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Abstract: The article presents the development of a sodium-ion cell model that accurately reproduces the voltage behavior un-
der various operating conditions. To determine the model parameters, experiments were conducted, including measurements
of resistance, open-circuit voltage, and cell capacity at different SOC levels, temperatures, and load currents. The developed
model allows for precise voltage forecasting of the cell under both high and low load currents. Experimental results were com-
pared with simulations, enabling the evaluation of the model’s accuracy, which can be implemented in BMS systems for elec-
tromobility and energy storage.
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Streszczenie: Artykut przedstawia opracowanie modelu ogniwa sodowo-jonowego, ktéry doktadnie odwzorowuje zachowanie
napiecia w réznych warunkach roboczych. Do okre$lenia parametréw modelu przeprowadzono eksperymenty, obejmujace po-
miar rezystanji, napiecia obwodu otwartego oraz pojemnosci ogniwa przy réznych poziomach SOC, temperaturach i pradach
obcigzenia. Opracowany model umoiliwia precyzyjne prognozowanie napiecia ogniwa zaréwno przy duzych, jak i matych
pradach obciazenia. Wyniki eksperymentalne poréwnano z symulacjami, co pozwolito oceni¢ doktadno$¢ modelu, ktéry moze
by¢ zaimplementowany w systemach BMS dla elektromobilnosci i magazynowania energii.

Stowa kluczowe: model ogniwa, ogniwo sodowo-jonowe, rezystancja wewnetrzna, rezystancja dynamiczna

Introduction

The decarbonization of the energy sector, as well
as the implementation of smart-grid and vehicle-to-
grid technologies, also represent key components of
long-term environmental and energy-related objec-
tives.[1] These policies highlight governments’ com-
mitment to creating a sustainable and clean future for
transportation. [2]

Such a rapid growth in the electric and hybrid ve-
hicle shown in the graph in Figure 1. market is accom-
panied by a tremendous demand for batteries, which
constitute a significant portion of the total vehicle cost.
For this reason, manufacturers are seeking alternative
solutions to remain competitive in the market. Sodi-
um-ion (Na-ion) cells [3] are being developed as an
alternative to lithium-ion (Li-ion) cells in electric ve-
hicles. In 2023, the first electric car with a Na-ion cell-
based battery—the Sehol E10X featuring a 25 kWh
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battery—was introduced in China. Current literature
reports the energy density of sodium-ion cells at ap-
proximately 120 Wh/kg [4], although leading Na-ion
cell manufacturers, such as CATL, claim values reach-
ing up to 180 Wh/kg [5]. Further development of sodi-
um-ion cell technology is focused on increasing their
energy density to 200 Wh/kg [3].

Another factor enhancing the appeal of sodium-
ion cells is their resistance to temperature fluctuations.
Lithium-ion cells currently in use require maintaining
an optimal operating temperature. In addition, the cells
that make up the energy storage are subjected to vary-
ing load conditions [6]. At low temperatures, their en-
ergy delivery capacity significantly decreases [7]. This
issue is often addressed by using part of the stored bat-
tery energy to heat it [8]. However, this is a subopti-
mal solution that reduces the overall efficiency of the
system. Studies on sodium-ion cells show that low op-
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Fig. 1. Production of Electric and Hybrid Cars Worldwide.

erating temperatures have a much smaller impact on
their energy delivery capacity [9], [10] compared to
lithium-ion cells. At high temperatures, however, sodi-
um-ion cells behave uncontrollably, similar to lithium-
ion cells [11], [12], [13].

The safety of electrochemical cells can be deter-
mined based on thermal runaway propagation rates
shown in the graph in Figure 2. The thermal runaway
propagation rates of lithium-ion and sodium-ion cells
are well-documented in the literature [11], [14]. The
average mass loss rate indicates a significantly slow-
er thermal runaway process [15] in sodium-ion cells
compared to nickel-manganese-cobalt cells. Addition-
ally, the temperature rise is twice as slow, although it
remains higher than in lithium-iron-phosphate cells
[16]. Currently, efforts are underway to develop solu-
tions that enhance the safety of sodium-ion cells [17].

The thermal runaway process in cells is associated
with the occurrence of internal short circuits caused by
high temperatures, the uncontrolled release of energy
stored within, and the subsequent ignition of the elec-
trolyte and electrode materials [18].

Identification of Battery Model
Parameters

The Thevenin model of a lithium-ion cell is a sim-
plified electrical model that describes the cell’s be-
havior based on parameters representing its dynamic
and static properties [19]. Literature on the modeling
of electrochemical cells presents various cell models
tailored to different levels of application complexity
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Fig. 2. Comparision thermal runaway between lithium-ion and sodi-
um-ion battery.

[20]. For applications utilizing static cell parameters,
the use of a series model is justified [21]. However,
dynamic load variations require the adoption of more
advanced models that account for cell polarization
changes [22], [23].

In this study, a first-order equivalent circuit model
(Fig. 3b) has been adopted, as it provides satisfactory
modeling accuracy.

Figure 3 illustrates the adopted equivalent cell
model. UOCV refers to the open-circuit voltage, R0
represents the series resistance, while R1 and C1 cor-
respond to the dynamic resistance and dynamic capac-
itance, respectively [24], [25]. This model is widely
used in battery management systems (BMS) and bat-
tery operation simulations [26], [27]. By knowing the
parameters of the cell model, it is possible to estimate
the state of charge (SOC) in real time [28], [29], [30].
Additionally, with knowledge of the energy consump-
tion profile, it becomes feasible to optimally select
a battery [31].

OCYV (Open Circuit Voltage), is a fundamental pa-
rameter characterizing lithium-ion batteries. It is the
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Fig. 3. Equivalent Cell Model: a) Series, b) First-order, c) Second-order.

voltage measured at the cell’s terminals when the bat-
tery is at rest, with no current flowing through it (nei-
ther discharge nor charge). The relationship between
OCYV and SOC is not linear — in typical lithium-ion
batteries, it exhibits a gently curved profile, with more
pronounced voltage differences at lower or higher
SOC levels.

(1) Ve () = SOC(s)

where: s€[0,1] and mean state of charge battery.[32]

One of the methods for determining the OCV-SOC
characteristic is to experimentally establish the rela-
tionship by charging the cell with a small current of
1/20 C to the maximum cell voltage, then discharging
it with the same current to the minimum voltage level,
and subsequently determining the average values for
the corresponding state of charge levels [33,34].

Another method is conducting the Hybrid Pulse
Power Characterization (HPPC) test shown in the
graph in Figure 4. This is a technique for examining
cell properties, allowing for the assessment of their
performance under various load conditions and at dif-
ferent stages of the lifecycle. The test involves ap-
plying a series of current pulses with varying intensi-
ties to the cell, during both charging and discharging
phases. Throughout the test, voltage, current, and tem-
perature of the cell are measured. The HPPC test is
performed under controlled conditions, typically in re-
search laboratories, and encompasses various battery
state-of-charge (SOC) levels [35]. It is widely used for
evaluating energy storage systems in electric vehicles,
ensuring their compatibility with high-power demands
and efficiency standards. To determine the OCV val-
ues for specific SOC levels, studies were conducted
according to the following algorithm [36].
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Fig. 4. Procedure for determining the OCV-SOC curve of a cel.

Internal resistance is a key parameter defining the
power, energy efficiency, and heat losses of a lithium-
ion cell. Accurate knowledge of this value is essen-
tial when designing battery systems for automotive
applications [37,38]. Generally, the internal resist-
ance of a battery increases as it degrades, which can
negatively affect its performance due to energy losses
caused by Joule heating and a drop in discharge volt-
age. Furthermore, since a battery’s internal resistance
can vary due to manufacturing issues, it is widely con-
sidered a critical evaluation factor in most battery pro-
duction processes [39]. The primary method for de-
termining a cell’s series resistance involves applying
a known current load and recording the resulting volt-
age change across the cell [40]. Based on these meas-
urements, the resistance value can be calculated using
the formula:

14 -V
(2) R() — OCVAI OBC

This method allows for quick results but requires
a precise measurement of both current and voltage.
Additionally, the measurement must be performed
for each SOC level for which the resistance value is
sought. Another method for determining series resist-
ance is conducting the HPPC test [41,42], following
the procedure outlined in the earlier part of this article.

_ AVI-AV,
3) Ro = 241

Another approach is to perform a direct measure-
ment of internal resistance using dedicated devices
[43,44]. For this purpose, measurements should be
taken at various SOC levels of the cell, ensuring that
other devices are disconnected from the tested cell and
do not affect the obtained result.
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Fig. 5. Algorithm of the battery test.

Figure 6 shows a diagram of the measurement set-
up for directly measuring the series resistance using
the four-wire method [44].

Fig. 6. Voltage and Resistance Measurement of a Sodium-lon Cell Us-
ing the Four-Wire Method.

Table 1. Catalogue data of the IT-M3904C-80-80.

Parameter Value
Maximum current (A) 180
Maximum voltage (V) 180
Internal resistance (Q) 0,001
Resolution of voltage reading (%) 0,03
Resolution of current reading (%) 0,1
Table 2. Catalogue data of the IT5101.
Parameter Value
Used voltage measurement range (V) +6
Resolution of voltage reading (%) 04
Used resistance measurement range (mQ) 430
Resolution of resistance reading (jQ) 1
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Dynamic Branch - This is a parallel connection of
resistor R1 and capacitor C1 [45,46], which models
the dynamic behavior of the cell associated with the
electrochemical processes occurring within the battery
[47]. Dynamic resistance arises from polarization pro-
cesses and internal resistances, accounting for energy
losses caused by chemical reactions inside the battery.
Dynamic capacitance relates to the charge storage ef-
fect associated with the double layer at the electrode-
electrolyte interface. It models the delay in the voltage
response to changes in load current. The literature also
references the parameter t, which is the product of R1
and C1. It indicates how quickly the voltage stabilizes
after a dynamic change in load current. The larger this
product, the slower the dynamic processes.

These values can be determined by analyzing the
voltage response of the cell to changes in load current.
An example of the voltage profile during an HPPC test
is shown in Figure 7. Time to refers to the start of the
load change, while time ti corresponds to the voltage
drop across the series resistance in the cell’s equiva-
lent model. Time t2 is used to determine the first-or-
der dynamic parameters. For this purpose, the voltage
graph from the HPPC test [48,49], described earlier in
this article, can be analyzed. The dynamic resistance
for the first-order model can be calculated using the
following formula [50]:

R, = Vp (tz)—A?Vb (t1)

“)

And the dynamic capacity from the formula:

6 C =1

Experiment

The experiments aimed at creating the equivalent
cell model were conducted on a sodium-ion cell, SEEK-
WATT 18650CYA, with parameters shown in Table 3.

Table 3. Catalogue data of the cell under test.

Parameter Value

Nominal energy Capacity (mAh) 1300
Nominal voltage (V) 3,1
Internal resistance (mQ) <20
Maximum cell voltage (V) 3,95
Minimum cell voltage (V) 15
Weight (g) 30
Maximum temperature (°C) 60
Minimum temperature(°C) -30
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Fig. 7. Voltage and current curve during HPPC test. [48]

Test bench comprising the ITECH IT-M3904 pro-
grammable bi-directional power supply, the ITECH
IT5101 cell tester and a PC for acquisition and pro-
cessing of measurement data.

The measurements were conducted at room tem-
perature, after which the cell was placed in a thermal
chamber maintaining a constant ambient temperature
of -15°C. Once the cell was cooled, the test was re-
peated, and the obtained profiles are shown in Figure 9.

Voltage during charge and discharge at 25°C
[ \

1500 1550 1600

Time [s]

Next, the tested cell was discharged to its minimum
operating voltage using the CCCV method, reaching
a voltage of 1.5V. An HPPC test was then conducted,
after which the cell was discharged again and subse-
quently charged to specific SOC levels. Following a re-
laxation period, the voltage was measured. The deter-
mined curves are presented in Figure 10

The cell was then discharged again, after which
it was charged to specific SOC levels. A direct meas-

Voltage [V]

0 1000 2000 3000

4000 5000 6000 7000

Time [s]

15 T

Current during charge and discharge at 25°C
\

Current [A]

1000 2000 3000

4000 5000 6000 7000
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Fig. 8. Measured voltage and current during charge and discharge at 25°C.
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Fig. 9. Measured voltage and current during charge and discharge at -15°C.
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Fig. 10. OCV-SOC curve determined analytically from HPPC test results (red) and experimentally using voltage measurement (blue).

urement of the cell’s internal resistance was then per-
formed using the ITECH IT5101 battery tester. The re-
sults obtained for each SOC level were averaged and
then compared with the results obtained analytically
from the previously conducted HPPC test.

Figure 11 presents the results of the series resist-
ance measurements of a sodium-ion cell. Data analy-
sis indicates a low value of series resistance, which is

PRZEGLAD ELEKTROTECHNICZNY, R. 101 NR 8/2025

a favorable indicator of high ionic conductivity of the
electrolyte and effective electrical contact between the
cell components. The stability of the series resistance
values over the tested time range suggests good elec-
trode stability. The obtained results confirm the opti-
mality of the material and structural configuration of
the cell, which contributes to minimizing resistive loss-
es and improving the energy efficiency of the system.
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Fig. 11. The series resistance curve of the cell as a function of SOC, determined analytically based on the results of the HPPC test (red color) and

experimentally using the ITECH IT5101 battery tester (blue color)

Dynamic resistance

20 T

Dynamic resistance [mOhm]
T

0 \ \ \ \

10 20 30 40 50

60 70 80 90 100

State of Charge [%]

Fig. 12. The dynamic resistance curve of the cell as a function of SOC, determined analytically based on the results of the HPPC test

Figure 12 illustrates the variation of the dynamic
resistance of the system as a function of the state of
charge. In the initial charging stages, the dynamic re-
sistance remains at a relatively high level, which may
be related to limited conductivity at low voltage and
transient phenomena in the active material structure.
As the state of charge increases, a clear decrease in re-
sistance is observed, indicating improved conduction

B s

conditions and system stabilization. This is significant
from the perspective of energy efficiency, as lower dy-
namic resistance directly translates into reduced heat
losses and higher energy conversion efficiency.
Figure 13, in turn, presents the characteristic of dy-
namic capacitance, which exhibits a nonlinear depend-
ence on the voltage level. Capacitance values are sig-
nificantly higher in the mid-voltage range, which may
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Fig. 13. The dynamic capacitance curve of the cell as a function of SOC, determined analytically based on the results of the HPPC test

indicate an increased charge storage capacity with-
in this operating window. This effect may result both
from the dielectric properties of the materials used
and from geometric aspects of the system (e.g., vari-
able electric field or the shape of conductive layers).
The combined analysis of both parameters—dynam-
ic resistance and capacitance—allows for a compre-
hensive understanding of the dynamic characteristics
of the examined system. Their mutual dependencies
highlight the complex nature of energy storage and
conduction processes and enable assessment of the
system’s stability and efficiency under various oper-
ating conditions. Such analysis is particularly valua-
ble in the context of energy optimization of convert-
ers, where precise tuning of dynamic parameters can
significantly impact their final performance and opera-
tional reliability in practical applications.

The values of the dynamic parameters can only be
determined using analytical methods. For this purpose,
the previously obtained HPPC test results were ana-
lyzed, and based on them, the values of dynamic re-
sistance and dynamic capacitance were calculated. The
voltage graph during the test is shown in Figure 14.
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Conclusions

In this study, a battery model for a sodium-ion cell
with a capacity of 1300 mAh was developed. To deter-
mine the model parameters, a series of experiments were
conducted on the cell. These parameters can also be deter-
mined using other methods, which will be explored in fu-
ture studies; however, this is beyond the scope of the cur-
rent work. To parameterize the sodium-ion battery model,
it was necessary to define the key performance parame-
ters of this type of cell. The model proved capable of ac-
curately reproducing the cell voltage across a wide range
of operating conditions. Internal resistance, open circuit
voltage, and cell capacity were measured at various state-
of-charge (SOC) levels, temperatures, and load currents.
The developed model should allow for precise prediction
of the cell voltage behavior under both high and low load
currents. Experimental results were compared with simu-
lation results, which allowed for the assessment of the ac-
curacy of the parameterized and proposed model for the
studied sodium-ion cell. The model’s accuracy was evalu-
ated through a series of validation experiments. The de-
veloped sodium-ion cell model can be implemented into
a Battery Management System (BMS) module, ensuring
safety in electromobility systems as well as in stationary
energy storage systems.

Received: 05.02.2025, Accepted: 05.08.2025, Published: 29.08.2025
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