40°C. The OCV values were
collected in steps of 10% of SOC after a rest
period of Smin (in the measurements the impact
of the rest period was examined - there were only
negligible differences in OCV after 30min and
Smin).

The measurements were carried out using a
standard battery test system made by Digatron
and the cells were placed in a climate chamber at
those temperatures.

As an example, in fig. 4 the OCV of cell “3” is
illustrated as a function of temperature and
discharge current. The results show that there is
nearly no dependence of the OCV on
temperature, current amplitude and current
direction. Measurements starting with the
discharged cell and then charging in steps of 10%
of SOC provided very similar results. The
hysteresis is small and is therefore neglected in
the simulations. Cell “1” and ‘“2” show similar
behaviour and are not presented here.

cell "3"

< 37 —

= 35{ ==—1C_0°C  =——I1C_RT

1C_40°C  ===2C_0°C

33| ====2C RT ——2C_40°C

s | =—4C0°C  =—4CRT
4C_40°C

2,9

1 09 08 07 06 05 04 03 02 01 0

SOC

Fig. 4: OCV curves of cell “3” as function of
temperature and discharge currents (OCV measured
Smin after discharge regime). The differences are
negligible for all examined cells

3.6 Thermal properties

To parameterize the thermal model the specific
heat capacity, the heat transfer coefficients and
the entropic heat have to be determined.

The heat capacities are both estimated by data
from the literature and measured with a
calorimeter.

Table 2 shows the different heat capacities of the
components of the examined cells. The mass
fractions were obtained by chemical analyses of
the cell composition.

The results of both the measured heat capacities
and the heat capacities determined by chemical
analyses and data from the literature are listed in
table 3 for the examined cells type “1” and “2”.
The spirally wound cell type “3” was not analysed.
As can be seen, the heat capacities of the
components of the cells show a very good
agreement with the measured values and other
values published in the literature [19].

The heat transfer coefficients of the cells were
calculated under the assumption that the heat
exchange with the environment through
conduction is sufficiently small to neglect these
terms. The heat transfer by convection is
calculated for forced and free convection. The heat
transfer is a function of the dimensionless
variables Reynolds-Number, Prandtl-Number,
Grashof-Number and Rayleigh-Number and can be
calculated with tabled equations [27] for the
different geometries.

Table 2: Specific heat capacities of the components of
the examined cells [28]

Material Specific heat
[J-g K]

Li 3.582
Co 449
Al 903
Cu 385
Ni 444
Fe 452
Mn 473
F 824
p 769
Graphite 709
ALO; 765
Si0, 745
PP 1.700
mat 1.400
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Table 3: Measured and determined heat capacities of

cell “1” and “2”
cell “1” «“2”
heat capacity [J/K] 88.29 72.93
weight [g] 93.43 78.34
specific heat capacity
(from literature) 0.95 0.93
[Ig"K']

specific heat capacity
(measured average) 0.975 0.90
[Jg" K]

The heat transfer by radiation (last term in eq. 4)
can be approximated for small temperature
differences (<20K) to [29]:

w
= A (T = Tom) 5—— - 11
q (Teent 0) 2T (11)

4 Results

The determined electrochemical and thermal
parameters (chapter 3) were implemented in the
Matlab/Simulink simulation model (chapter 2).
Constant current discharges (chapter 4.1), pulse
current discharges (chapter 4.2) and cycle tests
(chapter 4.3), appropriate for a forklift truck
application, were carried out and compared with
the results of the simulations to verify the
electrochemical and thermal simulation model.
All three types of cells (table 1) were
investigated, in this paper only the results of the
pouch cells with 2.1Ah (cell “2”) and 5Ah (cell
“1”) at room temperature are shown. The results
of the other examined cell type and different
ambient temperatures showed similar agreements
between measurement and simulation and are
therefore not shown here.

4.1 Constant current discharge

In fig. 5 the measured and simulated values during
discharging at rated currents of 1C, 2C and 5C for
the 2.1 Ah pouch cell are given. The comparison
of measured and simulated values of the cell
voltage shows that the model gives a good
estimation of voltage behaviour of the cell. Please
note that the value k which is experimentally fitted
(see chapter 2.1) is the same for all discharge
curves and that the other parameters of the model
are not taken from constant current discharge
curves.

simulation 1C

£y measurement 1C

simulation 2C [

+ measurement 2C

simulation 5C ||
O measurement 5C

uwv
w w
) a o
o

0 500 1000 1500 2000 2500 3000 3500
tis)

Fig. 5: Measured and simulated voltages during
different rates of discharge current of cell “2” at room
temperature.

4.2 Pulse current discharge

To evaluate the ohmic resistance, the charge
transfer resistance and the double layer capacity,
the cells were discharged with pulse currents and
the voltage response was measured (see chapter
3.4). The discharge pulses had a rated current of
5C for 12s, followed by a rest period of one
minute. 55 pulses were possible before the
minimum discharge voltage of 2.5V was reached.
The amount of discharge equals 90% of the
nominal capacity of 2.1Ah (1C).

To avoid temperature influence the cell was
discharged under forced cooling (pseudo-
isothermal). Fig. 6 shows the measured and
simulated voltage behaviour during the current
pulses.
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Fig. 6: Measured and simulated voltages during pulse currents (rated current 5C) of cell “2” at room temperature under
forced cooling conditions.

4.3 Cycling with a current profile of
an electric forklift

The profile of an electric forklift was measured,
slightly simplified and used as a reference value
for a standard battery test system to examine the
cells in this special application.

The profile of the electric forklift equates an 8h
working shift with a rest period of 20 minutes
after 400 cycles (approx. 4h), total number of
cycles was 723.

Each cycle of 33s consists of 1s 0A, 10s driving
at -0.375A, 6s lifting at -5A, 1s 0A, 3s
recuperative braking at 3.75A, 1s 0A and 11s
standing at -0.06A (negative sign for
discharging), see fig. 7 top.

As can be seen, there are only small differences
between measured and simulated cell voltages.
Moreover, the voltage and thermal behaviour can
be predicted very exactly over a wide time range
for the applied current profile, see fig. 8.

The results of the simulations of cell types “2”
and “3” are similar to the results of cell type “1”
shown in fig. 8. The standard deviation between
the measured and simulated values of the cell

voltage is smaller than 20mV for all kinds of
examined cell types for the described application.

I (A)
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- 3280 320 T R - R
t(s)

—— measrement

anat | == swmuation 1
L {

s S . = g !
= a8 1
38+ {

%GO 3270 3280 3 300 330 vl 330

Fig. 7: Section of current profile of an electrical forklift
application (top) and measured and simulated voltages
(bottom) for the 5Ah pouch cell at room temperature.
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Fig. 8: Comparison of measured and simulated cell voltage (top) and temperature (bottom) for a whole working shift
of an electric forklift for cell type “1”” at room temperature. At approx. 3000s the external heating installation was
switched on and the ambient temperature increased.

The accuracy of the thermal model is
satisfactory; the maximum deviation is smaller
than 2.5K for the three cells. But it must be
considered that the overall heat generation was
low in this application under forced cooling
conditions.

The absolute error in temperature for the electric
forklift application is illustrated in fig. 9 for cell
type “1”.

] 05 1 15 2 25 3
tis) «10*

Fig. 9: Absolute error in temperature between
measurement and simulation calculated for cell type
“1” for the electric forklift application (current profile
shown in fig. 7). Measurement taken at room
temperature and forced cooling condition.

5 Discussion

The comparison of measured and simulated data
parameterized by EIS or pulse current technique
showed that the results were more exact when
using the second method. It seems to be obvious
that the determination of the parameters of the
ECD should be better using current pulse
techniques for applications with numerous

changes of power and current with non-marginal
amplitudes.

As mentioned before the prerequisites for good
impedance functions are linearity, causality,
stability and finiteness of the examined system
[23,24]. At least it 1is questionable if a
determination by EIS 1is the right method
especially for an electric drive system where
currents are outside the linear range.

Fig. 10 shows the measured time depending
resistances of two spirally wound lithium-ion cells
made by GAIA with 6 rsp. 27Ah capacity during
different rates of currents to emphasize the impact
of the measuring method. At very small currents,
the values determined by both methods agree, but
at very high currents, the value determined by the
current pulse method is significantly different.

A detailed discussion can be found in [12,30,31]
Further analyses are currently being carried out.

GAh, 1s

values from EIS BAh, 1ms

R (mcl)

27Ah, 1s
i i

N 2?:h,_1m; |
10 d
. ]

0 0.2 0.4 06 08 1
M_ (=)
s

Fig. 10: Current and time depending resistances of
spirally wound lithium cells with 6Ah and 27Ah.
Dimensionless current is referred to the short circuit
current I, of the cells (502A for the 6Ah cell, 1029A for
the 27Ah cell).
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It is mentioned above that the determination of
the parameter K (eq. 2) to describe the decrease of
voltage due to the reduction of active material
occurs experimentally and current dependent.
This approach avoids time  expensive
measurements of the second RC couple shown in
fig. 1. The simulation results show a good
agreement at the end of charging and discharging
regimes, so that this approach seems to be
reasonable.

By using a current independent value for K it can
be shown that the results of the simulations are
equal to the results if the parameter is determined
current dependent in the practical SOC range
from 0.9 to 0.1 for an electric drive cycle.

6 Conclusions

By means of simulation the electrical
performance and the thermal behaviour can be
predicted very exactly for the examined current
and temperature range and can be used as help
for selecting cell types and designing battery
systems.

The extension of the cell models to the whole
battery pack including thermal and battery
management system, safety requirements, the
implementation of aging effects and an analysis
of lifetime costs are currently being carried out.
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