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Abstract—Sodium-ion batteries are a promising technology
whose performance can meet the demand of the automotive
sector. These batteries require a model that can predict accurately
their non-linear behavior with respect to the state of charge. We
modeled these cells using a modified equivalent circuit model,
with an approach that can separate and study the different
electrochemical phenomena involved. The model can accurately
provide information on phenomena such as charge transfer
and solid-electrolyte interphase. The model can also provide
information on the diffusion of sodium within the electrodes or
in the electrolyte at a state of charge above 30 percent.

Index Terms—battery, Sodium ion, equivalent circuit model,
state of charge, charge transfer, SEI, diffusion.

I. INTRODUCTION

The inevitable transition from conventional to electric ve-
hicles motivates researchers and companies to develop new
battery technologies. After all, battery packs provide the total
power output of an electric vehicle. Besides energy density,
the automotive sector demands high power density batteries,
especially for fast charging and regenerative breaking.

The sodium-ion batteries of the NVPF/HC type can meet
the needs of electric and hybrid vehicles. These batteries offer
a high power density and good stability [1], [2]. This battery
has NVPF (Na3V,(PO4),F3) as positive electrode, and hard
carbon HC as negative electrode.

Sodium-ion batteries have the same electrochemical phe-
nomena present in lithium-ion technology. However, the ef-
fects of the electrochemical phenomena, in the NVPF/HC
batteries, present strong non-linearities in the state of charge
of the cell [3]. Therefore, a classical equivalent circuit model
[4] (denoted ECM), whose parameters were adjusted with
interpolation tables, can hardly keep up with the complexity
of the effects of the electrochemical phenomena [5].

In this paper, we proposed a new approach to model
NVPE/HC batteries based on a modified ECM. This approach
aims at predicting accurately the non-linearities of the elec-
trochemical phenomena present in these cells. The model will
be composed of four contributions that will represent the
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different electrochemical phenomena. The parameters of each
contribution were characterized using physical laws instead of
interpolation tables. This is because interpolation tables require
a tremendous number of tests [6]. Moreover, these tables are
heavy since they need to be at least four-dimensional to track
the impact of current, temperature, state of charge (denoted
SoC) and state of health. Also, the parameters characterization
should not rely on complex equations, since the model should
be embedded in a battery management software (denoted
BMS).

First, we will present the modified ECM. Next, we will
describe the experimental protocol used for the characteri-
zation of the model parameters. After, we will detail the
characterization of the parameters in the form of two sub-
models: surface model and diffusion model. Finally, we will
present the results obtained by the model.

II. BATTERY MODEL

Equation (1) represents the ECM taking into account its
current I, temperature 7" and SoC dependencies. The ECM is
illustrated by Fig. 1, where we split the cell voltage into four
contributions.

Uecett(1,T,SoC) = SEV (I, T, SoC) + Vs(I,T)
+ Vsurf(17T7 SOC) + Wd(I,T)

A. Surface equilibrium voltage and solid diffusion contribu-
tion

(D

The first contribution is the surface equilibrium voltage [7],
denoted SEV and represented by a voltage source in Fig. 1.
Equation (2) presents the relation between SEV as a shift of
the open circuit voltage (denoted OCV) in SoC. This shift
in SoC represents the effects of the solid diffusion, which is
the diffusion of sodium within each electrode. The effect of
solid diffusion is expressed by the “shift in SoC” parameter
(denoted ASoCyq). We will explain in section V the reason
to model the solid diffusion through the OCV.

SEV (I, T, SoC) = OCV(SoC + ASoCya(I,T))  (2)
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Fig. 1. Equivalent circuit model.

B. Static contribution

The second contribution is the voltage drop due to static
phenomena, denoted V;, such as the resistance of each com-
ponent in the cell. These phenomena are represented by the
series resistance Rj.

C. Surface contribution

The third contribution is the voltage drop due to the fast
dynamic phenomena, denoted V.. These phenomena occur
between the interface of the electrodes and the electrolyte, such
as charge transfers and the solid electrolyte interphase (SEI).
These phenomena will be called the surface phenomena in
this article. They are represented by a first-order Ry t//Csur
circuit. The parameters to be characterized are: the charge
transfers resistance R.;, the SEI resistance Rgry and the time
constant Tsyrf = Rgyrf © Csyrf. Reury is called the surface
resistance, which is the sum of R.; and Rgg;.

D. Liquid diffusion contribution

The fourth contribution is the voltage drop due to the effect
of the liquid diffusion, which is the diffusion of the sodium ion
in the electrolyte. The liquid diffusion is represented by the
voltage drop V4, which is the voltage of the n order R;q;//Cy
circuit. The dynamics of solid and liquid diffusion are assumed
to be equal and are related to the same diffusion time constant
74 = Rig - C4, where Ry is the equivalent resistance of all
Ryqi. T4 1s assumed independent of SoC [8].

III. EXPERIMENTAL PROTOCOL

In this section, we present the tests required for characteriz-
ing the ECM parameters. We used a single 18650 NVPF/HC
battery provided by Tiamat. Its nominal capacity is 700 mAh.

The aim is to use a minimum amount of measurements
without reducing the accuracy of the model. For this, we use
three types of tests:

¢ Electrochemical impedance spectroscopy tests, denoted

EIS tests, at SoC 80%, 30% and 20%. These tests were

used to determine R(T), Tour (T, SoC) and Ry s (I =
0,T,S00C);

e Short pulse tests (20 s) at charge and discharge mode.
Each discharge pulse was followed by a charge pulse so
that the same SoC remains at the end of these tests [3].
These tests were used to characterize Ry, f(I, T, SoC')
at non-zero currents. The tests were taken at SoC 80%,
30% and 20%;

o Constant current tests between SoC 0% and 100%, with
one-hour pause when the SoC is at near 60%. The pause
is applied to properly determine 7; (which corresponds
to the resumption behavior of the cell after the one-hour
pause at a SoC of around 60%). These tests were used
to characterize ASoCyq(I,T), Riq(T) and 74(T).

In order to study the non-linearity in temperature, these tests
were conducted at three temperatures: 25 °C, 10 °C and 5 °C.

IV. SURFACE MODEL

This section details the parameters characterization of the
surface phenomena. These phenomena include charge trans-
fers, SEI and double layer capacitance. The impact of these
phenomena is critical particularly when the SoC is in the 0%
to 30% range [3]. Therefore, our model must properly fit
the voltage drops Vs to ensure its reliability as much as
possible, especially at low SoC.

Another purpose of the model is to diagnose the effects of
the surface phenomena. Therefore, the model is designed in
such a way that it is able to separate the surface phenomena
into two:

o the charge transfers effects, by characterizing the non-
linear resistance R ;. This parameter depends on current,
temperature and SoC;

« the SEI effects, by characterizing Rggy. This parameter
depends on temperature and SoC.

The dynamics of surface phenomena is modeled by the
surface time constant 7, f.
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Fig. 2. Flowchart for characterizing surface model parameters.

A. Characterization

Fig. 2 represents the steps for characterizing the parameters
Rct: RSEI and Tsurf-

First, we realized tests at precise temperatures T3 (5 °C,

10 °C and 25 °C) and SoC,, (20%, 30% and 80%). Based
on the pulse tests at several current I, , we had voltage
measurements Upyise,meas (L, Tk, S0Cp, ) at different currents
I;, different temperatures T} and different states of charge
SoC,,. In addition, we used EIS tests to determine R, (7})
and Tgypf (Tk, SoCly,).
Then, since we made pulses with short durations (20 seconds),
the behavior of the diffusion effects corresponds well to the
semi-infinite conditions of a Warburg impedance [9], [10].
This implies that for a short duration, the cell voltage can
be represented by (3). Namely, AVyy is the Warburg voltage
used in Fick’s laws and Uj is the cell voltage at the first instant
of the pulse.

Upulse,meas (t) = Uz (t) + (Rs + Rsurf)l(t) + AVvVV (t) (3)

The second step consists in extracting
Vsu'r‘f,pulse(lja T, SOCm) (see (4)) and Rsu'r‘f (Ij7 Tk, SOC’m)
by performing a fit via (3). Since we neglect the transient
part of the surface phenomena, the fitting error is considered
between ¢ = 3Teyurf(Tk, SoCy,) and the end of the pulse
duration.

Vsu'r‘f,pulse(t) = Rsu'rf : I(t) (4)

The third step is to separate Rgy,f(I;, Tk, SoC,,) into
Rt(1;, T, SoCy,) and Rgpr(Tk, SoC,y,). This is feasible by
adopting the surface model proposed by Damay et al. [11].
This model uses the Butler-Volmer equation (see (5)), where I,
is the exchange current density, /3 is the symmetry coefficient,
F' is the Faraday’s constant, I is the gas constant, 7' is the
temperature, I is the current simulated by the surface model
(noted I;,, in Fig. 2) and V., is the charge transfers voltage
which is calculated using (6). Equation (5) describes the
dependence of R.; on current. We also applied Arrhenius laws

to describe the dependence of R.; and Rgg; on temperature.
In the original work [11], § was equal to 0.5. However, for
this work, we kept 8 as a parameter to be determined.

1];?%@) ~exp (ﬁmtﬂ 5)

I=1, {exp ((

‘/ct = ‘/surf,pulse - RSEI I (6)

The surface model has five parameters: R.;(I=0, 25 °C,
SOCm)a RSEI(25 °C, SOOm)’ Ea,cta Ea,SEI and 6(500771)
These parameters are referred as Xgurf(SoCy,) in Fig. 2.
E..ct and E, spr are respectively the activation energies of
charge transfers and the SEI, these two parameters are used in
Arrhenius equations. Using these parameters, we can predict
the effects of charge transfers and SEI for any current and any
temperature, at a given SoC.

We fit these parameters in such a way that the simulated
current Ig;,,, is as close as possible to the measured current [,
i.e. in the case where the root mean squared error on current
(RMSE on I) is minimal. This can be done using the fmincon
function in Matlab.

The obtained optimized parameters Xy, ¢ opt(L, T, S0Cy,)
correspond to the three applied SoCs: 20%, 30% and 80%.

For the SoC dependency, Ry, s is expressed as a function
of SoC by the four-degree-of-freedom exponential equation
(7). It is an empirical equation, determined by observational
data. The coefficients Agyrf, Bourf, Coury and Dy y were
obtained by fitting (7) to R,y measurements at near-zero
current at 25 °C.

CS’U/” - S C
Rsurf(S0C) = Agurf + Bsuryf - €Xp <I;O> (7)
surf

B. Results

Fig. 3 shows the relationship between the voltage drop due
to surface phenomena V- and the current. The three solid
curves represent the Vi, s simulated by the surface model at
25 °C (red), 10 °C (blue) and 5 °C (yellow). The circled points
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Fig. 3. Evolution of V,,.; (continuous curves) and Vi, f puise (circled points) in function of current at 25 °C (red), 10 °C (blue) and 5 °C (yellow) at: a)

SoC 80%, b) SoC 30%, c) SoC 20%.

represent the Vi, r puise Obtained by the fit of the (3), which
we considered as measurement points.

We can confirm that the surface model is applicable on
NVPF/HC cells. The model manages to follow the measure-
ment points for the three chosen SoCs and the three chosen
temperatures, with RMSE on current equals to: 2.69% at
SoC 80%, 2.87% at SoC 30% and 4.25% at SoC 20%. The
importance of this model is that it manages to fit even in the
low SoC areas (20% to 30%), as the effects of the surface
phenomena have a significant impact in this area compared
to the effects of the surface phenomena at higher SoC (above
40%) [3].

V. DIFFUSION MODEL

This part explains the parameters characterization of the
slow dynamics phenomena represented by Z;4 and ASoCyy
(Fig. 1). In fact, NVPF/HC batteries feature electrodes whose
diffusion of sodium varies non-linearly with the SoC. The
effects of sodium diffusion have a significant impact especially
when the SoC is in the range of 40% to 50%. This behavior
is due to the gradient of NVPF potential in this range of SoC
[12]. Therefore, we proposed a diffusion model that is able
to separate the phenomena of slow dynamics into solid and
liquid diffusion. This could allow the diagnosis of the diffusion
effects in the electrolyte and in the two electrodes as well. It
will also give information especially when another electrolyte
or electrodes materials are used.

According to the work carried out by Kremer et al. [13]
on LTO batteries, solid-state diffusion impacts the lithium
concentration at the electrode surface c,,, s, affecting the sur-
face equilibrium potential (SEP) of the electrode. We propose
to define a surface equilibrium voltage SEV which is the
difference between the two electrodes SEP. The notion of
equilibrium voltage is to be understood here as the equilibrium

of the sodium-ion insertion reactions. This is different from
the notion of classical OCV in ECMs, which corresponds to
a global equilibrium of the cell: where chemical reactions are
at equilibrium and all concentration gradients are relaxed.

Since we’re working on a macroscopic scale, we don’t have
access to chemical information such as the surface sodium
concentration on the electrodes. For this, we used the SoC
concept. Mergo Mbeya et al. [14] proposed a relation between
the SoC and the mean concentration ¢,,.q, 1n the electrodes
of LiFePOg/graphite cells. We propose to decompose Csyrf
into the sum of a mean concentration ¢, and a shift from
the mean concentration Ac . The term ¢,,cqn is thus directly
related to the cell SoC and the term Ac would thus correspond
to a SoC shift due to solid diffusion ASoC,.

As a result, the macroscopic effect of the solid diffusion
corresponds to a SoC shift of the OCYV, that can be determined
experimentally as presented in this paper (see section V.B).
ASoCsq is a dynamic value that depends on current and
temperature. Please note that when the cell is at open-circuit,
ASoCy, tends towards zero and the SEV tends towards the
OCV.

As for the effect of liquid diffusion, we modeled as a limited
diffusion impedance [15]. According to Mauracher et al. [16],
the effect of liquid diffusion does not exhibit non-linearities
in SoC. Therefore, Z;4; depends only on temperature.

The dynamics of both solid and liquid diffusion is consid-
ered equal to 74 and depends only on temperature.

A. Characterization

Fig. 4 represents the steps for characterizing the parameters
ASOOSd, Rld and Td-

The first step is to extract the temporal evolution of the
measured cell voltage Uceii,meas for different I; and 7. These
measurements were obtained by the constant current tests
mentioned in section IIIL.
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The second step is to fit U,..; (obtained in (1)) to the
measured voltage Uceii meas- Vs(Ij,Tk) is already determined
by the EIS tests used to get Rs(Tx), Vours(Lj, Ti, SoChry) is
simulated by the surface model presented in section IV, and
the OCV (S0C) is measured by a constant current test at 70
mA (C/10). Therefore, we have just these parameters to fit:
AS0Csq(I;,Ty), Ria(Tx) and 74(T%). We applied a fit at the
cell voltage level. To do so, we used the fmincon function to
characterize the parameters by minimizing the RMSE between
the simulated cell voltage U.,.;; and the measured cell voltage
Ucell,meas-

For the current dependency, ASoCyy is characterized by a
simple linear equation (see (8)). The term Q. refers to the
battery nominal capacity which is 0.7 Ah. The coefficients k;
and ko were adjusted during the fit of (1).

ASoCq(1,25 °C) =ky - I/Qeen + ko 3

For the temperature dependency, we applied the Arrhenius
law on ASoCyy and R;4. Thus, we got two additional param-
eters to be fit, which are the activation energies of solid and
liquid diffusion, noted E, sq and E, ;4 respectively.

Finally, the model gives us the following three informations:
ASoCsq(I,T), Ria(T) and 74(T'). In Fig. 4, X4, refers to
the diffusion parameters and Xg;yr op¢ refers to the optimal
values of the diffusion parameters obtained via fitting.

B. Results

Fig. 5 shows the evolution of the voltage of the NVPF/HC
cell as a function of SoC' at 25 °C. The black curve represents
the OCV. The red, yellow and blue curves represent the
simulated voltages of the cell when discharged respectively
at -C/2, -1C and -2C. The dashed curves are the voltage
measurements Ucejy meas Obtained from the tests.

ASoCjq is determined by the difference between the SoC
at which the measured voltage goes to 3.65 V and the SoC' at
which the OC'V goes to 3.65 V. ASoCy, is thus determined
for each current tested. Afterwards, we adjusted the ASoCy
measurements with (8), which gave values of 20.913 for k;
and -1.177 for ks. Fitting (1) to Uceii,meas, We found that ;4
equals 18 m{2 and 74 equals 100 s at 25 °C.

When the SoC is above 30%, the simulated and measured
voltages have almost the same shape. Thus, our model can

predict the cell voltage for continuous discharges and SoC
above 30%. The model is also able to predict the behavior of
the battery after the one-hour pause at SoC close to 60%.

On the other hand, the proposed model cannot predict how
the NVPF/HC cell reacts at SoC below 30%. This may be
due to the limitation of the model by a ASoCy, that doesn’t
take into account the difference of the complex mechanisms
present in positive and negative electrodes [12], [17].

The model accurately predict the sharp voltage drop be-
tween SoC 40% and 50% at -C/2 and -1C. In the case where
the current regime is -2C (blue curve in Fig. 5), the model
was not able to track the voltage drop accurately. This may be
linked to the heterogeneity of the SoC at large current regimes
[18], which we did not study for this work.

C. Contribution of the model

This modeling approach shows promising results. First, it
requires a much smaller number of tests than those needed for
interpolation tables. With this approach, we characterized all
model parameters using just three temperatures, three SoC and
ten currents. This is too limited if we use the same number of
tests to build efficient interpolation tables.

In addition, with this model, we have simplified the non-
linearities in SoC, notably those of the diffusion parameters.
Instead of using an equivalent diffusion impedance with strong
non-linearies in SoC, it can be separated into solid and liquid
diffusion that do not depend on SoC.

Moreover, with this new approach, the influence of tem-
perature on the ECM parameters is modeled by Arrhenius
equations. This avoids the need to interpolate and extrapolate
parameters using interpolation tables. Actually, the influence
of temperature characterized by linear equations can under-
mine the accuracy of the model.

VI. CONCLUSION

We have implemented a modified equivalent circuit model
for NVPF/HC sodium-ion batteries. This model is easy to
be embedded in the battery management software. Instead of
using interpolation tables, we propose methods to characterize
the model parameters using physics-based or behavioral equa-
tions. With these characterization methods, the model was able
to predict the behavior of the cell taking into account the non-
linearities of the present electrochemical phenomena.

The model is capable of providing information on the effects
of charge transfers and the SEI as a function of current,
temperature and SoC. As a result, the diagnosis of the charge
transfers and the SEI may be possible. The model is also able
to represent the effects of diffusion at SoC above 30%. It also
distinguishes between the effects of sodium diffusion within
the electrodes and sodium ion diffusion in the electrolyte.
However, the model could not accurately predict the behavior
of the battery at low SoC. This might be the result of not taking
into account the particularities of each electrode. It might also
be due to the usage of a homogeneous model whose accuracy
is limited particularly with high currents [18].



ocv _
4+ Uce]] at —C/Z
Ucell at —-1C
Ugenp at —2C
.......... Ucell,meas at -C/2
Ucell,meas at -1C
35 | Ucell,meas at =2C
= .
py 5
o0
@©
=
o 3r
>
251
2 | 1 1 1 | | 1 1 1
0 10 20 30 50 70 80 90 100

SoC (%)

Fig. 5. Cell Voltages as a function of SoC at 25 °C and at current regimes of -C/2 (red), -1C (yellow) and -2C (blue).

In future work, the model may be modified so that it takes
into account the heterogeneities in SoC, this may solve the
accuracy problems at low SoC. Additionally, a state of health
dependency may be added to the model.
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