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Abstract—This article describes the parameterization of a
simple, dynamic single cell battery model for cell and system
simulation. It is shown how to parameterize the model based
on basic electrical tests and publicly available data such as data
sheets. The performance of the parameterized model is validated
with test results gained from two different cycles with the li-Tec
HEA 40 High Energy Cell. Additionally, it is shown how the
model can be extended to consider basic aging effects.

Index Terms—Lithium-ion battery, battery model, impedance,
parameter extraction, aging.

I. I NTRODUCTION

Applications of batteries are increasing rapidly in every part
of life and it is only a matter of time until the number of hybrid
electric vehicles (HEV), cars with range extenders or even
pure electric cars exceed the number of cars with conventional
power train. The more applications arise the greater is the need
for powerful batteries which leads directly to the lithium ion
technology [1].

Prototyping, by using the results from previous simulation,
is a common used technique to reduce time consuming tests
because some of these tests can be simulated if an accurate
model exists. It is usually much cheaper to perform virtual
tests since no expensive test and measurement equipment is
required and parallel use of the same simulation-model at the
same time on different workstations is possible.

Many battery models with various focus and applications
have already been proposed [2], but the implementation and
the parameterization is mostly complicated and time consum-
ing. Therefore, this article is focused on an electrical battery
model with good tradeoff between performance, complexity
and parameterization work [3]. The model is explained in
detail and moreover, it is shown how to parameterize it with
data gained from basic electrical tests and publicly available
data. The parameterized model is compared with test results
gained from a real life cycle and a standard discharging
procedure with the li-Tec HEA 40 High Energy Cell [4].
Finally, the main aging effects can be taken into account in an
extended version of the model to assure the accuracy of the
model for long term application.

RD

CD

RS

V VCell

IBatt

Fig. 1. Basic electrical battery model.

I I. BATTERY MODEL

A commonly used electrical battery model is shown in
figure 1 [3], [5]. This model avoids solving a system of
coupled, time-varying partial differential equations which oc-
cur typically in electrochemical models [6]. It has more
direct relation between the model parameters and the battery
behavior than pure mathematical models, which do not need
any system knowledge (black box approach) [7]. Therefore it
offers a good tradeoff between performance, complexity and
usability.

The components of the model are
∙ V0 the voltage source, which characterizes the open

circuit voltage (OCV),
∙ RS the ohmic impedance of the contacts, the electrodes

as well as the electrolyte and
∙ RD, CD which characterize the transient response of the

battery electrodes.
Figure 2 exemplarily shows the ideal Nyquist plot of the

internal impedance for this basic battery model. The same
information is contained in the step response of a current step
applied to the internal impedance. Figure 3 shows a current
step of40A and the calculated step response of the internal
impedance [8]. The most difficult task for implementation is
getting the correct parameters for the model specially when
some components are varying during simulation. Therefore an
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Fig. 2. Ideal Nyquist plot of the internal impedance of the basic battery
model withRS = 0.6mΩ, RD = 0.7mΩ andCD = 70000F.
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Fig. 3. Voltage response when a rectangular current pulse ofIstep = 40A

is applied to the battery impedance of the basic battery model with
RS = 0.6mΩ, RD = 0.7mΩ andCD = 70000F.

initial start value and a second parameter which considers the
change have to be defined. Some components are changing
during one cycle as well as during the whole lifetime of a cell
as described in section VI.

III. M ODELING

The simulation language used for this approach is Model-
ica/Dymola because of the simple and object-oriented possi-
bility to model interdisciplinary relations [9].

A. Parameters and output variables

The input parameters for the basic model are

CN the rated capacity inAh,
CycleNr0 the initial number of cycles,
SOCX , OCVX pointwise approximation of theOCV in

V versus theSOC,
SOC0 the initial state of charge,
RS0 the ohmic resistance of the electrolyte

and the contacts inΩ at SOC = 0,
kRSSOC the coefficient for the change ofRS over

SOC in Ω,
RD0 the ohmic resistance of the electrodes in

Ω at SOC = 0,

kRDSOC the coefficient for the change ofRD over
SOC in Ω,

CD0 the capacitance of the electrodes inF at
SOC = 0 and

kCDSOC the coefficient for the change ofCD over
SOC in F.

Given a currentIBatt over time the following variables are
calculated:

SOC the state of charge of the cell,
CycleNr the number of cycles,
RS the ohmic resistance of the electrolyte and the

contactsΩ,
RD the ohmic resistance of the electrodes inΩ,
CD the capacitance of the electrodes inF,
V0 the (theoretical)OCV in V and
VCell the cell voltage inV.

Dependencies on temperature, current amplitude and current
shape are neglected in this model.

B. Estimation of the output variables

The state of charge

SOC =
CN −Q

CN

, (1)

with the already removed charge at time instantt0

Q =

t0∫

0

IBatt(t)dt, (2)

is a value between zero and one and describes the available
charge based on the rated capacityCN . The actual rated
capacityCN is the available charge in a fully charged cell.

One cycle is defined as the double rated capacity charge
transfer to or from the cell (Coulomb counter). This can be
discharging, starting from anySOC� until discharge voltage
limit DV L, charging until charging voltage limitCV L and
discharging again untilSOC�. Equivalent treated is charging,
starting fromSOC� to CV L, discharging untilDV L and
charging untilSOC� . Therefore

CycleNr = CycleNr0 +
1

2 ⋅ CN

⋅

t0∫

0

∣IBatt(t)∣ dt (3)

is defined since also part-cycles have to be considered.
TheOCV is a function of theSOC and although it could

be defined by a polynomial

U0(SOC) = a0 + a1 ⋅ SOC + . . .+ an ⋅ SOCn, (4)

experience showed that the result is not satisfying withn = 3
and polynomials tend to oscillate with higher grade [10]. A
better approach would make use splines but the best result
has been gained (regarding error and effort) with a linear
interpolation between several supporting points, which are also
very easy to measure. Figure 4 shows the measured supporting
points and the interpolation for the li-Tech HEA40 cell [4] .
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Fig. 4. Linear interpolation of theOCV for different SOC gained from
Hybrid Pulse Power Characterization tests for the li-Tech HEA40 cell [11],
[4].
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Fig. 5. Simulation of the cell voltages of 3 serial connected cells with capac-
ities between30Ah and45Ah when applying a40A constant discharging
current.

When serially connected cells with differentCN are stressed
with the same discharging current, their voltage shape appears
different even if theOCV shape is the same (5).

The internal impedance varies with differentSOC as shown
in figure 6 for the cell used in this study. Although the
measured impedance behavior from the cell (figure 6) is
not completely the same as from the model (figure 2), only
RS , RD and CD are considered in the model.RS can be
implemented as

RS(SOC) = RS0 + kRSSOC ⋅ SOC. (5)

RD andCD) can be modeled in the same manner if necessary.
The model would not get much more complicated if the

linear interpolation forRS(SOC), RD(SOC) andCD(SOC)
(if implemented) is replaced with polynomials or lookup tables
but the accuracy would be improved only slightly and the
amount of parameters then increases a lot. If in the present
implementation, a parameter (kx) is not available, its effect
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Fig. 6. Nyquist plot of the internal impedance for differentSOC of the
li-Tech HEA 40 measured with a current of0.6A between0.1 and400Hz.
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Fig. 7. Measured voltage response of the internal impedance for different
SOC of the li-Tech HEA 40 when applying a current step of40A.

could be disabled by setting the responsiblekx value to zero.

IV. PARAMETRIZATION

The rated capacityCN can be deduced from the data sheet
of the battery manufacturer or measured [4]. The shape of the
OCV versusSOC curve can either be extracted from data
sheet or measured. The initial number of cyclesCycleNr0
as well as the initial State of ChargeSOC0 are experiment
specific parameters while the determination of the others will
be described in the following.

The impedance parameters can be obtained by performing
an electrical impedance spectroscopy measurement as de-
scribed in literature [12]. If no impedance spectrometer is
available the parameters can also be found by applying a
current pulse and measuring the voltage response as shown
in figure 3 and 7 (assuming linearity of the system). With
Istep, the step height of the current and the initial voltage
responseVstep the serial ohmic resistance can be estimated
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Fig. 8. Supposed alteration ofRS , RD andCD overSOC. The impedances
were extracted from voltage step responce with a step current of 40A.

for a specificSOC with

RS =
Vstep

Istep
. (6)

While RD can be found from

RD =
Vfinal

Istep
−RS , (7)

rearranging the equation for the time constant of the exponen-
tial curve delivers

CD = � ⋅
RS +RD

RS ⋅RD

. (8)

Figure 8 shows the resistive and capacitive data deduced from
current pulse experiments on the li-Tec HEA40 battery (figure
7) and the implemented curves forRS , RD andCD.

A battery is a nonlinear device and the measurement current
rate influences the result. This is the reason why the parameters
in figure 8 are slightly different from those deduced from
impedance spectrometer measurement (figure 6).

V. VALIDATION

For a realistic validation of the parameterized model, the
current profile gained from the FTP72 cycle is applied to the
model as well as to the real cell (li-Tech HEA40). The FTP72
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Fig. 11. Definition of the FTP72 driving cycle, power consumption of a
typical electrical vehicle and current requirement from a battery pack with
100 serial connected single cells with a cell voltage of3.6V respectively.

cycle, defined in [13], is a standardized real life cycle and
simulates an urban route of12.07 km. This cycle was applied
to a compact electric vehicle to extract a realistic power and
current profile. The power and current profile are shown in
figure 11. The current profile is repeated starting from the full
charged cell until discharging voltage limitDV L is reached.
Figure 9 and 12 shows that the error, related to the measured
voltage, between the simulated and the measured voltage stays
below 0.5% forSOC = [1, 0.1] and below 1.5% during the
entire discharging process. The same approach is performed
with a less dynamic cycle [11] to show the properness of the
model (figure 10 and 13). During the whole test the cell was
in a climate chamber with an ambient temperature of40∘C to
minimize temperature effects (figure 14).

All results thus demonstrate, that the model, parameterized
with measurements or values from data sheets, is able to
reproduce sophisticated real life cycles.

VI. I NCLUSION OF AGING EFFECTS IN FUTURE WORK

A. Aging effects

Research on aging aspects of Li-ion battery behavior is still
in an early stage. Tests are very time and cost consuming and
many parameters influence the results in a complex manner.
Although the main aging mechanisms are well known [14], it
is hardly possible to model all the relevant process especially
when a system-oriented simulation is preferred.

Basically, there is a difference between calendar aging and
aging due to cycling. Li-ion cells typically have a calendarlife-
time of approximately 2 to 4 years. In this time the internal
impedance increases and the rated capacityCN decreases [15].
The end of life (EOL) is defined to be reached when the rated
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Fig. 9. Comparison of the measured and simulated cell voltage when applying the FTP72 current profile from figure 11 continuously repeated (top). The
error refers to the measured voltage (bottom).
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Fig. 10. Comparison of the measured and simulated cell voltage when applying a current profile as defined in the HPPC test procedure (top) [11]. The error
refers to the measured voltage (bottom).
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Fig. 12. Detail of the comparison from figure 9 atSOC ≈ 0.5.
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Fig. 13. Detail of the comparison from figure 10 atSOC ≈ 0.5.

capacity is reduced by20% from the initial value. Further-
more, the rated capacity is not only altered with increasing
cycle number but is also influenced by some other factors
(discharging current, temperature, cycle shape, etc.).

The ohmic impedance mainly increases due to changes
of the electrolyte (e.g. electrolyte consumption), the elec-
trolyte/electrode interface and changes of the contact resis-
tance [16].

Fig. 14. Climate chamber to guarantee a constant temperature of40∘C
during cycling.
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Fig. 15. Supposed alteration of the rated capacityCN and the internal
resistanceRS due to cell cycling [17].

B. Extension of the model

In the extended model, a linear reduction of the capacity
CN and a linear growth of the internal resistanceRS over
the number of cyclesCycleNr can be taken into account as
shown in figure 15 [17].

The additional input parameters for the model are

CN0 the initial rated capacity inAh,
kCN

the aging coefficient of the rated capacity in
Ah/CycleNr,

RS0 the initial ohmic resistance of the electrolyte
and the contacts inΩ at SOC = 0,

kRSCycleNr the aging coefficient forRS over CycleNr
in Ω.

The additional output variables are
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CN the actual capacity of the cell inAh,
RS the actual ohmic resistance of the electrolyte and the

contactsΩ,

The rated capacityCN decreases fromCN0 depending on
the cycle numberCycleNr due to aging by means of

CN (CycleNr) = kCN
⋅ CycleNr + CN0 (9)

The parameterkCN
can usually be extracted from data sheet.

Taking aging due to cycling into account, (5) can be extended
to

RS(CycleNr, SOC) = RS0+

kRSCycleNr ⋅ CycleNr + kRSSOC ⋅ SOC. (10)

VII. C ONCLUSION

A cell model for dynamic cell and system simulation
including the parameterization has been presented. The model
can be easily parameterized using data sheet and impedance
spectroscopy or applying a current impulse to the contacts
while measuring the voltage response. The model has been pa-
rameterized for a specific battery (li-Tec HEA40) and validated
using two different, standardized cycles. The error between
measured and simulated voltage stays below1.5% during the
whole discharging cycle and emphasises the accuracy of the
model. The model has been extended in order to consider basic
aging effects.

Further work will focus on how the measuring current
influences the internal impedance for both presented param-
eter extraction methods (voltage step response and electrical
impedance spectroscopy) and will cover a validation of the
extended model with aging data, when available. Next versions
of the model will also include temperature behaviour.
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