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The temperature of a Lithium battery cell is important for its performance, efficiency, safety, and capacity and is influenced by
the environmental temperature and by the charging and discharging process itself. Battery Management Systems (BMS) take into
account this effect. As the temperature at the battery cell is difficult to measure, often the temperature is measured on or nearby the
poles of the cell, although the accuracy of predicting the cell temperature with those quantities is limited.Therefore a thermalmodel
of the battery is used in order to calculate and estimate the cell temperature. This paper uses a simple RC-network representation
for the thermal model and shows how the thermal parameters are identified using input/output measurements only, where the load
current of the battery represents the input while the temperatures at the poles represent the outputs of the measurement. With
a single measurement the eight model parameters (thermal resistances, electric contact resistances, and heat capacities) can be
determined using the method of least-square. Experimental results show that the simple model with the identified parameters fits
very accurately to the measurements.

1. Introduction

In the last several years the introduction of battery driven
vehicles has been significantly increased and will be further
increased in the next years. In addition to hybrid electric
cars and battery electric cars, e-mobility vehicles such as E-
Bikes (Figure 1), scooters, segway, and hoverboards have been
widely introduced [1]. The enabler for those applications is
the important battery component where Lithium ion cells
provide optimal performance with respect to voltage level,
high energy density, low memory effect, high cycle life, and
low self-discharge during storage.

It has been shown that the temperature of the battery
is important for their performance, efficiency, safety, and
capacity [2]. On the one side the temperature is influenced
by the environmental temperature; on the other side the
temperature of the battery is influenced by the charging
and discharging process. As the ageing of the battery cell
accelerates when the temperature of a cell is too high,
battery management systems (BMS) take into account this
effect using the battery temperature. Additionally, with the
knowledge of the core temperature a BMS can adapt the
current flow so that the efficiency of a battery is at its

optimum. Due to the difficulty measuring the battery cell
temperature, the temperature is often measured on or near
the poles of the cell. In [3] it was shown that the temperature
measured at the poles of a dynamically loaded battery varies
to the relevant cell temperature. Hence, the accuracy of the
measurement at the poles is limited.

Therefore a thermal model of the battery is used in order
to calculate the cell temperature. It is the aim to integrate the
thermalmodel into the energymanagement controller which
requires a simple thermal model. Thus, an RC-network rep-
resentation for the thermal description is used. The difficulty
here is to obtain the quantities of equivalent parameters of the
RC-network, such as capacities and thermal resistances.

This paper deals with the identification of thermal
resistances, heat capacity parameters, and electric contact
resistances (ECR) at the battery poles of the thermal model.
Instead of measuring and calculating the parameters, the
parameters are determined using the identification method
of least-square (LS) using input/output measurements only.

The paper is structured as follows:The simplified thermal
battery model through an electric RC-network is described
in Section 2, followed by the explanation of the test stand
and measurement setup in Section 3. The used parameter
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Figure 1: Mando Footloose E-Bike (taken from mando).

identification method is introduced in Section 4. Section 5
describes the application and results of the parameter identi-
fication including the validation of the model using indepen-
dent measurement data. Finally, the results are summarized
and some conclusions are drawn in Section 6.

2. Thermal Battery Model

With the functional superiority of Lithium batteries over
most of its other counterparts, it is undoubtedly a subject
of extensive study. Thermal issues with these batteries, like
having a high potential for thermal runaway and explosion
under high temperature, always threaten the operational
safety [5, 6]. Owing to their narrow operating temperature
range, an accurate prediction of battery temperature is abso-
lutely essential so as to maintain the longevity, performance
and safety of these Li-ion batteries. Studies [7] have shown
that, under typical conditions (such as a HEV drive cycle),
the cellsmay experience a temperature difference between the
core and the surface of 10∘C or more.

Since it is not feasible to measure the temperature of
the battery core during runtime, the battery management
systems typically use thermal models to predict the core tem-
perature. Existing models range from high fidelity thermal
models [8–11] to reduced order models [7, 12–15] capturing
the lumped thermal dynamics of the cell. However, the high
fidelity models due to their computational complexity are not
suitable for onboard application.

2.1. Battery Model. In order to decide the appropriate battery
model to be used, observations were made considering the
heat conduction inside the core and poles. The transversal
heat conductivity of the electroactive region of a cell (the
core) is about 0.8 [W/K⋅m] [16] and the characteristic length
is about 20 [mm], so the heat conduction inside the core is𝐾core = 40 [W/K⋅m2]. Also for the heat conduction in the
5 [mm] thick polypropylene case of the cell, it is estimated
that the heat conduction of the case is 𝐾case = 30 [W/K⋅m2].
This is based on an average heat conductivity of polypropy-
lene of 0.15 [W/K⋅m] [17]. The heat conductance of case to
ambient is 6.9 [W/K⋅m2] as it is measured in the laboratory
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Figure 2: Cell core schematic.

(which is a not ventilated room). Also since the article
focusses on the temperature of the core and poles, and all
heat dissipation occurs in poles and core, and because they
have the highest contribution to the total heat capacity of
a cell, the 𝐵𝑖𝑜𝑡 number should be calculated as the ratio of
heat conduction inside the core to the conduction outside
the core.The heat conduction inside the core is 40 [W/K⋅m2].
The heat conduction outside the core is the combined heat
transfer through the case and the convection and equals
5.6 [W/K⋅m2]. Thus the 𝐵𝑖𝑜𝑡-number of 0.14 is considered
low enough to assume a lumped thermal model.

For this study the simplified lumped thermal model
considered is constructed based on first principles, which
incorporates the physics of the various processes occurring in
the cell. A 100 [Ah] prismatic Lithium Iron Phosphate cell of
Sinopoly (LEP100AHA) [18] was considered for this study. As
for prismatic cells, the temperature is often measured on the
battery poles; a 1D model is used so as to describe the differ-
ence between the temperature at the battery poles and the
core.The poles consist of a solid Copper or Aluminium block
with an attached cylindrical top for connecting a current
cable. The cell construction also implies two Electric contact
resistances (ECR) at each pole [3], the ECR from cable to pole
and the ECR from pole to current collector sheets. A schem-
atic representation of the construction of the battery core con-
sisting of the current collector sheets [3] is shown in Figure 2.
Figure 3 gives the thermal RC representation of the cell
model.

However, since not always the internal construction of a
battery is well known, a model defined by only three heat
capacities, (2 poles and the core) and the corresponding
thermal resistances is presented. The heat capacities are
physical based parameters which are constant and almost
time invariant and can be determined by either calculations
or experiments. In this contribution the determination of the
heat capacities (amongst others) is included in the parameter
identification process.

It can be shown that, for a specific heat capacity, the
change in temperature 𝑇 resulting from a net heat flow is
given by

𝐶d𝑇
d𝑡 = 𝑃net, (1)
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Figure 3: Thermal RC-network model of cell.

where 𝐶 is the heat capacity and 𝑃net the sum of all heat
that flows into the heat capacity or is dissipated in the heat
capacity. Therefore, for the Copper pole,

𝐶cp d𝑇Cud𝑡 = (𝑇amb − 𝑇Cu𝑅thCable∗ ) + (
𝑇Core − 𝑇Cu𝑅ccp ) + 𝐷𝑃Cu. (2)

Eq. (2) gives the energy balance for the Copper pole with𝐷𝑃Cu being the heat dissipated at the Cu pole. The term(𝑇amb − 𝑇Cu)/𝑅thCable∗ represents the heat flow from the sur-
roundings and the connecting cable to the Cu pole, 𝑅thCable∗
being the equivalent resistance between 𝑅th,Cable and 𝑅cpa.
The heat flow from the core to the pole is represented by(𝑇Core − 𝑇Cu)/𝑅ccp. Similarly for the Aluminium pole,

𝐶ap d𝑇Ald𝑡 = (𝑇amb − 𝑇Al𝑅thCable∗ ) + (
𝑇Core − 𝑇Al𝑅cap ) + 𝐷𝑃Al (3)

and also for the battery core,

𝐶core d𝑇cored𝑡 = (𝑇amb − 𝑇core𝑅ca ) − (𝑇Core − 𝑇Cu𝑅ccp )

− (𝑇core − 𝑇Al𝑅cap ) + 𝐷𝑃core
(4)

with𝐷𝑃core being the heat dissipated at the battery core.
Also essential is the inclusion of the thermal model of

the connecting cable that connects the poles to a load. The
contribution of the cable can be characterized as a heat
conductor between the core and the environment and also
as an extra heat capacitance as the ohmic heat dissipated in
the cable heats up the pole, which in turn affects the dynamic
behavior at the pole. As such the cable model as described by
[3] has been used for this study.The effective heat dissipation
in the cable is hence given by 𝑞sc = (𝑅el,cable ∗ 𝐼2)/(1 + 𝑗 ∗ 𝜔 ∗𝜏cable) with 𝜏cable as the thermal time constant.

3. Test Stand and Measurement Setup

The battery measurement setup is used to measure the
electrical and thermal characteristics of a battery pack, which
consists of 1 to 12 cells. Figure 4 shows the block scheme of
the measurement setup.

Themeasurable quantities in the Lithium cell are the tem-
perature of the poles and the cell body with the variation of

the input load current. For the purpose of measurement, the
current profile usedwas a symmetrical one, with symmetrical
charge discharge cycles.With the load current being symmet-
rical, there is no net electrochemical conversion of energy.
Thus all the electrical energy input of the battery is dissipated
into heat and can be determined from the measured voltage
and current [3]. As such, there were two sets ofmeasurements
taken (see Figure 5), the first, set 1 (to investigate the thermal
behavior at a somewhat constant load), where the load
current is a continuous series of charge discharge cycles with
a constant amplitude of 125 [A] and pulse width of 20 [s].
The second set of measurements, set 2, which were taken to
investigate the dynamic behavior of the poles and the core,
consisted of 3 subsequent charge/discharge cycles followed by
a rest period of 480 [s].

The pulses had a pulse width of 80 [s] and an amplitude
of 150 [A].

The series of pulses also guarantee that the relevant eigen-
frequencies of the system are stimulated which is essential for
a system identification process.

It can be noted, that, for one charge/discharge cycle, the
following principles apply:

𝑃cycle = 12 (𝑈charge − 𝑈discharge) ⋅ 𝐼plus, (5)

where 𝑃cycle is the average power dissipation during one
charge/discharge cycle,𝑈charge the average cell voltage during
the charge pulse, 𝑈discharge the average cell voltage during the
discharge pulse, and 𝐼plus the magnitude of charge/discharge
current. With the two different current load profiles supplied
to the battery, the outputs measured shown in Figure 6 were
categorized under the following:

𝑇poleCu is measured temperature at the Copper pole.
𝑇poleAl is measured temperature at the Aluminium
pole.
𝑇case is measured temperature at the middle of the
case.
Ambient is ambient temperature measured at a dis-
tance of 5 cm from the cell.

4. Parameter Identification

Aim of the identification procedure is to determine the
substitution parameters of the thermal model of the battery,
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Figure 4: Block scheme of the measurement setup.

based on the input signal 𝑖 and output signal 𝑇, where 𝑖
is the load current profile with a dynamic charge/discharge
characteristic and 𝑇 is the temperature of either the Copper
or Aluminium pole. The model parameters are optimized in
that the error 𝑒(𝑘) between the real process and the model
becomes a minimum; see Figure 7. Parameter optimization
algorithms have a high degree of development and are widely
applied in Toolboxes, such as MATLAB/Simulink.

In order to apply a parameter identification approach the
model has to fulfill the following requirements:

(1) Stability of themodel; otherwise ameasurement is not
possible,

(2) The model has to be controllable; otherwise a state
cannot be stimulated and hence cannot be identified,
and

(3) The model has to be observable; otherwise states
cannot be reconstructed from input/output measure-
ments.

The properties of controllability and observability can be
easily proved by use of the Kalman criteria [4].

Using the method of least-square (LS) for dynamic
systems, the cost function is formulated as

𝑉(�̂�) = 𝑛+𝑁∑
𝑘=𝑛

𝑒2 (𝑘, �̂�) = e (𝑘, �̂�)𝑇 e (𝑘, �̂�) (6)

and has to be minimized, where e(𝑘, �̂�) is the model error
dependent on the coefficients of the difference equation

�̂� = [𝑎1 ⋅ ⋅ ⋅ 𝑎𝑛 | �̂�1 ⋅ ⋅ ⋅ �̂�𝑛]𝑇 (7)

which represent the parameters to be estimated. Calculating
the derivative of the cost function and setting it to zero,
an analytical equation for the estimated parameters can be
formulated:

�̂� = (Ψ𝑇Ψ)−1Ψ𝑇y, (8)

whereΨ is the data matrix and contains the input and output
measurement data [4, 19].

A disadvantage of the model result is the sensitivity
against disturbances and model uncertainties. Additionally
the model is overdetermined as the thermal battery model
contains more coefficients than substitution parameters.
Hence an indirect approach is applied [20]. The errors at the
time 𝑘 are stored in an error vector

e (�̂�) = [𝑒 (1, �̂�) ⋅ ⋅ ⋅ 𝑒 (𝑁, �̂�)]𝑇 . (9)

Similar to the LS-method the quadratic cost function can be
formulated as

𝑉(�̂�) = 𝑒 (�̂�)𝑇𝑒 (�̂�) (10)
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and has to be minimal. It yields

∇𝑉(�̂�) = 𝜕𝑉 (�̂�)𝜕�̂� = [𝜕𝑉 (�̂�)𝜕𝜃1 ⋅ ⋅ ⋅
𝜕𝑉 (�̂�)
𝜕𝜃𝑀 ] = 0

𝑇. (11)

Using the Gauß-Newton-approach and the initial condition
for the parameters �̂�0 the estimation is calculated “step by
step” through

�̂�𝑖+1 = �̂�𝑖 −H−1 (�̂�𝑖) ∇𝑉 (�̂�𝑖) , (12)

where

H (�̂�) = 𝜕2𝑉(�̂�)𝜕�̂�𝑇𝜕�̂� (13)

represents the Hesse-matrix. With the introduction of the
Jacobian-matrix

J (�̂�) = 𝜕e (�̂�)𝜕�̂� (14)

the gradient of the cost function can be formulated as

∇𝑉(�̂�) = 2J (�̂�)𝑇𝑒 (�̂�) (15)

and taking into account the approximation of the Hesse-
matrix

H (�̂�) ≈ 2J (�̂�)𝑇J (�̂�) (16)

it yields

�̂�𝑖+1 = �̂�𝑖 − [J𝑖 (�̂�𝑖)𝑇 J𝑖 (�̂�𝑖)]−1 J𝑖 (�̂�𝑖)𝑇 e𝑖 (�̂�𝑖) (17)

for the estimated model parameters. A set of satisfying
parameters �̂�

∗
are achieved, if the difference between �̂�𝑖 and

�̂�𝑖+1 is less than a given threshold Δ𝜃min, thus |�̂�𝑖 − �̂�𝑖+1| <Δ𝜃min.
The proof of convergence of the LS-method is formulated

in [4].

5. Thermal Model Analysis

For the model analysis, the theoretical model (Figure 3) was
used and the output of the model was compared with the
actual process output as in Figure 6 (set 1). For the initial
values of the battery parameters, the values experimentally
determined by [3] et al. were considered. The model output
for the first measurement set using the empirically deter-
mined parameters was found out to be quite satisfactory
however with an approximate error of 5% (Figure 8). The
deviations for both output measurements have been mini-
mized by iteratively changing the values of the experimentally
determined parameters by employing a nonlinear least square
method using the Trust-Region-Reflective algorithm; see
Section 4. The new parameter values obtained were found
to represent the measurements quite accurately with an
approximate deviation of around 0.5–1% (Figure 9).

The parameters obtained were now validated using a
second independentmeasurement set with 150 [A]maximum
current input.The results obtained were satisfactory in terms
of the obtained curve fit (Figure 10).The obtained parameters
are listed down in Table 1. The estimated parameters being
close to the empirically determined ones suggest the overall
dimensional correctness of the system model.
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6. Summary and Conclusion

In this paper a least-square parameter identification method
is applied to determine the parameters of a thermalmodel of a
battery cell. In this paper a simplified lumped thermal model
is used and described through an equivalent RC-network. As
it is difficult to determine the thermal resistances and heat
capacities experimentally or empirically, the LS-parameter
identification method has been applied based on input- and
output measurements. Here the load current of the battery
represents the input while the temperatures at the poles rep-
resent the outputs of the measurement. Experimental results
show that the simplemodel with the identified parameters fits
very accurately to the measurements (less than 1% deviation)
and even the validation shows an adequate behavior, where
the dynamic temperature deviation is less than 5%.

The thermal model can be used as a basis for future
research and development. For example a model based
observer can be applied to predict the core temperature of the
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Figure 10: Model output and system output comparison for 2nd set
of measurements with the tuned parameters.

Table 1: Obtained parameter values.

Parameter Empirically determined Parameter identification
𝐶ap [JK−1] 53 52.997
𝐶𝑐 [JK−1] 2900 3080.2𝐶cp [JK−1] 62 84.792
𝑅ca [KW−1] 1.64 1.3731𝑅cap [KW−1] 2.2 3.5244
𝑅ccp [KW−1] 1.7 3.1336
𝐸𝐶𝑅Al [𝜇Ω] 87 73.786𝐸𝐶𝑅Cu [𝜇Ω] 21 22.207

battery cell. As themodel is relatively simple, the observer can
be executed on simple microcontrollers in order to improve
the battery management of E-Bikes and can be applied to
any other battery operated systems with a relatively high
power load. Additionally, the information of the battery core
temperature can be taken into account for a BMS in order to
operate at a maximum/optimal efficiency.

Abbreviations

Network Components Defined in the Thermal
RC-Network Model

𝑞𝑐: Heat generated in the core (caused by the
overvoltage losses and entropic heat exchange)𝑞ap: Heat generated at the Aluminium pole caused
by the current through the ECR’s at the pole𝑞cp: Heat generated at the Copper pole caused by
the current through the ECR’s at the pole𝐶𝑐: Heat capacity of the core𝐶ap: Heat capacity of Aluminium pole𝐶cp: Heat capacity of Copper pole𝑅cap: Thermal resistance from core to Aluminium
pole𝑅ccp: Thermal resistance from core to Copper pole
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𝑅apa: Thermal resistance from Aluminium pole to
ambient𝑅ca: Thermal resistance from core to ambient𝑅cpa: Thermal resistance from Copper pole to ambient𝑅th,cable: Thermal resistance in the connector cable𝐸𝐶𝑅Al: Contact resistance of Aluminium𝐸𝐶𝑅Cu: Contact resistance of Copper𝐷𝑃Cu: Heat dissipated at the Copper pole𝐷𝑃Al: Heat dissipated at the Aluminium pole𝐷𝑃Core: Heat dissipated at the cell core.
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