Journal of Energy Storage 157 (2026) 121636

Contents lists available at ScienceDirect ERer gy

Storage
Journal of Energy Storage

b

journal homepage: www.elsevier.com/locate/est

ELSEVIER

Research Papers
Equivalent circuit model for electrical performance characterisation of
lithium-ion batteries under thermo-mechanical loads

Oscar E. Rojas®, Ruben Hrstka-Sanchez”, Feiyang He*, Muhammad A. Khan®

2 Centre of Life Cycle Engineering and Management, Faculty of Applied Engineering and Science, Cranfield University, United Kingdom

ARTICLE INFO ABSTRACT

Keywords:

Vibration

Thermo-mechanical loads

Equivalent circuit model (ECM)
Electrochemical impedance spectroscopy (EIS)
Hybrid pulse power characterisation (HPPC)
Lithium-ion battery

The diverse applications of lithium-ion batteries (LiBs) and the increasing technology for new commercial ap-
plications in electric vehicles (EVs) have driven extensive research, expecting to enhance their performance,
longevity, and safety. Most of the studies cover the impact of temperature, and only a few encounter the side
effects of mechanical vibration. In automotive applications, temperature and vibration have been largely over-
looked separately in existing models, leading to unpredictable results. However, when both parameters are
reviewed together, they encompass significant variations in resistance, voltage and power. This paper proposes to
fill the gap by developing an equivalent circuit model (ECM) that couples temperature and vibration under
varying conditions of state of charge (SOC). While many ECMs have been proposed in the literature to improve
the battery management system (BMS), none of them have explored the impact of vibrations. The methodology
involves the experimental quantification of the cell characteristics by electrochemical impedance spectroscopy
(EIS) and hybrid pulse power characterisation (HPPC). The ECM revealed that vibration increased all resistive
parameters, particularly at high SOC and low temperature. The quantified variation due to vibration loads is
given as the incremental values of the ohmic resistance (Ry), interfacial resistance (Rin), diffusion losses (R1) and
capacitance (C1) (ARg, ARjn, ARy, ACy), showing an increase with different trends at different temperature and
SOC values. At 100% SOC, AR varies between 0.67 mQ at 0 °C to —0.01 m@ at 40 °C. When the temperature
increases, the effects of vibration are less noticeable, proving that temperature is more common in the resistance.
Nevertheless, the changes in diffusion resistance and capacitance were complex, with some parameters
decreasing under specific conditions. The ECM was validated using three urban dynamometer driving schedule
(UDDS) cycles performed at various SOC and temperatures, yielding an average root mean square error of 14 mV,
which is of comparable accuracy with other ECMs in the literature.

1. Introduction

The ongoing efforts to reduce CO, emissions, driven by standards
such as Euro 5 and Euro 6 [1], aim to decrease reliance on fossil fuel
imports and mitigate the impacts of global warming [2,3]. This has led
to significant growth in the use of EVs, hybrid electric vehicles (HEVs),
and plug-in hybrid electric vehicles (PHEVs) over the past decade. Most
of these vehicles use LiBs due to their higher energy and power density,
higher voltages, and low self-discharge rate [4].

For LiBs to be viable for the application, they must provide and
accept power and store energy safely, reliably, and efficiently, which is
primarily governed by their internal resistance [5,6]. With batteries
ageing through storage and cycling, their performance degrades due to
the resistance change. Therefore, it is significant to investigate the
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resistance behaviour as a decisive characteristic of a lithium-ion cell.
Academia and industry have proposed various methods, such as HPPC
[7] and EIS [6,8,9], to measure the internal resistance and impedance as
direct current (DC) and alternating current (AC) characterisation,
respectively.

In addition to storage and cycling, battery resistance is also affected
by other parameters such as temperature, SOC, current, and vibrations.
The temperature influence is related to chemical reactions occurring in
the cells and the ionic conductivities of electrodes and electrolytes [10].
Yue et al. [11] tested three types of lithium batteries: lithium titanium
oxide (LTO), lithium iron phosphate (LFP) and lithium nickel cobalt
aluminium oxide (NCR) in different ambient temperatures by using a DC
internal resistance measurement. They showed that the ohmic internal
resistance of the battery grows with the decrease in temperature. They
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also noticed that at —30 °C, just below the lowest recommended oper-
ating temperature for LIBs, the ohmic internal resistance of NCR LiBs
increased dramatically due to the increase of electrolyte viscosity and
the decrease of ionic conductivity. Ahmed et al. [12] investigated in-
ternal resistances of Lithium Manganese Nickel Oxide (LiMnNiO) and
Lithium Iron Phosphate (LiFePO,) batteries at wide temperature ranges
from —20 °C to 50 °C. Results highlighted an increase in ohmic resis-
tance and interfacial resistance with a decrease in temperature. High
temperatures also appear to impact the resistance of the Lithium-ion
battery (LiB). Working at a high temperature leads to an acceleration
of the ageing process of the cells, consequently degrading the internal
resistance. Leng et al. [13] studied the effect of temperature on the
ageing rate of LiBs operating above room temperature using an
electrochemistry-based model. The increase of the ohmic, interfacial
and diffusion resistance due to cyclic ageing is higher with higher
temperatures.

SOC is another parameter affecting the internal resistance of LiBs.
However, the ohmic and interfacial resistance present different trends.
[5,6] show that the SOC does not impact the ohmic resistance. On the
other hand, Seki et al. [14] studied the AC impedance of high-power
lithium-ion secondary batteries for the next generation of EVs by
measuring the internal resistance. While the ohmic resistance remained
constant with the SOC, the interfacial resistance (Rint) tended to
decrease with increasing SOC. Kumar et al. [15] also found Rint
decreased with SOC, while their results highlighted a slight decrease in
the ohmic resistance. Meanwhile, some studies proposed that the
interfacial resistance is current-dependent. Its relationship with the
current can be described using the simplified Butler-Volmer equation
[16,17]. This dependency is negligible at ambient temperature but be-
comes significant at lower temperatures [6].

The road conditions and the vehicle acceleration generate vibrations
that may degrade the lithium-ion battery (LiB) resistance as well [18].
Berg et al. [19] investigated the impact of random vibrations in auto-
motive applications on 18 different lithium-ion 18,650 cell types from
seven different manufacturers. Similarly, Lee et al. [20] worked on the
vibration-based degradation effect in rechargeable lithium-ion batteries
having different cathode materials for railway vehicle applications. The
results showed that the resistance increased after two hours of vibra-
tions, especially for batteries with LFP active materials. Hooper et al.
[21] tested lithium-ion 18,650 NCA cylindrical cells to multi-axis vi-
brations and observed an increase in pulse power resistance because of
the delamination or cracking of the electrode's surfaces. Another
research by Somerville et al. [22] proposed a different degradation
mechanism. It revealed that vibration causes the removal of the selec-
tively formed surface film created during a cell's first cycles. The initial
film was replaced with the surface film from electrolyte decomposition,
which is composed mainly of organic electrolyte decomposition prod-
ucts. Therefore, the cell impedance increased.

The change of the resistance behaviour affects the battery perfor-
mance, which can be analysed using the different LiB models such as
electrochemical, analytical, stochastic, and electrical models [15,16].
ECM, which simulates the battery behaviour, is widely used in the
Battery Management System (BMS), the central control unit of the bat-
tery pack [13,23]. They can predict the working voltage and power
capability depending on the working conditions such as temperature,
state of charge (SOC), state of health (SOH) and current [16,24].

Academia has made lots of efforts to develop multiple equivalent
circuit models (ECMs) as accurately as possible. Plett [25] developed an
approach to estimate the SOC of a LiB through a simple ECM (one RC
network) and an Extended Kalman filter (EKF). Gandolfo et al. [26] used
two parallel RC networks for their model that tackled mainly the impact
of SOC. Similarly, Koseoglou et al. [16] proposed an ECM with two RC
networks and an additional resistor compared to the traditional model.
Several studies also considered the temperature effect on the model.
Tran et al. [24] proposed an ECM with one RC network incorporating
the effects of SOH, SOC and temperature on the empirical model
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parameters. Likewise, Bairwa et al. [27] simulated the performance of
NR18650 — 20R LiB at three different temperatures with three parallel
RC networks. The precision of the model is said to be improved by
increasing the number of parallel RC networks. However, the
complexity and processing time also become higher. Another study
proposed a coupled equivalent circuit model and convective thermal
model to determine the state-of-charge (SOC) and temperature of the
LiFePO4 battery working in a real environment with one RC network
[28]. These ECMs have been proposed under thermal and current loads
at different SOC.

Nevertheless, no ECM was found, including the impact of mechanical
vibrations, which have been revealed to have an impact on the LiB
performance. Although several studies have reported that mechanical
vibrations can alter the internal resistance and interfacial characteristics
of lithium-ion batteries, such effects have seldom been incorporated into
equivalent circuit models (ECMs) used in battery management systems
(BMS). This omission can be attributed to three primary factors. First,
the influence of vibration was traditionally regarded as negligible
compared to thermal or electrical loads, particularly in the absence of
long-term operational data. Second, the simultaneous application and
control of mechanical and electrochemical stimuli present experimental
challenges, and most standard testing protocols are not configured to
impose dynamic mechanical loads. Third, although prior work has
demonstrated qualitative changes in impedance under vibration, these
effects were not quantified as functions of temperature and state of
charge, nor integrated into a parametric framework suitable for real-
time modelling.

As battery systems are increasingly deployed in vibration-prone ap-
plications like electric vehicles, it is now essential to reconsider this
modelling assumption. A mechanistically informed and experimentally
supported integration of vibration into ECM parameterisation can
enhance the accuracy and resilience of BMS under realistic operating
conditions. Therefore, to address the gap, the presented paper aims to
develop an ECM with the consideration of the impact of external vi-
brations induced by the engine and the road conditions [29,30], coupled
with temperature under different conditions of SOC.

2. Experimental approach
2.1. Battery specifications

A cylindrical battery was used for the tests. The lithium-ion
rechargeable cell is manufactured by Samsung, model INR 18650-20R.
The first three letters of the model stand for Lithium (Li), Nickel (Ni)
and Round Cell (R). The following four numbers specify an approximate
value of the diameter (18 mm) and the length of the cell (65 mm). The
last two numbers and the letter R refer to the battery capacity (2.0 Ah).
The cell chemistry is denominated as Lithium Nickel Manganese Cobalt
Oxide (NMCQ), referring to the cathode material. The blending chemical
composition of Nickel and Manganese influences the performance at-
tributes such as balance capacity, discharge rate and stability. The
electrical specifications are listed in Table 1. All cells used in this study
were brand new and drawn from the same manufacturing batch. The
initial State of Health (SOH) was 100%, and pre-test checks confirmed
consistency with the manufacturer's rated capacity and internal
resistance.

2.2. Design of experiments

Vibration loads and temperature are two key variables considered in
the test affecting the battery's electrochemical properties. Therefore, the
Battery cells under different SOC and temperature combinations were
characterised. The test SOC ranges from 0% to 100% with a 10% in-
terval. Temperature ranges from —20 °C to 60 °C with a 20 °C step. It
covers the typical temperature of EVs under a practical running envi-
ronment. There are 55 combinations, as shown in Table 2. An
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Table 1
Battery specifications [31].
Item specification Specification
Capacity 2000mAh
Charge 1 A, 4.20 V, Constant-Current-Constant-Voltage
(CCCV) 100 mA cut-off,
Discharge 0.2C, 2.5 V discharge cut-off

Nominal voltage

Standard charge

Rapid charge

Charging time, Standard charge

Charging time, rapid charge

Max. continuous discharge
(continuous)

Discharge cut-off voltage (end of
discharge)

Cell weight

Height

Diameter

Charge operating temperature
(surface)

Recommended recharge release
(surface)

Discharge operating temperature
(surface)

Recommended re-discharge

3.6V

CCCV, 1 A, 4.20 + 0.05 V, 100 mA cut-off
CCCV, 4 A, 4.20 + 0.05 V, 100 mA cut-off
180 min / 100 mA cut-off

50 min (at 25 °C) / 100 mA cut-off

22 A (at 25 °C), 60% at 250 cycles

25V

45.0 g max

64.85 + 0.15 mm

18.33 + 0.07 mm
Charge: 0 to 50°C
Recharge <45 °C
Discharge: —20 to 75 °C

Re-discharge <60 °C

release (surface)

Table 2
Experimental test cell combination.
Temperature Battery
()]
-20 SOT-20, S1T-20, S2T-20, S3T-20, S4T-20, S5T-20, S6T-20, S7T-
20, S8T-20, S9T-20, S10T-20
0 SOTO, S1TO, S2T0, S3TO, S4T0, S5TO, S6TO, S7TO, S8TO, S9TO,
S10TO
20 S0T20, S1T20, S2T20, S3T20, S4T20, S5T20, S6T20, S7T20,
S8T20, S9T20, S10T20
40 S0T40, S1T40, S2T40, S3T40, S4T40, S5T40, S6T40, S7T40,
S8T40, S9T40, S10T40
60 S0T60, S1T60, S2T60, S3T60, S4T60, S5T60, S6T60, S7T60,

S8T60, S9T60, S10T60

independent brand-new cell was assigned to each temperature and SOC
combination, resulting in a total of 55 cells tested. The denomination for
each cell is the following: the first letter and first number indicate the
SOC and the second letter and last figure represent the temperature the
battery is exposed to. For example, S2T60 means the tested temperature
is 60 °C at 20% SOC.

To quantify the impact of the mechanical loads on the resistance
values, the characterisation tests were run before and after the exposure
to vibrations. These vibrations due to driving conditions are nondeter-
ministic and, therefore, random in nature. For this reason, the selected
load is a random vibration profile rather than a sinusoidal vibration.
Therefore, the vibration profile is followed as per standard ISO 12405-1,
which is representative of EVs considering induced vibrations from the
road and powertrain in the car [32]. The corresponding PSD profile is
described in Table 3. The total duration of vibration exposure was 21 h
for each test condition.

Table 3
Values for the PSD in the vertical direction [33].
Frequency PSD PSD
Hz g%/Hz (m/s?)?/Hz
5 0.05 4.81
10 0.06 5.77
15 0.06 5.77
200 0.0008 0.08
RMS 144¢g 14.13 m/s?
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Before the characterisation tests, the slow charge and discharge tests
were carried out to calibrate the cells at the desired SOC using the
voltage or the Coulomb counting method. The SOC ranges from 0 to
100%, with a step of 10%.

Once the cells were calibrated to the desired SOC value, HPPC and
EIS tests were executed to obtain the three resistances Rg, Riyt and Rj.
EIS and HPPC are often described in the literature as two complemen-
tary testing methods: while the EIS is accurate for high and mid-
frequency losses, the HPPC is more accurate for low-frequency losses
[16].

2.3. Slow charge and discharge procedure

The slow charge and discharge test enables parameterising the OCV
curve against the SOC values. The OCV is not significantly dependent on
temperature [34] and vibration [21]. Therefore, the test is solely run at
ambient temperature (20 °C). The test is conducted three times for
charge and discharge for consistency and accuracy of results.

The average voltage values for each charge/discharge period are
utilised to build the OCV-SOC curve. In this experiment, the charging
and discharging rate of C/10 with an ambient temperature of 20 °C is
used to obtain the data.

2.4. EIS test procedure

Five EIS tests are running to obtain the resistance values at different
SOC levels. Each test is run at a constant temperature.

The procedure of taking the EIS is repeated eleven times from 100%
to 0% at increments of 10%. As a result, the cell is charged until 100%
and discharged to 90%, 80%, 70%, 60%, 50%, 40%, 30%, 20%, 10% and
0% SOC. Any time the SOC is discharged to 10%, the EIS is measured. A
new cell is employed for each temperature to prevent thermal degra-
dation to influence the results. For this reason, the temperature values
considered for each test vary in increments of 20 °C, from —20 to 60 °C
(=20 °C, 0 °C, 20 °C, 40 °C and 60 °C).

The test procedure is described as follows: Once the cells are cali-
brated to the desired SOC value, the EIS test is executed. The EIS test
enables us to obtain the Ohmic resistance (Rg) and the Interfacial
resistance (Rjny). The EIS test is running five times. Each time at a given
temperature.

1. The new cell is charged until 100% SOC with a rate current of 1C (2
A) at a constant voltage of 4.2 V. The discharging stops once the
current drops below 200 mA.

2. A relaxation period of one hour is given for one cell.

3. The EIS measurements are taken in a frequency range from 5 kHz to
2mHz at 100% SOC.

4. The battery is discharged to the next SOC level (90%) at a 1C current
rate. The discharging stops once the current drops below 200 mA.

5. The EIS measurements are taken for 90% SOC in a frequency range of
2mHz to 5 kHz.

6. A relaxation period of one hour is given for the cell before dis-
charging it again.

The EIS test procedure is run again after the vibration test is con-
ducted. Measuring the EIS after exposure to vibrations enables the
quantification of their impact on Ry and Rjnt. The EIS post-vibrations are
run at 0 °C, 20 °C and 40 °C (a range of temperatures a battery is
frequently exposed to) from 100% to 0% SOC. It focused the statistical
comparison on the operative temperature window while minimising
extreme-temperature confounders.

2.5. HPPC test procedure

The HPPC is a current pulse method utilised to calculate the dynamic
properties of the battery. It enables the determination of the diffusion
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parameters of the ECM R; and C;. In this test, a series of 30-s discharge
pulses of 5 A are applied for each SOC value. Initially, the battery is
calibrated to 100% SOC. After an hour of relaxation period to reach the
battery equilibrium, the first pulse is obtained. Then, a resting time of 1
h is given to the battery. After that, the battery is discharged at a 0.5C
rate to achieve 90% SOC. This procedure is repeated in intervals of 10%,
eleven times, from 100% SOC to 0% SOC.

The HPPC is run again after the vibration test to measure the dif-
ference in resistances and capacitances AR; and AC; to quantify the
impact of vibrations on the diffusion behaviour of the cell.

Once the experiment is conducted, the data is exported to MATLAB
to use the curve fitting options (nlinfit) to determine the parameters Ry
and C;. They are identified by fitting the voltage response of the cell
during the relaxation period of the HPPC test (cf. HPPC test) with the
overpotential corresponding to the diffusion behaviour in the ECM. The
“nlinfit” function in MATLAB is based on the Levenberg-Marquardt al-
gorithm, a popular method combining the concepts of gradient descent
and the Gauss-Newton method.

2.6. Experimental setup

To run the different tests, a potentiostat 5000 from Gamry In-
struments with a resolution of 12.5 pV/bit and a measurement accuracy
of +1 mV in Fig. 1(a) is used to apply a desired voltage and current to
the cell and study its response. The maximum voltage limit is 6 V, and
the maximum current is 5 A. For an EIS characterisation, the frequency
ranges are given from 5 kHz to 2mHz.

The potentiostat is connected from one end to the Gamry Universal
Battery Holder holding the cell being tested. The cell and the battery
holder are placed in a thermal chamber where the temperature can be
controlled. The other end of the potentiostat is connected to a computer
with software for data acquisition, as depicted in Fig. 1.

2.6.1. Pre-vibration experimental setup

For the experiments, an ECO MT135 ambient chamber was utilised
to control temperature in a wide range between 60 °C and — 20 °C, as
shown in Fig. 1(a). It delivers uniform and constant temperature during
the experiment and also acts as a Faraday cage to avoid electromagnetic
noise.

Inside the ambient chamber, the battery holders connect a cell, as
presented in Fig. 1(b). Depending on the program setup, current and
voltage are induced by the potentiostat. Then, the current and voltage
response is captured by the Gamry software. All measurements in this
setup were performed on brand new cells from the same batch as
specified in Section 2.1.

Journal of Energy Storage 157 (2026) 121636

2.6.2. Vibration experimental setup

For the post-vibration test, a shaker and a battery controller are
added for the vibration setup, as illustrated in Fig. 2(a). A prototype
battery with two modules inside, each module with six cells, for a total
of 12 cells. The battery pack prototype is allocated inside the ambient
chamber with an accelerometer, as is presented in Fig. 2(b).

The shaker controller with the adapted software allows the input of
the random vibration profile for the experiment. The power spectral
density (PSD) is selected from the standard ISO 12405 in the vertical
direction. The experiment is conducted in cells at different temperatures
and levels of SOC. The overall schematic for the pre-vibration and post-
vibration experiments is illustrated in Fig. 3.

2.7. ECM development for pre- and post-experiments

2.7.1. Proposed ECM

The ECM chosen is represented in Fig. 4. It is composed of a voltage
source, an ohmic resistance R, an interfacial resistance R;,; and one RC
branch to model the diffusion behaviour of the cell. [16,26] worked with
a similar model as it presents an interesting balance between precision
and simplicity. The mid-frequency losses associated with the charge
transfer are sometimes represented by a double-layer capacitance.
However, since the time constant of the double-layer capacitance is low,
it can be omitted [6,16].

The ECM is governed by Kirchhoff's voltage law (Eq. 1):

Vour = Vocv — (Rol + Rine 4 V1) 1)

Vour: Output voltage of the cell

Vocv: Open-circuit voltage

I: Imposed current

Ry: Ohmic resistance

Rin: : Interfacial resistance

V; : Overpotential due to R;C; (1).

One overpotential can be written as Eq. 2:

V; =1IR; (1 — exp( _R-tC-) ) 2)

V;: Voltage of the RC branch

I: Imposed Current

R;: Resistance of the RC branch

C;: Capacitance of the RC branch

t: time (2).

Therefore, the governing equation of the ECM is shown in Eq. 3:

t
Vour = Vocv*I(Ro +Rint + Ry (1 *eXP(*R C )) 3
1C1

The parameters of the governing equation are determined

Battery holder

(b)

Fig. 1. (a) Thermal chamber, potentiostat and software. (b) Battery holder and cell inside the thermal chamber.
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Fig. 4. Schematic of the ECM.

experimentally, as detailed in Sections 2.7.2 and 3.5.

2.7.2. Parameter identification of the ECM equation

Three different experiments are conducted to calculate the parame-

ters of the ECM governing equation:

1.

Open-Circuit Voltage (OCV): Determined by running a slow charge
and discharge test to measure the OCV as a function of the State of
Charge (SOC). Temperature and vibrations do not significantly
impact the OCV. Therefore, the OCV-SOC relation was obtained
before vibration exposure and treated as vibration-insensitive in this
work in line with prior evidence [21].

2. Ohmic Resistance Ry and Interfacial Resistance Rint: Determined by
Electrochemical Impedance Spectroscopy (EIS) at different SOCs and
temperatures before and after exposure to vibrations.

3. Resistance-Capacitance pair R1Cq: Determined by running a Hybrid
Pulse Power Characterisation (HPPC) test, which is more precise
than EIS for capturing the cell's diffusion and dynamic behaviour
[35,36].

A second-order polynomial eq. 4 is chosen to represent the rela-
tionship between the resistances/capacitances and the temperature,
SOC and vibrations. It enables optimisation of the two requirements for
the BMS: to present a low computational complexity for swift calcula-
tions of the battery constants and, at the same time, a high precision
(first-order equations appear to already be quite accurate, as per [24]).
The parameter equation for the ECM is:

P =py +p, T+ Pp,SOC + p,T*SOC + p,T>SOC + psSOC>T + p, T>

@
+P,SOC? + pgSOC?*T? + AP,

P: Parameter of the ECM (resistance or capacitance)

T : Temperature

SOC : State-of-Charge

T*SOC : The interaction term between temperature and SOC.

AP, Variation of the considered parameter due to vibrations.

DPo,D1,P2,P3,P4,Ps,De,P7,Ps : Constants (determined by fitting the
equation to the experimental curves).
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3. Results and discussions
3.1. Slow charge and discharge test

The OCV curve obtained in Fig. 5 presents an incremental expo-
nential curve where a ramp variation is given at a low state of charge (i.
e., 0% - 6%). After that, the curve continues with an increasing trajec-
tory in a linear trend until the cell reaches its full charge. This pre-
vibration OCV-SOC characterisation provides the calibration basis for
subsequent modelling. The profile can be compared with another
research [37,38] to confirm its trajectory.

Finally, after multiple charge and discharge tests in different cell
samples, the maximum experimental capacity of the cell reaches 2.08
Ah, which is slightly superior to the nominal value of 2 Ah. The
discharge rate gives this small variation between the experimental and
nominal capacity. Liu et al. [39] obtained the discharge characteristics
of a lithium titanate oxide battery at different discharge rates, proving
that the discharge capacity decreases when the charge rate increases.

3.2. EIS test (influence of temperature and SOC on the resistances Ry and
Rinr)

The impedance spectrum of the battery is obtained by performing the
measurement described in Section 2. The results of the EIS are given for
11 states of charge in increments of 10% from 0% to 100% at temper-
atures between —20 °C to 60 °C. The Nyquist plots (Fig. 6) exhibit
consistent features across all conditions, including an ohmic resistance
(Ro) at the high-frequency intercept, a semicircle representing charge
transfer resistance (Rjnt), and a low-frequency tail associated with
diffusion.

At low temperatures (—20 °C and 0 °C), the ohmic resistance Ro re-
mains nearly constant with respect to SOC (e.g., ~18 mQ at —20 °C),
while the semicircle radius increases markedly at lower SOC, indicating
a rise in Ry These trends are consistent with literature findings
[40-43]. As the temperature rises, Ro slightly decreases (to ~12 mQ at
20 °C), and the semicircle becomes less pronounced, indicating
improved interfacial kinetics and reduced Rjyt.

Notably, the local minimum in Im(z), corresponding to the direct
current resistance (DCR), shifts towards lower Re(z) with increasing
temperature and becomes less distinguishable above 40 °C. This
behaviour confirms that interfacial resistance is strongly temperature
dependent, whereas Ro remains largely unaffected by thermal condi-
tions. The SOC dependence persists at all temperatures, with impedance
values increasing monotonically at lower SOC. These baseline results
serve as reference conditions for isolating and quantifying the effect of
mechanical vibration in subsequent sections.

The plots of Ry and Ry against SOC for different values are visible in
Fig. 7 and Fig. 8, respectively. The values of Ry and Rjy¢ have been
calculated by a MATLAB code.

Ro appears to be constant at a given temperature for all the SOC
values. Hence, SOC does not seem to impact the ohmic resistance.

. -
2 4 _—
o T
g L
s ——
=35 _——
- |
&
5
5
8— 3
0 20 40 60 80 100

State of Charge (%)

Fig. 5. OCV-SOC curve.
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Temperature does not affect Rg much, with a slight increase in resistance
as the temperature drops. R value reaches nearly 20 mQ at —20 °C, only
a few mQ (7mQ to 5mQ) compared to the other temperatures. Never-
theless, Rjy is more temperature-dependent than Rg. Fig. 8 clearly
highlights the increase in interfacial resistance as the temperature
lowers. For low SOC levels, Rjy reaches 140 mQ. While Ry is steady for
high and medium, SOC values always increase at lower SOC levels. The
phenomenon is emphasised, especially at lower temperatures. At
—20 °C, Rin¢ presents a little decrease at 70% and 60% SOC before rising
again. This could be attributed to the complexity of keeping the tem-
perature constant at —20 °C during the EIS experiment.

Ry includes the resistance of the electrolyte, current collectors and
terminals. However, during the battery operation, the change in Ry is
triggered mainly by the electrolyte [44]. By decreasing the temperature
in the cell, the density and viscosity of the electrolyte are augmented,
causing an increase in the concentration of lithium-ion (L), facilitating
the conductivity and reducing the resistance. Considering that the ter-
minals are made of metals where the electrical conductivity depends on
the temperature, it can be assumed that the terminals are contributors to
the changing resistance Rg. Hence, when the temperature of the termi-
nals increases, their electrical conductivity decreases, reducing the
magnitude of Ry,

The semicircle in the Nyquist plot represents the double-layer ca-
pacity and charge transfer process at the electrode-electrolyte interface.
Since both the anode and the cathode contribute to the semicircle, both
include the surface film resistances and internal charge transfer re-
sistances [45]. An increase in Riy is observed during the increase in
temperature, and it is easy to identify as the semicircle enlarges. This
electrochemical process is temperature-dependent because the transfer
of electrons and lithium ions depends on the conductive agent and the
bond of the active material. In this case, the active material lattice
shrinks due to the lower temperature, hindering the inter-transfer of
lithium-ions in the cathode or, inversely, the transfer-inter in the anode.

Fig. 9 and Fig. 10 account for the temperature and the SOC to provide
values of Ry and Ryy. It can be observed that the lower the temperature,
the higher the resistances Ry and Rjy;. Conversely, the higher the SOC,
the lower the resistances Ry and Riy. It is noticeable that the tempera-
ture is much more influential than the SOC in the resistance change. This
phenomenon is due to the increase in viscosity of the electrolyte of the
battery. The density of the conductive material hinders the flow of the
ions.

3.3. HPPC test (influence of the temperature and SOC in R1 and C1)

An example of a 30-s pulse and the relaxation period of one hour
from the HPPC is shown in Fig. 11. The massive drop in the voltage is
due to the 5 A direct current pulse applied to the cell. The values of Ry
and C; are represented in Fig. 12 and Fig. 13.

Potrykus et al. [46] developed a model incorporating diffusion
resistance to obtain better results in different domains and industry
applications. The HPPC experiments proved that the SOC is negligible in
calculating R;. In the same way, the results depicted in Fig. 12 are sound
with respect to other authors. However, it is not the same as the tem-
perature that directly influences ionic diffusion.

The first noticeable trend is the opposite variation between R; and
Cy: as Rj rises, C; reduces inversely. R; is more consistent at lower
temperatures, while it lowers as the SOC decreases. The highest value of
resistance is reached at 100% SOC and temperature 0 °C (i.e., 884 mQ).
C; increases with low values of SOC, especially 10% and 0%. A little
decrease can be observed in C; as temperature rises.

Sungur et al. [47] conducted experiments to evaluate the effects of
temperatures (—10 °C, 25 and 40 °C) in an INR18650A28 lithium-ion
cylindrical cell. Their results show that the temperature impacts the
parameters R; and C; at different values of SOC. For R1, the values in-
crease at lower temperatures, where variations at medium values of SOC
(from 20% to 60% SOC) are more noticeable. Meanwhile, C; presents an
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increment at lower temperatures as well, but the SOC magnitude re-
20 mains steady. In this study, it is appreciated that similar behaviour for Ry
and Ci, and therefore, the results shown are sound and consistent with
18 i
—20°C previous research.
—0°C
20°C L .
—~ 16 |—40°C 3.4. Pre-vibration modelling results
¢ -60°C
e 1 4W To determine the constants of the quadratic equation (Eq. 5) for Ry,
Rint, R; and C;, the following matrix system is solved, and the results are
1] — shown in Table 4:
T T T T | A =XB 5)
10 | I ) . .. . . . 2
%0 o0 80 70 60 50 20 30 20 10 0 , A: Matrix containing the quadratic function variables (T, SOC, SOC~,
State of Charge (%) T4 ..)

Fig. 7. Ry plot against SOC values for —20 °C, 0 °C, 20 °C,40 °C and 60 °C.

X: Matrix containing the unknown constants p0, pl, ..., p8
B: Matrix containing the experimental parameter values.



O.E. Rojas et al.

Journal of Energy Storage 157 (2026) 121636

150 T T
100
g
E
E
o
0 e . . & B el |
100 90 80 70 60 50 40 30 20 10 0
State of Charge (%)
Fig. 8. Rint plot against SOC values for —20 °C, 0 °C, 20 °C,40 °C and 60 °C.
18
20 -
‘ 17
18 -
g 16- 1
E
(IO 14 - 15
12 14
10~
-20 — ol 13
0
12
Temperature (°C) 60 100 State of Charge (%)
Fig. 9. 3D representation of Ry versus SOC and temperature.
140
150 - 120
100
o 100
E 80
E 50
= 60
0- 40
-20 0
40 20
. 60
80
Temperature (°C) 60 100 State of Charge (%) .

Fig. 10. 3D representation of Rj,; versus SOC and Temperature.

3.5. Influence of vibration on the battery

The EIS and HPPC tests have been conducted again after the cells
have been exposed to the vibration test at different temperatures (0 °C,
20 °C and 40 °C) and SOC levels (from 100% to 0%C) to focus the

statistical comparison on the EV's operative temperature window while
minimising extreme-temperature confounders. To quantify the impact
of vibrations with temperature and SOC, ARy, ARjn, AR; and ACy
(representing APy, in the parameter equation of the ECM) have been
computed. They represent the difference between the resistance value
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Fig. 13. 3D representation of C;, SOC and temperature.
post-vibration and the resistance value pre-vibration.

3.5.1. Variation in the resistances ARy and ARjn;

The induced vibration in the cells proved to affect the ohmic and
interfacial resistance, and the variation calculations are presented in
Fig. 14 for ARg and in Fig. 15 for ARjyt.

The vibrations showed a greater impact on ARj,; compared to AR,
especially at 0 °C. More specifically, the increase in resistance Ry and
Rint is significant at 0 °C from 100% SOC to 70% SOC. The highest value

Table 4

Pre-vibration constant values RO, Rint, R1 and C1 for the quadratic equation.
P Ro Rint Ry Cy
Py 14.8735 78.2082 723.9729 17.4903
Py —0.1281 —3.194 —3.8856 0.0741
Py —0.0001 —0.7897 1.8057 —0.2833
P3 —0.0003 0.0111 0.0428 —0.0013
Py 0 0.0001 —0.0005 0
Pg 0 0 —0.0002 0
Pg 0.0016 0.0315 0.0429 —0.0017
P, 0 0.0046 —0.0033 0.0021
Pg 0 0 0 0

of ARjn is given at 90% SOC with a value of 13.25 mQ, and ARy is given
at 100% SOC with a value of 0.67 mQ.

ARg and ARjy; reached lower values from 70% to 0% SOC before and
after exposure to vibrations, indicating that vibration is less severe in
this range of SOC. Nevertheless, at 30% SOC, AR( and AR;,; showed a
peak, and then the resistance dropped again.

It is appreciated that in all temperature cases, ARy and ARy globally
diminish as SOC decreases, reaching even negative values for low SOC,
which indicates that the resistance post-vibration is lower than the
resistance before exposure to vibration.

These behaviours may be attributed to microstructural changes in
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the electrode materials induced by mechanical stress. As reported by Lee
et al. [20], vibration leads to an increase in internal resistance across
various lithium-ion chemistries, a trend consistent with the present
findings. Structural degradation, including the development of micro-
cracks, particle detachment, and fragmentation within the anode and
cathode materials, can reduce conductive pathways and increase local
resistances [30,48]. Moreover, the dislodged particles may interact with
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the electrolyte, contributing to the growth of additional SEI (solid
electrolyte interface) layers, which increases interfacial resistance. The
impact is particularly significant at high SOC levels and low tempera-
tures, where the electrode structure is more mechanically stressed and
brittle.

Furthermore, vibration is known to affect not only individual cells
but also the integrity of electrical contacts at the module and pack level.
As highlighted in [49], long-term vibration exposure can degrade the
mechanical stability of welded or bolted connections, further increasing
contact resistance. Although our current study focuses on single-cell
analysis, such systemic degradation phenomena may partially explain
the observed resistance trends.

3.5.2. Variation in the resistance AR1 and capacitance AC1

Fig. 16 and Fig. 17 depict the variations in diffusion resistance (AR1)
and capacitance (AC) across SOC and temperature conditions.

At temperatures of 0 °C, the variation in diffusion resistance AR; is
quite significant from 100% to 60% SOC. From 60% to 10%, AR; is
closer to 0 mQ, reaching even slight negative values, indicating a lower
diffusion resistance after exposure to vibrations. Nevertheless, at 0%
SOC, AR; rises again to nearly reach 100 mQ. At temperatures of 20 °C
and 40 °C, AR; variations are more moderate and closer to 0 mQ from
100% to 10%. However, at 0% SOC, AR; becomes negative for

50 40 30 20 10 0

State of Charge (%)

Fig. 15. Resistance's variation ARy with respect to SOC and temperature.
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100 90 80 70 60

50 40 30 20 10 0
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Fig. 16. AR; plot against SOC for T = 0 °C, T = 20 °C and T = 40 °C.
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Fig. 17. AC; plot against SOC for T = 0 °C, T = 20 °C and T = 40 °C.

temperatures of 20 °C and 40 °C with a noticeable drop in the graph.
Conversely, a massive jump in the positive scale is depicted for 0 °C.

The variation in the capacitance, AC;, is small but positive for all
temperatures from 100% to 10%, indicating that vibration is acting
upon the capacitance. The highest values are reached at the temperature
of 0 °C (2.46 F), suggesting that the capacitance inside the battery in-
creases at lower temperatures with vibration.

The discontinuities observed in both AR+ and ACs at 0% SOC suggest
unstable electrochemical conditions in a deeply discharged state. At
such low SOC, lithium inventory is depleted, and the electrode materials
are electrochemically saturated, potentially disrupting ionic diffusion
mechanisms and altering double-layer capacitance. Additionally, the
mechanical agitation induced by vibration may accentuate these effects
by modifying local porosity or electrolyte distribution. Although our
experimental setup does not allow direct observation of these internal
processes, similar behaviours have been reported in the literature [50],
reinforcing the interpretation that mechanical vibrations can perturb the
dynamic properties of the cell.

While the present results reflect the electrochemical impact of vi-
bration at the single-cell level, their extension to module or pack as-
semblies requires caution. Structural damping, mechanical constraints,
and multi-point interconnections in higher-level systems can alter the
propagation and intensity of vibrational energy [51-54]. These effects
may attenuate or redistribute mechanical loads, reducing their local
influence on individual cells. Further investigation at the module and
pack level is therefore essential to assess the net effect of structural
integration on vibration-induced degradation mechanisms.

20
30

Temperature (°C) 40 100
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3.6. Post-vibration modelling results

ARg and ARjy¢ can be quantified with a polynomial equation. A first-
order equation might not be precise, so a quadratic function is intro-
duced to give the smooth and gradual variations of ARy and Agjp. Fitting
ARg and ARjy; with a quadratic function on MATLAB leads to the
following expressions (Egs. 6 and 7):

ARy =0.1303 — 0.0046*T — 0.0098*SOC + 0.0010*T*SOC

6
+0.0001*SOC? ©

ARine =—3.7611 — 0.2346*T — 0.1567*SOC + 0.0013T*SOC

7
—0.0001T*SOG? 4 0.0077*T? — 0.0001*T>*SOC @

The coefficients of determination R? are 0.78 and 0.77, respectively,
for ARy and Agjnt.

The results of the fitting procedure are visible in Fig. 18 for ARy and
Fig. 19 for ARjnt.

The variations due to vibrations AR; and AC; can be fitted with a
quadratic function as follows:

AR; = 54.6594 — 2.2223*SOC + 0.0192*SOC* — 4.4655*T

+0.1679*T*SOC — 0.0014*T*SOC? + 0.0677*T> (8
—0.0025*T?*SOC
AC; = —4.6614 + 0.2924*SOC — 0.0024*SOC> + 0.1178*T
—0.0100*T*SOC + 0.0001*T*SOC? + 0.0047*T? 9
—0.0001*T?*SOC

Although the ECM and the polynomial parameterisation adopted in
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Fig. 19. Fitted surface for AR;,, with experimental points (b).
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this study follow a conventional mathematical structure, the novelty of
this work lies in the experimental coupling of vibration, temperature,
and SOC effects into a unified equivalent circuit framework. This inte-
gration enables the quantification of thermo-mechanical influences on
the electrical response of lithium-ion cells, which has not been experi-
mentally demonstrated in previous studies. The use of a second-order
polynomial ensures a practical trade-off between model accuracy and
computational efficiency, allowing direct implementation within real-
time BMS algorithms.

3.7. Model validation

To validate the proposed ECM, which was derived by substituting Eq.
4 into Eq. 3, the battery cell has been subjected to an Urban Dyna-
mometer Driving Schedule (UDDS) cycle, which is a dynamic “city test”
representing city driving conditions. The input current profile is visible
in Fig. 20. Three validation tests were performed at different tempera-
ture and initial SOC combinations, values different from those in the
experimental scheme conducted. The validation scheme is summarised
in Table 5.

The resulting output voltage from the experimental cell and the
model is visible in Fig. 21 for correlation.

The model presents a good accuracy that can be quantified by the
Root Mean Square Error (RMSE) and the mean absolute percentage error
(MAPE) using Egs. 11 and 12:

RMSE =

N
1% Z (Vi, experimental — Vi, model)’ an
i=1

N: Number of values
Vi, experimental: Experimental voltage value
Vi, modet: Model voltage value

N . . .
MAPE = 1 z |Vi, m"dfl - Vi, fxpenmental|
N & /| Vi, experimental |

(12)

The average RMSE of the three validation scenarios is equal to 14
mV, which is in the range of the proposed models obtained in the
literature [55] and the average MAPE is inferior to 0.24 with a unified
electric storage system (UESS) model. Model from [24] integrating SOH
effects reached an RMSE in the range of 10-15 mV.

To measure the impact of the vibrations on the accuracy of the
model, their effect has been suppressed to measure the RMSE, taking
into account only temperature and SOC. It appears that the average

Current (A)
o
= %

-6
0 200 400 600
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Table 5
Validation test scheme.
Validation scenario Temperature (°C) Initial SOC (%)
1 10 85
25 65
3 35 75

RMSE reaches 19 mV, which represents an increase of 26%. Thus,
including the vibrations is significant.

The error between the model and the experimental data might come
from the fact that close to the voltage cut-off value of 4.2 V (100% SOC),
the model overestimates the capacity of the battery to increase its
voltage compared to the experimental data. Another explanation for the
error encountered may come from the fact that other factors, such as
current and SOH, do impact the parameters of the ECM and have not
been considered in this research.

In terms of practical deployment, the proposed model can be feasibly
integrated into BMS without additional hardware requirements. Modern
EVs are already equipped with inertial measurement units (IMUs) or tri-
axial accelerometers for control and safety applications. These sensors
can supply vibration data in statistical form, such as RMS acceleration or
power spectral density, sufficient for the parametrised ECM. The model's
formulation ensures low computational complexity, suitable for real-
time processing. Given that neglecting vibration increases RMSE by
26%, the inclusion of vibration effects is justified in applications
demanding high predictive accuracy and operational robustness.

4. Conclusions

The present work provides a comprehensive analysis of the factors
that influence the electrical performance of lithium-ion batteries,
particularly focusing on the combined impacts of temperature, SOC, and
mechanical vibrations. With the experimental tests, the paper proposed
an ECM model considering the vibration influence.

Through EIS and HPPC experiments, it was found that temperature
significantly affects the battery's internal resistances and capacitance,
with lower temperatures leading to higher resistances due to reduced
ionic mobility and slower charge transfer processes. The SOC also plays
a crucial role in the cell resistance. It was observed that the R;,¢ increases
at lower SOC levels, likely due to changes in the SEI and electrode ma-
terials' behaviour.

After applying mechanical vibrations, it was observed that further
complications of the performance characteristics of the battery led to

800 1000 1200 1400

Time (s)

Fig. 20. Dynamic current profile for model validation.
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Fig. 21. Voltage output comparison between the experimental cell and the ECM considering without and with vibration influence. (a) at 10 °C and 85% SOC. (b) at

25 °C and 65% SOC. (c) at 35 °C and 75% SOC.

increased resistance across the board, particularly under high SOC and
low-temperature conditions. These increases in resistance may be
associated with mechanical degradation mechanisms reported in the
literature [30,48], such as electrode cracking, contact loss, and active
material detachment induced by vibrational stress. Although these ef-
fects were not directly characterised in this study, the observed elec-
trochemical responses are consistent with such degradation pathways.
However, it was also noticed that vibrations could reduce the resistance
and capacitance at lower SOC, in particular, values below 10% SOC.

The ECM developed in this study was validated against a dynamic
driving conditions cycle profile given by UDDS. The ECM demonstrates
strong accuracy against the experimental results with an RMSE of 14
mV. Excluding the effects of vibrations increases the RMSE by 26%,
showing the importance of accounting for mechanical stresses in battery
management systems.

While the model accurately captures electrochemical behaviour
through resistance and capacitance variations, it remains
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phenomenological in nature. The physical mechanisms underlying the
observed resistance increases attributed to vibrations have not been
directly verified. Future studies will aim to complement the electro-
chemical modelling with structural characterisation techniques, such as
X-ray tomography or electron microscopy, to directly investigate ma-
terial degradation pathways and enhance the physical interpretability of
the ECM.
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