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A B S T R A C T   

Nowadays, energy storage systems are of paramount importance in sectors such as renewable energy production 
and sustainable mobility because of the energy crisis and climate change issues. Although there are various types 
of energy storage systems, electrochemical devices such as electric double layer capacitors (EDLCs), lithium-ion 
capacitors (LiCs), and lithium-ion batteries (LiBs) are the most common because of their high efficiency and 
flexibility. In particular, LiBs are broadly employed in many applications and preferred in the mobility sector, 
where there is a need for high energy and high power. To ensure good operating conditions for a battery and 
limit its degradation, it is important to have a precise model of the device. The literature contains numerous 
equivalent circuit models capable of predicting the electrical behavior of an LiB in the time or frequency domain. 
In most of them, the battery impedance is in series with a voltage source modeling the open circuit voltage of the 
battery for simulation in the time domain. This study demonstrated that an extension of a model composed 
exclusively of passive elements from the literature for EDLCs and LiCs would also be suitable for LiBs, resulting in 
a unified model for these types of electrochemical storage systems. This model uses the finite space Warburg 
impedance, which, in addition to the diffusion process of lithium\lithium ions in the electrodes\electrolyte, 
makes it possible to consider the main capacitance of the battery. Finally, experimental tests were performed to 
validate the proposed model.   

1. Introduction 

The energy crisis and climate change are spurring researchers in the 
energy sector to find new solutions for renewable energy production and 
sustainable mobility. Energy storage systems are of paramount impor-
tance in the development of both technologies. There are several 
different energy storage devices, which can be classified as mechanical, 
chemical, biological, thermal, electrical, and electrochemical [1]. 
Among these, electrochemical devices are the most commonly used 
because of their high efficiency and flexibility [2]. They are especially 
preferred in the mobility sector, where there is a need for high-energy 
and high-power devices. Electrochemical energy storage systems can 
be divided in two main types: open systems such as fuel cells and flow 
batteries and closed systems such as batteries and supercapacitors [3]. 
The latter were the focus of the present work, in which it was proven that 
a model proposed in the literature for both electric double layer ca-
pacitors (EDLCs) and lithium-ion capacitors (LiCs) is also suitable for 
lithium-ion batteries (LiBs), leading to a unified model for these types of 
electrochemical storage systems. 

It is possible to find numerous studies in the literature related to 

modeling the electrical, thermal, or aging behavior of LiBs. The 
approach to develop such a model can be physical, mathematical, or 
circuital [4]. The first approach models LiBs using very detailed chem-
ical equations, resulting in a very precise model, but requires a large 
amount of computational time. The second approach describes the 
external behavior of a battery with simple equations, without exploiting 
the physical principles based on the cell. This approach leads to a less 
precise model, but is very easy to implement in a battery management 
system and requires little computational time. The circuital approach 
uses lumped circuit elements to represent the different phenomena. This 
approach is the most commonly used in real applications because it 
ensures high precision with low complexity [5]. 

Equivalent circuit models are widely used in the literature to 
represent the thermal [6–8] or electrical behavior, potentially consid-
ering aging aspects [9,10], of LiBs. This paper focuses on the electrical 
one. The simplest equivalent circuit model consists of a voltage source, 
which represents the open circuit voltage of the battery (i.e., the voltage 
when no current flows) and a resistor in series, which represents the 
battery's internal impedance [11,12]. This model is very simple and has 
just two parameters to be fit, but it is not capable of modeling the 
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dynamics of the battery and, therefore, cannot be used in applications 
where a certain accuracy must be ensured. To overcome this issue, the 
so-called Thevenin model was used in [10,13,14]. In this model, some 
parallel RC branches in series with the resistor are added. This makes it 
possible to also model the dynamics of the battery, with more parallel 
RC branches leading to greater precision for the model [4]. It is worth 
noting that the former simplest equivalent circuit model can be seen as a 
particular case of the Thevenin model with zero parallel RC branches. 
Therefore, we can generalize these models and refer to them as nth-order 
Thevenin models, where the number of parallel RC branches determines 
the value of n, and the total number of parameters is 2n + 2 [15]. Lastly, 
a very precise and detailed model, in which the different lumped ele-
ments correspond to different physical phenomena, was employed in 
[9,16,17], and consisted of a voltage source in series with four elements: 
a resistor, two ZARC impedances, and a Warburg impedance, with a 
total of ten or even more parameters. The series resistor models the 
internal resistance due to the ohmic resistance of the battery cell; the 
ZARC elements, which are generalized parallel RC branches based on 
the usage of constant phase elements (CPEs), model the dynamics 
related to the solid electrolyte interface (SEI), charge transfer process, 
and double layer effect. The Warburg impedance makes it possible to 
model the slow dynamic processes happening inside the battery, i.e., the 
diffusion processes. According to the target accuracy and aspect to be 
modeled, either only one ZARC element can be used for modeling the 
charge transfer process [18], or both ZARC elements can be employed 
without the Warburg impedance [19]. On the other hand, in many cases, 
the two ZARC impedances are replaced with two simple parallel RC 
branches, as a second-order Thevenin model [20–22]. 

In some cases, the battery parameters are kept constant [12], 
whereas in other cases they depend on working conditions such as the 
temperature [23,24], state of charge (SOC) [17,25,26], or aging con-
ditions [9,10]. Moreover, there are many different methods to evaluate 
them. These methods can be divided in time-domain and frequency- 
domain methods. Pulse-charge and pulse-discharge experiments were 
performed in [15,27] to derive the parameters of the Thevenin model. In 
[28,29], the authors derived the parameters through a complete 
discharge at constant current, while in [30] a hybrid pulse power 
characteristic test and Federal Urban Driving Schedule were used for the 
parameter estimation. For frequency-domain methods, electrochemical 
impedance spectroscopy (EIS), in which a small amplitude sinusoidal 
current or voltage at different frequencies is applied to the device, is 
generally performed to derive the parameters of complex equivalent 
circuit models [31,32]. In this way, it is possible to derive the impedance 
value at every tested frequency, and the parameters of the equivalent 
circuit are, in turn, derived from the resulting spectrum. Many studies 
can be found in the literature that analyzed different aspects of the 
equivalent impedance. In [17], several different EIS tests were per-
formed to study the influences of the current rate, temperature, and SOC 
on the battery impedance, while in [23,33], EIS tests were used to see 
how temperature affects the different impedances of the battery equiv-
alent circuit model. In [34], EIS was used to study the impact of the 
relaxation time on the battery impedance. EIS was also used to study the 
state of health (SOH) of the battery: in [35], EIS was used to analyze the 
effect of the calendar aging on battery impedance, while in [9,16], the 
cycle aging effect on impedance was analyzed. 

In most of the aforementioned models, the voltage source repre-
senting the open circuit voltage, as a function of the SOC, was placed in 
series with the equivalent impedance. Indeed, the latter was used to 
model the internal resistance and dynamic behavior of the battery, while 
the voltage source was used to model the electrical energy stored in the 
form of chemical energy in the battery. Nevertheless, even if the voltage 
source as a function of the SOC correctly models such a phenomenon, 
from a conceptual point of view, the use of a voltage source is better 
suited to modeling open systems in which, in addition to an electric port, 
other ports of different types such as mechanical or chemical ones are 
accessible. In fact, in these cases, the voltage source models a continuous 

conversion of energy from one form to another through the different 
ports. For example, in electrical generators, mechanical energy (entering 
the mechanical port) is turned into electric energy (leaving the electric 
port) continuously, with the opposite occurring for electric motors. In 
fuel cells and flow batteries, the accessible chemical port is used to 
continuously fill the chemical energy, which is converted into electrical 
energy. On the other hand, in LiBs, which are closed systems, similar to 
EDLCs and LiCs, there is no continuous conversion of energy between 
two or more different ports, but the energy is stored and released only 
using the electric port, i.e., they can only accumulate and decumulate 
energy. For this reason, conceptually, LiBs should be better modeled as 
big capacitors. Of course, the main difference between LiBs and EDLCs is 
the physical kind of energy conversion and storage. In fact, in EDLCs, 
which are composed of two porous carbon electrodes, during the 
charging phase, the electric energy is turned into dielectric energy and 
stored through the electric field in the dielectric medium (inner Helm-
holtz plane), with the opposite occurring during the discharging phase. 
In LiBs, which are usually composed of an anode made of lithiated 
graphite and a cathode made of a lithium metal oxide, during the 
charging phase, the electric energy is turned into chemical energy and 
stored through electrochemical reactions (lithium-ion intercalation and 
de-intercalation), with the opposite occurring during the discharging 
phase. Finally, LiCs, which are a hybridization between an EDLC and 
LiB, with an anode made of a lithium metal oxide like an LiB and a 
cathode made of porous carbon like an EDLC, store and release electric 
energy in both ways. Therefore, LiBs can be modeled using chemical 
capacitors. EDLCs can be modeled using electric capacitors, and LiCs can 
be modeled using both. Nonetheless, in all cases, from the electric ter-
minal point of view, capacitors are seen as equivalent electric capacitors. 
This assumption is supported in different works [36,37]. 

Moreover, in the authors' opinion, the correct choice for the Warburg 
impedance, in addition to the diffusion processes, can also be used to 
represent a large capacitor in relation to the stored energy, just like for 
EDLCs and LiCs. Therefore, the voltage source can be removed from the 
equivalent circuit model. In [37–39], a model without the voltage source 
was employed for the analysis, but only the frequency behavior and 
impedance spectrum were considered for validation, and the time 
domain behavior of the model was not exploited. The electric circuit 
model proposed in [40,41] was used to model the behavior of both 
EDLCs and LiCs in the full frequency range, and its extension, proposed 
in [42], was used to model LiCs even in a wide temperature range. 

In the present work, the latter model was further expanded to test its 
usability in modeling the behavior of LiBs, leading to a unified electric 
storage system (UESS) model. Moreover, a hybrid procedure that relies 
on both time- and frequency-domain methods for parameter estimation 
is presented. Finally, experimental characterization tests and the vali-
dation of the proposed model were performed and analyzed. 

2. Proposed unified electric storage system (UESS) model 

In the literature, one of the most common electric circuit models used 
to represent the electrical behavior of LiBs, in a wide frequency range, is 
the one reported in Fig. 1a. It is composed of an ideal voltage source, 
which represents the open circuit voltage of the battery as a function of 
the SOC, in series with four impedance terms that can also be functions 
of the SOC. Of course, all these parameters can depend on other factors 
such as the temperature, SOH, and current. The current study only 
considered the dependency on the open circuit voltage. The frequency 
response (Nyquist plot) of such an electric model is reported in Fig. 1b. 

The first term is the ohmic resistor Rs, which represents the electronic 
resistance of the current collectors, terminals, and electrodes, along with 
the ionic resistance of the electrolyte, and corresponds to the intersec-
tion with the real axis of the Nyquist plot in the high-frequency region. 
The second term is the parallel RC branch composed of resistor RSEI and 
capacitor CSEI, which is related to the SEI and corresponds to the first 
semi-circle in the medium–high-frequency region of the Nyquist plot. 
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The third term is the parallel RC branch composed of resistor Rct and 
capacitor Cdl, which represent the charge transfer chemical reaction and 
electric double layer capacitance effect, respectively, and corresponds to 
the second semi-circle in the medium–low-frequency region of the 
Nyquist plot. Finally, the last term is the Warburg impedance ZW, which 
is related to the diffusion processes of the lithium inside the electrodes 
and lithium-ions inside the electrolyte and corresponds to the low- 
frequency region of the Nyquist plot. In the literature, it is possible to 
find three main different kinds of Warburg elements that are used to 
model the lithium/lithium-ion diffusion processes. The first is a semi- 
infinite length Warburg (SIW) element that models a semi-infinite 
diffusion layer and shows an oblique line with a slope of 45◦ in the 

Nyquist plot. The related mathematical equation, in the frequency 
domain, is as follows: 

ZSIW = Ad
1̅̅
̅̅̅

jω
√ , (1)  

where Ad is the diffusion coefficient. 
The second is a finite-space Warburg (FSW) element that models a 

limited diffusion layer with an impermeable boundary and shows a first 
part with an oblique line with a slope of 45◦ followed by a vertical line in 
the Nyquist plot. The latter part models the capacitive behavior. The 
related mathematical equation, in the frequency domain, is as follows: 

ZFSW = Rd
coth(

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
jωRdCd

√
)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
jωRdCd

√ , (2)  

where Rd and Cd are the resistance and capacitance, respectively, related 
to the diffusion processes. 

The last is a finite-length Warburg (FLW) element that models a 
limited diffusion layer with a transmissive boundary and shows a first 
part with an oblique line with a slope of 45◦ followed by a big semi-circle 
in the Nyquist-plot. The related mathematical equation, in the frequency 
domain, is as follows: 

ZFLW = Rd
tanh(

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
jωRdCd

√
)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
jωRdCd

√ . (3) 

The SIW element is not consistent with the real behavior because the 
lithium diffusion into the electrodes and lithium-ion diffusion into the 
electrolyte must be completed when the lithium/lithium-ions reach the 
boundary of the electrolyte or electrodes themselves. Conversely, the 
FLW element can be used to model the lithium-ion diffusion into the 
electrolyte because when the lithium-ions reach the electrode/electro-
lyte interface the intercalation/de-intercalation processes occur and it 
behaves as transmissive boundary [43]. Instead, the FSW element can be 
used to model the lithium diffusion in the active material of the elec-
trodes, which is blocked by the impermeable wall of the current col-
lectors [43]. Of course, because of the diffusion processes of the lithium/ 
lithium-ions in both the electrodes and electrolyte, the two effects are 
superimposed in the low-frequency region [43]. Therefore, at very low 
frequencies, the electric model of a LiB should have both FSW and FLW 
elements or another more general Warburg element that can consider 
both phenomena. In any case, the lithium diffusion into the electrodes, 
limited by the impermeable current collectors, makes the entire battery 
behave like a large capacitor. Therefore, for the sake of simplicity, the 
FSW element is chosen to model all the diffusion processes in this 
analysis. 

According to this assumption, unlike many works found in the 
literature, the ideal voltage source can be eliminated from the model, 
obtaining the impedance model reported in Fig. 2a. In fact, one of the 
main aspects highlighted here is that the FSW element not only can 
model the diffusion processes of the lithium/lithium-ions, but can also 
model a large chemical capacitance related to the intercalation/de- 
intercalation chemical reactions, which are related to the energy 
stored in the battery. Therefore, the related mathematical equation in 
the frequency domain is as follows:  

where all the parameters are function of open circuit voltage Voc. In this 
way, we obtain a more general unified model with seven parameters, 
which includes as subcases the ones used in [40–42] to model both 
EDLCs and LiCs. Indeed, in [40], the proposed electric model for EDLCs 
is composed of only one series resistor, related to the ohmic resistance of 
the electrodes and electrolyte, and one FSW impedance, which considers 
the diffusion process and adsorption\desorption of the solvated ions into 
the porous carbon electrodes of EDLCs. In [41], the same model was 
applied to LiCs at room temperature, while in [42], the model was 
expanded by adding one parallel RC branch that considered the charge 
transfer and electric double layer effect related to the lithium metal 
oxide electrode of LiCs, which at low temperatures exhibit a behavior 
like LiBs. The model used in this work, for LiBs, is the same of the one 
used in [42], but with a further additional parallel RC branch that also 
models the behavior of SEI. 

Fig. 1. a) Equivalent electric circuit; b) Nyquist plot of the imped-
ance spectrum. 

Zp(jω,Voc) = Rs(Voc) +
RSEI(Voc)

1 + jωRSEI(Voc)CSEI(Voc)
+

Rct(Voc)

1 + jωRct(Voc)Cdl(Voc)
+ Rd(Voc)

coth
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

jωRd(Voc)Cd(Voc)
√ )

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
jωRd(Voc)Cd(Voc)

√ =

= Rp(ω,Voc) +
1

jωCp(ω,Voc)
,

(4)   
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To obtain an equivalent electric circuit model composed only of RC 
elements, we need to perform the inverse Laplace transformation of the 
FSW term. Unfortunately, the latter is very complicated to solve. How-
ever, it could be simplified as reported in [44], according to which the 
FSW term can be expanded as an infinite series of parallel RC branches, 
as reported in Fig. 2b. From a practical point of view, six branches are 
sufficient to approximate the Warburg term in a good way. In any case, 
for any approximation number, there are always seven different pa-
rameters. Finally, as reported in [40], it is possible to write the 
following: 

lim
ω→0

ℜe
{

Zp
}
= Rs + RSEI + Rct +

∑∞

n=1

2
n2π2Rd = Rs + RSEI + Rct +

Rd

3

lim
ω→∞

ℜe
{

Zp
}
= Rs

lim
ω→0

ℑm
{

ωZp
}
= −

1
Cd

.

(5) 

From Eq. (5), it is possible to recognize the physical meaning of the 
terms. The dc resistance of the battery is given by the sum of all the 
resistance contributions: the ohmic resistance, SEI resistance, charge 
transfer resistance, and diffusion resistance terms. It is worth noting that 
the latter term is divided by a factor 3. The high-frequency resistance is 
equal to the ohmic resistance, Rs. Finally, the dc capacitance is equal to 
the diffusion capacitance, and it is related to the intercalation/de- 
intercalation processes into the electrodes. The complete proposed 
UESS model is reported in Fig. 2c. 

3. Test procedure and experimental setup 

In this work, a lithium cobalt oxide (LCO) battery pouch cell 
(8773160K) manufactured by General Electronics Battery Co. Ltd. was 
used to validate the proposed model. This type of battery is composed of 
a cathode made of lithium cobalt oxide, an anode made of graphite, and 
these two electrodes are separated by a polymer electrolyte. The battery 
specifications are reported in Table 1. Fig. 3 shows the experimental 
setup. The latter was composed of a potentiostat (SP-150) connected to 
100 A booster (VMP3B-100), both manufactured by Biologic Science 

Instrument, and both connected via ethernet to a PC, which controlled 
them through the EC-Lab software. 

In [40–42], the parameters of the electric circuit model were found 
using the simple galvanostatic electrochemical impedance spectroscopy 
(GEIS) technique. The latter consists in supplying the storage device 
under test with a sinusoidal current, superimposed to a given polariza-
tion voltage, and obtaining the resulting voltage waveform. Through the 
ratio between the current and voltage waveform, in the frequency 
domain, a complex impedance value is obtained at a given frequency. By 
sweeping the frequencies over a certain interval, a complex impedance 
frequency response can be obtained. In [40–42], the frequency range 
used to extract the parameters of the model, applied to EDLC and LiC 
devices, was between 10 mHz and 100 Hz or 100 mHz and 100 Hz. On 
the other hand, for LiB devices, the frequency range needed to exploit 
the frequency response able to discern all the impedance terms of the 
proposed model was much larger. To analysis the capacitive behavior of 
the battery, we would need to perform GEIS measurements at very low 
frequencies up to 0.1 mHz [30]. This would be a very hard task because 
the GEIS measurements at those low frequencies would be too long and 
could become unstable, giving incorrect results. 

In light of the above, the proposed test procedure was based on a 
combination of both frequency-domain and time-domain methods, and 
all the tests were performed at room temperature (20 ◦C). In particular, 
two kinds of test were performed: the open circuit voltage (Voc) 
discharge curve measurement in the time domain and GEIS measure-
ments in the frequency domain. The former gave information about the 
low-frequency behavior of the battery, while the latter were used to 
extract the parameters related to the medium–high-frequency region. 

Fig. 2. a) Impedance model; b) expansion of the FSW; c) proposed UESS model.  

Table 1 
Battery specifications.  

Parameter Value 

Nominal capacity 10 Ah 
Maximum voltage 4.2 V 
Discharge cut-off voltage 2.75 V 
Maximum continuous discharge current 100 A (10C)  

Fig. 3. Experimental setup.  
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3.1. Open circuit voltage measurement 

The open circuit voltage curve measurement was performed by dis-
charging the battery at a very low current rate to neglect the voltage 
drop over the internal resistance and related dynamics. To do this, the 
battery was fully charged using the constant current–constant voltage 
(CC-CV) protocol. In the first step, a constant current of 10 A (1C) was 
applied to reach the maximum cut-off voltage of 4.2 V. In the second 
step, the same voltage of 4.2 V was applied until the current was lower 
than 200 mA (0.02C). Afterward, a discharge at a constant current of 
200 mA (0.02C) was performed until the battery voltage reached the 
cut-off value of 2.75 V, and the open circuit voltage curve was obtained. 
This curve was expressed as a function of the absolute state of discharge 
q in A⸱s, obtaining the Voc(q) function. From the latter, using the inverse 
function q(Voc), it was possible to obtain the so-called differential or 
incremental capacitance, as follows: 

Ci(Voc) =
dq(Voc)

dVoc
. (6)  

3.2. Galvanostatic electrochemical impedance spectroscopy 
measurements 

The GEIS measurements were performed in a frequency range of 100 
mHz–10 kHz for a set of different open circuit voltages, Voc, between 2.8 
V and 4.2 V, with voltage steps of 0.1 V. Thus, a total of 15 GEIS mea-
surements were performed. The battery was first fully charged using the 
CC-CV protocol with a constant current of 10 A (1C) to reach the 
maximum cut-off voltage of 4.2 V. Then, the same voltage of 4.2 V was 
applied until the current was lower than 200 mA (0.02C). It is worth 
noting that, when the latter step was completed, an electric transient 
occurred that was related to the different electrochemical mechanisms, 
which were modeled with the parallel RC branches and FSW element 
with different time constants. Considering the largest one, which was 
related to the lithium/lithium-ion diffusion, the battery was left to rest 
for 1 h, and then the GEIS measurement was performed. Afterward, the 
battery was discharged with a constant current of 10 A (1C) to reach 4.1 
V, and the latter was applied until the current was lower than 200 mA 
(0.02C). At this new open circuit voltage, after 1 h of resting, another 
GEIS measurement was performed. The same procedure was repeated, 
discharging the battery by 0.1 V at a time until 2.8 V was reached. In this 
way, it was possible to obtain the frequency response of the battery in 
the medium–high-frequency region for the different open circuit 
voltages. 

The crucial point of this procedure was to combine the information 
retrieved by the two kinds of tests. In fact, it is possible to demonstrate, 
in a straightforward way, as reported in [45], that differential capaci-
tance Ci(Voc) equates with the equivalent capacitance Cp(ω,Voc), ob-
tained from the GEIS measurements, when the frequency tends to zero. 
This means that, according to the proposed model and Eq. (5), diffusion 

capacitance Cd(Voc) is equal to the differential capacitance Ci(Voc). 
Therefore, it was possible to fit the GEIS experimental data using Eq. (4) 
by fixing the value of diffusion capacitance Cd according to the value of 
differential capacitance Ci. Furthermore, the value of ohmic resistance 
Rs was fixed by taking the experimental value of the frequency response 
that corresponds to the intersection with the real axis of the Nyquist plot. 
Therefore, for each open circuit voltage Voc, the other five parameters 
(RSEI, CSEI, Rct, Cdl, and Rd) were evaluated using the complex least- 
square minimization method applied to Eq. (4). To minimize the error 
of a complex quantity, the total vector error was used and applied to the 
following function: 

ε =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
⃦
⃦
⃦Rp − R*

p

⃦
⃦
⃦

⃦
⃦
⃦R*

p

⃦
⃦
⃦

)2

+

(
⃦
⃦
⃦Cp − C*

p

⃦
⃦
⃦

⃦
⃦
⃦C*

p

⃦
⃦
⃦

)2
√
√
√
√
√ (7)  

where Rp* and Cp* are the vectors of the experimental measurements of 
the real and imaginary parts, respectively, of impedance Zp, while Rp 
and Cp are the vectors of the related values obtained using Eq. (4). The 
five parameters were found using this minimization procedure. 

Finally, all the parameters could be stored in look-up tables or fitted 
as functions of voltage Voc. 

4. Characterization test results 

According to the procedure reported in the previous section, Fig. 4a 
shows open circuit voltage Voc(q) obtained through the discharge curve 
measurement performed in the time domain. After that, according to Eq. 
(6), the differential capacitance Ci(Voc), reported in Fig. 4b, was calcu-
lated. From Fig. 4b, it is possible to identify the characteristic peaks of 
the differential capacity for an LCO battery during the discharging 
phase. These peaks correspond to specific structural phase transitions 
occurring within the electrodes during the intercalation and dein-
tercalation processes, as reported in [46]. In particular, the cathode 
undergoes structural changes between hexagonal-I, hexagonal-II, and 
monoclinic structures of the lithium cobalt oxide. On the other hand, the 
anode experiences structural changes in the graphite material, particu-
larly related to phase transitions among different dilute lithium occu-
pation stages. 

For each of the 15 settled open circuit voltages, the experimental 
frequency responses were obtained through the GEIS measurements. 
The related Nyquist plots, showing the real and imaginary parts of the 
impedance Eq. (4), are reported in Fig. 5. It is worth noting that the 
actual values of the open circuit voltages are slightly different with 
respect to the settled ones because of the relaxion rest, as reported in 
Table 2. 

After that, for each open circuit voltage, by fixing the ohmic resis-
tance Rs (taken from the intersection with the real axis of the Nyquist 
plot) and the related diffusion capacitance, Cd, equal to the differential 
capacitance parameter, Ci, (obtained from the time-domain test) and 

Fig. 4. a) Open circuit voltage curve; b) differential capacitance of LiB under test.  
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applying the fitting procedure to Eq. (4), minimizing Eq. (7), parameters 
RSEI, CSEI, Rct, Cdl, and Rd were found. All the parameters are reported in 
Table 2. 

Fig. 6 shows the experimental equivalent resistance and experi-
mental equivalent capacitance as functions of the frequency, together 
with the related modeled data. Through those figures, it is possible to 
recognize the good agreement between the experimental and modeled 
data. Moreover, the coefficient of determination (R2) was calculated and 
reported in Table 2. The latter confirms the goodness of the proposed 
UESS model in the frequency domain. In particular, the comparison 
between the experimental and modeled equivalent resistance and 
capacitance values shows very good agreement in the whole frequency 
range and, for all the settled voltages, R2 is >0.99 for the equivalent 
resistance and 0.98 for the equivalent capacitance. 

To validate the proposed UESS model in the time domain, parameter 
Cd was fitted as a piecewise constant function with 166 intervals, because 
it was very difficult to find a mathematical expression that was able to 
model the behavior reported in Fig. 4b. On the other hand, parameters Rs, 
RSEI, CSEI, Rct, Cdl, and Rd were fitted using the following polynomial ex-
pressions, with the least square method, as functions of voltage Voc: 

Finally, Fig. 7 shows the parameters Rs, RSEI, CSEI, Rct, Cdl, and Rd, as 
functions of voltage Voc, along with their fitting functions, indicating a 
good agreement between them. 

5. Model validation 

To validate the proposed UESS model in the time domain, three 
different driving cycles with one electric vehicle (EV) were used. The 
three driving cycles were the New European Driving Cycle (NEDC), 
Supplemental Federal Test Procedure (SC03), and Worldwide Harmo-
nized Light Vehicles Test Procedure (WLTP), as reported in Fig. 8. The 
EV chosen for these tests was the Volkswagen e-Up!, whose parameters, 
taken from [47], are reported in Table 3. The mechanical power 
required by the EV was calculated using the following mathematical 
equation: 

Pm =

(

Mea+
1
2

CDSρv2 +CvM gcosα+M gsinα
)

⋅v, (9)  

where v is the EV speed, a is the EV acceleration, g is the gravitational 
acceleration, α is the road slope, and Me is the total inertial mass, 

Fig. 5. Experimental GEIS measurement results.  

Table 2 
Electric circuit parameters and R2.  

Voc [V] Rs [mΩ] RSEI [mΩ] CSEI [F] Rct [mΩ] Cdl [F] Rd [mΩ] Cd [F] RRp
2 RCp

2  

2.86  2.066  8.239  8.151  3.504  0.5477  55.80 846.7  0.9945  0.9991  
2.94  2.106  5.927  5.481  2.824  0.4138  40.45 1081  0.9952  0.9996  
3.03  2.067  4.458  4.718  2.648  0.3411  25.83 1432  0.9960  0.9986  
3.12  2.080  3.624  4.727  2.566  0.3106  18.12 1803  0.9958  0.9975  
3.22  2.073  3.204  5.318  2.583  0.3056  15.52 2520  0.9956  0.9983  
3.31  2.066  2.982  5.789  2.604  0.2952  14.14 3532  0.9956  0.9983  
3.41  2.075  2.850  5.644  2.548  0.2861  13.45 5064  0.9954  0.9982  
3.51  2.072  2.705  4.792  2.363  0.2724  12.84 7409  0.9956  0.9976  
3.61  2.063  2.578  3.771  2.152  0.2517  13.29 12,651  0.9956  0.9969  
3.71  2.071  2.529  2.088  1.739  0.2205  47.88 76,600  0.9957  0.9944  
3.80  2.180  2.581  1.002  1.271  0.1832  44.99 92,904  0.9946  0.9885  
3.90  2.174  2.398  0.6963  1.007  0.1718  23.22 43,786  0.9935  0.9852  
4.01  2.222  2.278  0.7440  1.059  0.1752  27.03 45,951  0.9956  0.9884  
4.10  2.295  2.306  0.6876  1.087  0.1635  23.71 38,370  0.9957  0.9896  
4.19  2.343  2.358  0.6428  1.113  0.1538  6.847 11,473  0.9954  0.9890  

Rs(Voc) = 3.266⋅10− 4⋅V2
oc − 2.132⋅10− 3⋅Voc + 5.531⋅10− 3

RSEI(Voc) = 1.580⋅10− 2⋅V4
oc − 2.324⋅10− 1⋅V3

oc + 1.278⋅V2
oc − 3.117⋅Voc + 2.847

CSEI(Voc) = − 88.84⋅V5
oc + 1.607⋅103⋅V4

oc − 1.157⋅104V3
oc + 4.142⋅104⋅V2

oc − 7.375⋅104⋅Voc + 5.225⋅104

Rct(Voc) = 1.153⋅10− 2⋅V4
oc − 1.615⋅10− 1⋅V3

oc + 8.433⋅10− 1⋅V2
oc − 1.947⋅Voc + 1.681

Cdl(Voc) = 1.290⋅V4
oc − 1.853⋅101⋅V3

oc + 9.946⋅101⋅V2
oc − 2.360⋅102⋅Voc + 2.099⋅102

Rd(Voc) = − 4.073⋅10− 2⋅V4
oc + 3.606⋅10− 1⋅V3

oc − 7.334⋅10− 1⋅V2
oc − 1.080⋅Voc + 3.434.

(8)   
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Fig. 6. Equivalent resistance and capacitance values as functions of the frequency.  

Fig. 7. Battery parameters and related fitting functions.  
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including all the rotating parts, which was obtained by increasing EV 
mass M by a factor of 10 %. All the other parameters are defined in 
Table 3. The mass of the EV was supposed to be augmented by adding 
four 70 kg people. 

The electric power profiles exchanged with the battery pack of the 
EV, for each driving cycle, were obtained considering the global effi-
ciencies related to traction and braking operations as follows: 
⎧
⎪⎨

⎪⎩

Pe = ηchaPm, Pm < 0

Pe =
Pm

ηdis
, Pm ≥ 0.

(10) 

Only one LiB cell was used in the validation of the experimental tests. 
Therefore, the electric power profiles, Pe, were scaled to fit the energy of 
a single LiB cell by dividing the requested power by the ratio between 
the total battery energy capacity and energy of the single LiB cell under 
test. These power profiles are reported in Fig. 8. 

All three driving cycle tests were performed at the same room tem-
perature (20 ◦C) used for the characterization procedure to avoid 

changes in the battery parameters with temperature. It is worth noting 
that, in the proposed procedure, the battery current was very low both in 
the open circuit voltage measurement and in GEIS measurements, but 
could reach 3C in the driving cycles, as can be seen from Fig. 9. 
Therefore, the battery temperature could increase even if the room 
temperature was fixed. Nevertheless, the overall shape of the driving 
cycles is composed of intervals in which the current is very low or nil, 
which made the temperature change negligible. In fact, Fig. 10 shows 
the temperature trends during the three driving cycles, and it is possible 
to note that the maximum increase in temperature was about 2 ◦C. 

The three scaled electric power profiles were given as input for the 
real LiB cell, using the experimental setup reported in the previous 
section, and repeated until the battery voltage reached the minimum 
allowed threshold of 2.75 V. During the tests, both the experimental 
battery current and voltage were sampled and stored. Finally, to test the 
goodness of the proposed UESS model, the same experimental battery 
current profiles were used as inputs of the model. 

Fig. 11 shows a comparison between the experimental and modeled 
battery voltages for the three cases, together with the absolute and 
relative percentage errors. As can be seen from the figures, the UESS 
model fits the behaviors of the battery in the different scenarios very 
well. In particular, in the range of 4.2–3.6 V, for all the driving cycles, 
the model almost perfectly fits the real behavior of the battery, with an 
absolute error of <40 mV and a relative error of <1 %. In the range of 
3.6–2.75 V, for all the driving cycles, the absolute error was <70–80 mV, 
and the relative error was <2–2.5 %. On the other hand, only in prox-
imity to the minimum cut-off voltage of 2.75 V, for the NEDC profile, the 
absolute error could reach 127 mV, and the relative error could reach 
4.6 %. For the WLTP profile, the absolute error could reach 280 mV, and 
the relative error could reach 9.6 %. This could be because, at low SOC, 
the open circuit voltage curve (Fig. 4a) is very steep. Thus, small errors 

NEDC SC03

(a) (b)

WLTP

(c)

Fig. 8. Speed and electric power profiles for a) NEDC; b) SC03; c) WLTP.  

Table 3 
EV parameters.  

EV e-Up! 

Curb weight M [kg] 1139 
Aerodynamic coefficient CD 0.308 
Frontal surface S [m2] 2.09 
Rolling friction CV 0.007 
Air density ρ [kg/m3] 1.184 
Charging global efficiency ηcha 0.431 
Discharging global efficiency ηdis 0.804 
Battery Energy Capacity [kWh] 18.7  

NEDC SC03 WLTP

(a) (b) (c)

Fig. 9. Experimental battery current profiles: a) NEDC; b) SC03; c) WLTP.  
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in parameter estimation, which have a minimal impact at higher SOC, 
can lead to a worse battery voltage prediction. In addition, particularly 
at low SOC, the value of the battery current can increase the battery's 
internal resistance [48]. However, the inclusion of the current effect into 
the model is outside the scope of this work but would be worth deeper 
investigation in future works. Nevertheless, apart from the final part of 
the voltage curve, the model shows very good accuracy. For most ap-
plications, such as EVs, the range in which the battery is exploited is 
limited to 20–80 % of the SOC [49], which corresponds to the voltage 
range in which the UESS showed a very good fit. 

NEDC SC03 WLTP

(a) (b) (c)

Fig. 10. Temperature profiles for a) NEDC; b) SC03; c) WLTP.  

NEDC SC03 WLTP

(a) (b) (c)

Fig. 11. Experimental and modeled battery voltages and relative voltage errors: a) NEDC; b) SC03; c) WLTP.  

Fig. 12. nth-order Thevenin model.  
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6. Discussion 

To assess the advantages and disadvantages of the UESS model 
applied to LiBs, a comparison was made with the most used Thevenin 
models of different orders. In particular, the zeroth-, first-, second-, and 
third-order Thevenin models, with two, four, six, and eight parameters 
respectively, were used to simulate the same three driving cycles. As 
reported in [15] and shown in Fig. 12, the nth-order Thevenin model 
consists of an ideal voltage source, which is a function of SOC, a series 
resistor R0 that represents the ohmic resistance (like Rs in the UESS 
model), and many parallel RkCk branches as the order of the model. 

To characterize these Thevenin models, the different parameters 
were estimated using a procedure similar to the one reported in [50]. For 
all the Thevenin models, the open circuit voltage curve of Fig. 4a was 
implemented in a look-up table and modeled by the ideal voltage source 
as a function of q. The other parameters were estimated through the time 
domain analysis of the battery voltage responses obtained during the 
relaxation intervals after the CV stages and before the beginning of the 
GEIS measurements, for the different open circuit voltages. In fact, for 
each of these intervals, during the CV stage, the battery current decayed 
up to 200 mA, allowing the parallel RC branches to reach a steady state. 
Then, the current was set to zero, leading to a current step ΔI of 200 mA, 
and the battery was left at rest for 1 h, thus a relaxation transient was 

observed for each open circuit voltage. Fig. 13 shows, as an example, 
this relaxation transient related to the open circuit voltage of 3.8 V. 

During these relaxation intervals, the battery voltage can be 
expressed as follows: 

V(t) = Voc(q)+R0ΔI +
∑n

k=1
RkΔI

(
1 − e−

t
Rk Ck

)
. (11) 

Therefore, the ohmic resistance R0 was estimated as the ratio be-
tween the instantaneous voltage drop and the current step. After that, 
this voltage drop was eliminated, and the remaining part of the voltage 
response was fitted to determine the other RkCk parameters using a 
number of exponential terms corresponding to the order of the model. 
For the sake of simplicity, all these values were put in look-up tables for 
simulations. 

As indicators of the overall goodness of the different electric models, 
the R2, mean absolute error (MAE), mean relative error (MRE), root 
mean square error (RMSE), and normalized root mean square error 
(NRMSE) were calculated for each driving cycle. The NRMSE was 
normalized based on the mean value of the experimental battery 
voltage. From Table 4, which reports the values of these indicators, it is 
possible to confirm the good agreement between the experimental and 
modeled data of the proposed UESS model, highlighting its superior 
accuracy compared to the Thevenin models across all three driving cy-
cles. Although the UESS model may be slightly more complex than the 
zeroth-, first-, and second-order Thevenin models, its improved accuracy 
makes it a valuable choice for implementation. Furthermore, when 
comparing the UESS model to the third-order Thevenin model, which 
has one parameter more (eight), the latter exhibited significantly lower 
accuracy. 

Finally, a further comparison was conducted with other results ob-
tained in the literature. In [51], the authors showed that the second-order 
Thevenin model tested using the NEDC profile, resulted in an MAE of 
18.4 mV, which is higher than the one obtained using the UESS model. In 
[52], the authors compared three battery models: the first- and second- 
order Thevenin model with the open circuit voltage curve modeled 
using the Nernst equation, and the second-order Thevenin model with the 
open circuit voltage curve modeled using a modified Nernst equation. 
From this comparison, they showed that the NRMSE obtained for the 
NEDC profile was 0.444 %, 0.424 %, and 0.421 %, respectively, which 
were higher than the one obtained with the UESS model. In [53], the 
authors conducted a comparison among several electric models for LiBs. 
In particular, they used the zeroth-, first-, and second-order Thevenin 
models. In all cases, the open circuit voltage curves were stored in look-up 
tables. Starting from these three electric models, they derived a total of 
eight different models based on factors that influence their parameters. In 
most cases, the open circuit voltage curve considered the voltage hys-
teresis, and the other parameters varied as a function of SOC, current, and 
current direction, making them much more complex than the UESS 
model. Nevertheless, from the comparison, they showed that for the 
WLTP profile, the MRE ranged from about 0.18 % to 0.46 %. This range 
encompasses the MRE obtained with the UESS model. Moreover, the 
authors calculated the MRE by considering the average of the MREs ob-
tained for three different initial SOC levels (25 %, 50 %, and 75 %). For 
each of them, the initial open circuit voltage was adjusted to have no error 
at the beginning of each test. In this way, the average of the MREs was 
lower than the one obtained in the UESS model, where the WLTP test was 
repeated starting from a fully charged battery until reaching the minimum 
cut-off voltage. In [19], the authors proposed a fractional order model 
that is similar to the second-order Thevenin model but with two ZARC 
elements instead of the RC ones, resulting in a total of eight parameters. 
They tested the model using the Urban Dynamometer Driving Schedule 
(UDDS) profile and obtained an MAE of 15.4 mV, MRE of 0.49 %, and 
RMSE of 20.9 mV. Although the UDDS profile was not tested in the pre-
sent work, these errors were higher than the ones obtained with the UESS 
model for all three driving cycles tested. 

Fig. 13. Battery current and voltage during a relaxation transient.  

Table 4 
Indicators of the goodness of fit.  

Driving 
cycle 

Model R2 MAE 
[mV] 

MRE RMSE 
[mV] 

NRMSE 

NEDC Zeroth-order 
Thevenin  

0.905  23.7  0.640  49.4  1.29 

First-order 
Thevenin  

0.968  19.5  0.521  28.7  0.752 

Second-order 
Thevenin  

0.977  16.1  0.432  24.5  0.640 

Third-order 
Thevenin  

0.978  15.7  0.424  24.1  0.630 

UESS  0.992  10.7  0.286  14.2  0.372 
SC03 Zeroth-order 

Thevenin  
0.898  32.2  0.866  53.0  1.40 

First-order 
Thevenin  

0.961  22.5  0.605  32.9  0.867 

Second-order 
Thevenin  

0.975  17.5  0.473  26.0  0.686 

Third-order 
Thevenin  

0.978  16.4  0.444  24.8  0.653 

UESS  0.994  10.1  0.266  12.9  0.340 
WLTP Zeroth-order 

Thevenin  
0.925  32.6  0.877  48.8  1.28 

First-order 
Thevenin  

0.955  24.8  0.670  38.0  1.00 

Second-order 
Thevenin  

0.976  18.7  0.504  27.8  0.731 

Third-order 
Thevenin  

0.979  17.0  0.460  26.1  0.685 

UESS  0.989  12.4  0.337  18.9  0.498  
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7. Conclusion 

In the present work, the equivalent circuit model used in [40–42] to 
model EDLCs and LiCs was proven to be suitable for predicting the 
battery behavior in both the frequency- and time-domain under fixed 
temperature. In fact, in LiBs, as in EDLCs and LiCs, the energy is stored or 
released only through the electric port. Therefore, it could be considered 
to be a large equivalent capacitor. Unlike EDLCs, in which the electric 
energy is stored as dielectric energy through the electric field in the 
dielectric medium, in LiBs, the electric energy is stored as chemical 
energy through chemical reactions (intercalations and de-intercalations 
of lithium-ions). In an LiC, which is a hybridization between an EDLC 
and LiB, the electric energy in stored in both ways. 

The proposed model with seven parameters is composed of a series of 
four impedance terms: an ohmic resistor, a parallel RC branch related to 
the SEI, another one related to the charge transfer and double layer ef-
fect, and a finite space Warburg element. The latter can model both the 
lithium\lithium-ion diffusion into the electrodes\electrolyte and the 
main capacitance related to the energy stored in the battery. 

The model parameters were estimated using a combined procedure 
based on both time- and frequency-domain methods. The battery 
discharge performed at a low-current rate was used to extract the dif-
ferential capacitance of the battery, which corresponds to the diffusion 
capacitance of the Warburg element. The other parameters were 
extracted through the GEIS measurements in a frequency range of 10 
kHz–100 mHz for different open circuit voltages. To use the proposed 
model in the time domain, the values of the diffusion capacitance were 
stored in a look-up table, while the other parameters were fitted as a 
function of the open circuit voltage using polynomial expressions. 

Finally, the validation of the proposed model in the time domain was 
carried out through three standard driving cycles (NEDC, SC03, and 
WLTP) with one EV. The related electric power profiles were obtained 
using Eqs. (9) and (10), and scaled for the battery cell under test. The 
experimental results of the battery voltage were compared with those 
obtained through the simulations and showed a very good match. 
Therefore, the validation of the proposed model, along with the 
parameter estimation procedure, can be highly beneficial for unifying 
the modeling of different electrochemical storage systems, such as LiBs, 
EDLCs, and LiCs, leading to the UESS model. 

Furthermore, the UESS model compared to other models present in 
the literature demonstrated a better accuracy as quantified through 
different indicators of the goodness of fit. In particular, in the usual 
working range of the battery, the relative error was lower than 1 %. In 
the last part of the voltage curve, the error increased to about 4.6 % and 
9.6 % for the NEDC and WLTP profiles, respectively. This could be 
because, at low SOC, small errors in parameter estimation can have a 
high impact on the battery voltage prediction due to the steepness of the 
open circuit voltage curve in that region. Moreover, the effect of the 
current rate was not considered in the UESS model and may affect the 
battery's internal resistance, thus the output battery voltage. The latter 
effect was outside of the scope of the present article but could be further 
analyzed in future works. In addition, also the effect of the temperature 
on the parameters can be taken into account to further extend the model 
working in a wide temperature range. 
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