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ABSTRACT: This paper proposes an electrochemical battery model for electric trucks, incorporating temperature effects to enhance

simulation accuracy. The proposed model is compared with the conventional Internal Resistance (IR) look-up model to evaluate

performance improvements. With its more detailed representation of battery dynamics, the electrochemical model, particularly under

varying thermal conditions, demonstrates a higher prediction accuracy. Simulation results under JEOS driving conditions show that the

proposed model improves the accuracy of voltage prediction, offering a more reliable tool for electric truck powertrain simulations.
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1. INTRODUCTION

Global warming is a critical issue worldwide, making it
essential for countries to put every effort into reducing greenhouse
gas emissions. Though vital for transporting goods, delivery trucks
are major contributors to these emissions. Transitioning the
traditional trucks to electric trucks offers a significant opportunity
to lower emissions. According to the global electric truck market
analysis!), the market is projected to experience significant growth,
with a compound annual growth rate (CAGR) of approximately
42.7% by 2035. To further encourage automobile energy
conservation and emission reduction and combat global warming,
the Ministry of Land, Infrastructure, Transport, and Tourism,
(MLIT) has introduced new fuel efficiency standards for heavy-
duty vehicles (including trucks and buses weighing more than 3.5
tons) with the target year of 2025, called the JH25 mode®.
Compared with the 2015 standards, the new standards will
increase the fuel efficiency of trucks by 13.4% and buses by 14.3%.
The JH25 electric vehicle test method applies to vehicles specified
by guidelines. This test method uses a hardware-in-loop system
(HILS) when driving in JEO5 mode (referred to as 'Transient urban

driving mode').

2. PROBLEM STATEMENT
Among all battery types, lithium-ion batteries are widely used

for automotive applications due to their superior energy density

and charging efficiency nowadays. A correct estimation of the
battery's electrical and thermal dynamics plays an important role
in operating safely and efficiently. Various model-based observer
approaches have been widely explored to address this issue. In this
paper, the verification aims to evaluate the accuracy of various
battery models when driving according to the JEO5 mode. In the
internal resistance method, an important aspect missing is the
effect of temperature on battery performance. Real-world battery
charging and discharging processes involve complex
electrochemical characteristics, which can significantly affect the
voltage response. The model simplifies these processes and
ignores important electrochemical effects such as electrode
polarization or concentration polarization, which may result in
lower simulated voltages than actual measurements. This
comparison will be conducted between the general Internal
Resistance (IR) look-up method and the electrochemical method,
while calculating electrical models for state of charge (SOC) and
voltage estimation®® which combines a thermal model for
temperature monitoring® & and offers a more detailed
representation of battery characteristics. By coupling the
electrochemical kinetics and the thermal behavior of the battery,
the model significantly improves the accuracy under the JEO5
driving cycle. Furthermore, since the model parameters
correspond to physical phenomena, they can be more robustly

determined from experimental data and adapted in real-time to
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changes in battery state. Overall, this improved modeling approach
enables more reliable simulation and control, ultimately leading to
improved battery performance, higher safety margins and

compliance with stringent heavy-duty vehicle operating standards.

3. SIMULATION MODEL
This section presents the schemes of the IR Model and the Dual-
Polarization Equivalent Circuit Model. It provides further details
on howto derive and optimize the parameters for battery

representation.

3.1 Internal Resistance Model
The open-source internal resistance battery model downloaded
from MLIT and the corresponding logic are shown in Figure 1
below. The main logic is to input the current to calculate the SOC
of the battery and use it to determine the open-circuit voltage
(OCV) and Internal Resistance (IR) @,
The terminal voltage is calculated using Ohm’s Law, and
formulas are used to calculate the SOC, as shown below.
t I
S0C = $0Cuia = | T—— e
U =Upcy —I X Ry
SOC: State of charge (%)

dt x 100 (3.1)

(3.2)

SOCinitiqr: Initial state of charge (%)
I: Battery current (A)

Crominai: Battery capacity (Ah)

U, : Battery terminal voltage (V)
Upcy: Open circuit voltage (V)

R,: Internal Resistance (Q)
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Fig. 1 Internal Resistance Battery Model and Logic
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3.2 Battery Thermal Modelling
The schematic structure of the battery model with thermal
effects is shown in Figure 2 below. The main principle of using

the thermal model is to simulate the battery voltage by adding heat

convection with coolant through the battery. Using the battery
to generate heat and heat convection heat between the battery
surface and coolant, the battery temperature can be calculated and

input into the new model to determine the parameters.©

I ~
SO(,. ECM Battery > U,
Calculation Model
attery Temp: Ty, = Tpp + 2
Ut < me
AA 4
Battery Thermal
Model
=1Wocy — Up)
Heat Convection dUpcy
dT,
Coolant Circuit Heat | |
Qcx = he(Tp — TA » Exchange

Fig. 2 Structure of the Battery Model with Thermal Effect

The heat generated by the battery is using the equation below:

dUOCV

Qg =1(Ugcy — Up) + ITbatterydTbT (3.3)
attery

Qg: Heat generation from battery (W)
Thattery: Battery temperature (K)

The heat convection between the battery and coolant is using
the equation below:

Qconvection = hcoolant(Tbattery - Tcoolant)Asurface (34)

Qconvection: Heat generation from battery (W)
Reootant: Coolant heat convection coefficient (W /m?.K)
Agurface: Battery surface area (m?)

where the coolant heat convection coefficient is calculated by
Colburn Analogy'” to calculate the wall heat transfer coefficient.

The equation of Colburn Analogy is as follows:

1 2
heootant = 5 Cf-P-Uegy- Cp- (PT) 73 (3.5)

: Calculated heat transfer coefficient (W /m2.K)

A eootant’
¢r: Fanning friction factor of smooth pipe
p: Density of the coolant (kg/m?)
Uesy: Effective velocity outside boundary layer (m/s)
Cp: Specific heat (J /kg. K)
Pr: Prandtl number
Therefore, the battery temperature variation is calculated based
on the coolant’s specific heat capacity and the battery's mass flow

rate.

ATb _ Qgrn_Cch
14

(3.6)
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Ty = Tyo + ATpartery (3.7)
ATy: Battery temperature change

For the battery model incorporating a thermal circuit, as
illustrated in Figure 2, GT-SUITE was utilized to extract the
battery’s heat capacity. Additionally, the battery’s heat generation
and the coolant’s convective heat transfer coefficient require
optimization, as slight differences exist between the actual
batteries used in the reference test batteries. The corresponding

calibrated gain coefficients are denoted as k4, k5, k3.

,_
Battery heat capacity gain: T, = Tj,o + L Z0cx (3.8)
kl'cpb'mb
Coolant heat convection gain:
Qcx = kz = he(Ty = T)As L 3.9
Battery heat generation gain:
! dUOCU
Qg =k3 Qg =k3-(UUpcy — Up) +1IT, ) (3.10)

aT,
Cpp: Battery heat capacity (J/kg.K)

Ag y - Battery surface area with S/M/L size battery specification
(m?)

||
Il +
G -|-_ Uocy

Fig. 3 2-RC Equivalent Circuit Model

The model is analyzed using the battery characterization module
by using 2- RC circuits shown in Figure 3. ® This is also called
dual polarization model, based on the Thevenin model, further
adds another 2 sets of RC networks to describe the polarization

characteristics of the power battery.

( U, I

Uy = — —

T TRG TG
U, I (3.11)

L
| R.C, G,
U = Upey = Uy = Uz =1 X Ry

After the characterization process, a 2D look-up table (LUT) is
used to derive the equivalent circuit parameters under given

conditions.

3.3 Model Parameterization
3.3.1 Model Parameterization for Internal Resistance Model
The battery test for internal resistance model® is conducted at

25degC according to the JH25 guideline, and the testing profile is

shown in Figure 4. Figure 5 shows the calculation of IR and OCV.
Characteristics obtained from the corresponding voltages are
obtained by the least-squares method, in which the absolute value
of the slope of the regression line is obtained as OCV, and the

interception is obtained as IR.

Es
) . 10 Sec
g Rest time: 10 min 10xnx I,
2
‘Q 10 Sec
Sxnxl
10 Sec
108ec nxI,
= 1
< =xXnxl
E 3_. - [ N L o »t
S 11(,‘!Sec
Exann 10 Sec

nxly L
- 10 Sec
o S5xnxl,
o0
g
2 10 Sec
5 10xnx1I,

Fig. 4 Battery Testing Current Profile
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3.3.2 Model Parameterization for Battery Thermal Modelling

A pseudo-two-dimensional (P2D) model based on the
electrochemical approach was developed using GT-AutoLion 1D
software ~ with  parameters. The electrochemical and
thermodynamic properties of the battery considered from particle
movement across the battery thickness and diffusion of particles
across the radius direction. The P2D model phenomenon is shown
in Figure 6, and the governing equations are shown below.®)
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Fig. 6 Schematic of P2D Model (1-11
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According to Newman’s P2D model('?), the current density
and lithium-ion flux density are determined using the charge
conservation equation (3.12).

Electric charge conservation:

i
ist+i,=i= §L
die
o = aig = aFj,
{ Oig y (3.12)

S =_q
ax jT

_ 3g
as = R,

Lithium-ion concentration equations in liquid and solid phases:

Solid phase Lithium-ion diffusion calculation:

aCs 20Cs  02%Cs
Eh s<¥? 7 G139
Liquid phase Lithium-ion diffusion calculation:
9C, 0 ( 5 0C, .
e 52 = = (D27 52) + a1 - 1)), (3.14)

The electric potential @, and &g derived from Ohm’s law
equations (3.15) (3.16) with Li-ion concentrations C, and Cj.

09,
eff __S
g ox

—ig=0 (3.15)

The interfacial overpotential ) between the solid and liquid
phase is determined from the lithium-ion flux density j, on the
solid surface using Butler-Volmer equation (3.17).

Ohm’s Law (Liquid phase):

B 2RTKET dinc,
eff 7€ 4 _ D 0 _ Cyi =
k o + F ty—1) o +i,=0 (3.16)
Butler — Volmer equation:
agF apF
Jr = 1o (eﬁn — eﬁn)
aq a, (3.17)

. _ aa
lp = ksCe (Cs,max - Csurf) Csurf

The potential difference in the solid phase between the positive
and negative electrodes is used to determine the terminal voltage
of the battery. As shown in equation (3.18), the solid phase
potential is influenced by various factors, such as surface
overpotential, liquid phase potential, steady-state open circuit
voltage.

{V = e, — Pylimo
n=o;—d, -V

Final terminal voltage equation:

(3.18)

Ve = cbelx:xp - q>e|x=0 + 77p|x=xp - 77n|x:0
(3.19)
The LUT inputs are SOC and temperature, while the outputs are

+Vp|x=xp - anx:xn

the 2-RC circuit parameters and Up¢y. These parameters will be

fed into the terminal voltage calculation module to calculate the
voltages U;, U, on the circuit, the final voltage is derived from the

difference between the open circuit voltage and Uy, U,, I, R.

4. SIMULATION RESULT
In this section, the performance of both methods is verified and

compared at JEOS5 conditions.

4.1 Identified Parameters

After the 1D battery model is established, then use the model to
conduct the HPPC (Hybrid Pulse Power Characteristic) test to
investigate the dynamic characteristics of the battery. The
optimization target is the experimental data obtained during the
119A constant current 1C discharge process; the optimized
parameters are shown in Table 1 below, and the optimized results
are shown in Figure 7.

Table 1 Optimized Parameters Result

Parameter Unit Optimized Value

Cathode Thickness pum 90
Anode Thickness pum 85
Cathode Porosity - 0.32
Anode Porosity - 0.3
Cathode First Charge Capacity | mAh /g 170
CathodeC I; 1;;2 i]t);scharge mAh / g 160
Anode First Charge Capacity mAh /g 372
Anode First Discharge Capacity | mAh / g 350

Operational Capacity Ah 119.72
Number of Parallel Cells - 6

Voltage vs Capacity with Optimized Settings Input

35
> 34 L ——1C Discharge Experiment ——Simulation
g, a3 —
832 T
g 31 - \\
£ s
\
225 \\
28 . . . . .
0 20 40 60 80 100 120 140
Capacity Ah

Fig. 7 Terminal Voltage Under 1C Discharge after Optimized

There are approximately 20 parameters that could affect the
accuracy significantly withing P2D model. Conducting iterative
optimization and defining the optimal range for each parameter
can be time-consuming. Therefore, a sensitivity analysis is
essential to identify the most influential parameters and enhance
the efficiency of the optimization process, can be seen in Figure 8.

The terminal voltage of the optimized P2D electrochemical
battery model was compared against chassis dyno test data. The
simulation results demonstrated a high degree of accuracy, with a
Mean Absolute Percentage Error (MAPE) of 1.21% and a Root
Mean Square Error (RMSE) of 0.051 V over the state-of-charge
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(SOC) range from 100% to 5% under the predefined current
condition. This indicates strong agreement between the simulated
and experimental results, with the low MAPE reflecting the

improved predictive capability of the model.
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Fig. 8 Sensitivity Analysis of Different Battery Parameters: (a) Sensitivity Analysis of Thickness (b) Sensitivity Analysis of Porosity

(c) Cathode First Charge/Discharge Capacity (d) Anode First Charge/Discharge Capacity

After the virtual test and parameters generated, the results were
processed to a 2D LUT to extract the equivalent circuit parameters
under varying conditions. The LUT takes SOC and temperature as
inputs, with SOC ranging from 10% to 90% with a 10% interval
and temperature ranging from 298 K to 323 K with a 10 K interval,
with the RC circuit parameters and the open-circuit voltage as
outputs. These extracted parameters are then fed into the terminal
voltage calculation module, where the voltage drops U; and U,
across the RC elements are computed using Equation (3.11). The
final terminal voltage is determined as the difference between the
open-circuit voltage and the sum of Uy, U, I and Ry.

The battery parameters must be characterized separately for
charging and discharging conditions since electric vehicle
batteries experience alternating current directions in real-world
operation. Figures 9 and 10 compare the optimized parameters
with the original look-up table under charging and discharging

conditions.
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Fig. 9 OCV and IR Comparison during Discharging
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Fig. 10 OCV and IR Comparison during Charging

The double R—C model was selected due to its optimal balance
between computational efficiency and accuracy. The identified
parameters include two polarization resistances (R1 and R2), as
shown in Figures 11 and 12, representing ohmic polarization
caused by internal resistances at the interfaces of electrolytes,
electrodes, separators, conductive foils, and casings. Additionally,
two polarization capacitances (C1 and C2), shown in Figures 13

and 14, represent electrochemical polarization, reflecting the
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Fig. 12 R2 under different Temperatures, SOCs and Currents
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Fig. 13 C1 under different Temperatures, SOCs and Currents
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Fig. 11 R1 under different Temperatures, SOCs and Currents

4.2 Validation by Drive-cycles

Figure 15 shows the JEOS drive cycle, conducted at a room

temperature of 25 °C and the SOC at 80%. Figure 16 shows the

corresponding current coming from three different specifications

(S/M/L size) of vehicle of different loads; more details shown in

Table 2. Figure 17 shows the simulated voltages plotted against
experimental voltages, demonstrating a high correlation between
the simulation and experimental data sets. According to the JH25
standard, model validation primarily focuses on the accuracy
during the first 121 seconds of the JEO5 cycle. The proposed
electrochemical-thermal model shows a significant improvement
in prediction accuracy within this evaluation period. Table 3 below

provides an overall result of the comparison, although a voltage
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deviation is observed at the high-speed peak around 1500 seconds,
this difference can be attributed to increased thermal dynamics and
parameter sensitivity at high load conditions. Nevertheless, the
overall error remains within an acceptable range, as confirmed by
the low MAPE value. Table 3 below provides an overall result of

the comparison.
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Fig. 16 Corresponding Current of three different specifications

Table 2 Specifications for JH-25 tests

Parameter Specification/ Value
Ambient Temperature 25degC
Initial SOC 80%

L size Voltage and SOC
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% 365 i
§ 360 8
- 355 -
£ 350 f‘;;
o
/@ 345 A
340
0 200 400 600 800 1000 1200 1400 1600 1800
Time Sec
= = = Model Voltage Exp Voltage = = = Model SOC Exp SOC
M size Voltage and SOC
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>
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£ 360 85
= 355 My 2
Q @D
2 350 80 2
I3 oo
g x‘m\ ’_> m
340 75
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S size Voltage and SOC
370 90
>
g, 360 2
& Y| 85 3
S 350 Q
= 80 7,
2340 g
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320 70
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= = = Model Voltage Exp Voltage = = = Model SOC Exp SOC

Fig. 17 Battery Voltage Results Comparison

Table 3 Overall Result of the Comparison

Number of cells 108 in series (348 V nom.)

Energy 41.3 kWh (1 pack)
Cooling type Liquid, bottom cooling
Weight (est.) 359 kg

1, with 3 configs:
S size: x1 pack,
M size: x2 packs,
L size: x3 packs

Num. of variants

MAPE
Battery | R?2 W/O R? with Accuracy ]
} ) With
pack Size | thermal thermal improved

thermal
L 91.00% 94.80% 3.80% 0.32%
M 88.70% 98.71% 10.01% 0.36%
S 77.00% 99.02% 22.02% 0.585%

As presented in Table 3, the coefficient of determination (R?)
shows varying degrees of improvement across all three battery
pack sizes. Among them, the S-size battery pack exhibits the
highest temperature rise, primarily due to its smaller size, which
results in a higher current density during charge and discharge
cycles, thereby leading to greater heat accumulation. Notably,
after 1500 seconds, as shown in Figure 18, the increase in vehicle
speed induces sharp current fluctuations, further intensifying the
battery's thermal response.

As the vehicle transitions into the high-speed phase, the power
demand increases accordingly, leading to a rise in battery heat
generation. However, the L-size and M-size battery packs exhibit

comparatively lower temperatures.

*R? W/O thermal is using the look-up method according to the
interim IR table (W/O thermal)

S, M, L Battery Temperature

v 330

@ ——8 Size MSize —L Size
5320

Jul

2310

5

2

%300

5 2% : : :

0 500 1000 1500 2000

Time s

Fig. 18 Temperature Change of the Battery

This can be attributed to their larger capacity, which allows the
current to be distributed more evenly, thereby reducing overall
heat accumulation. Moreover, the input current remains relatively
stable with minimal fluctuations, indicating that the batteries

experience lower thermal stress under these conditions.
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5. CONCLUSION

This study proposes an advanced electrochemical battery model,
that is temperature-dependent and was compared to the
conventional internal resistance (IR) look-up table method. The
results from the simulation proved that electrochemical modeling
predicts a much higher precision value, particularly under varying
temperature conditions. Because of its enhanced reliability, the
developed model presents a valuable tool for optimizing electric
truck performance and energy management systems. The future
work will focus on its implementation into an overall vehicle
model for HILS testing.

Firstly, the research investigated the accuracy of the original
JH25 battery model in simulation. The simulated voltage reached
over 88% accuracy at L-size and M-size battery packs for the first
121 seconds, matching one of the target accuracy thresholds.
However, for the S-size battery pack, the experimental data
showed a lower accuracy within the same time frame. This is
because the method's drawback that did not consider the effect of
temperature, a key point to be considered in battery performance.
Furthermore, the limited parameterization SOC range available in
the dataset precluded a thorough evaluation of the dynamic
characteristics of the battery.

In order to avoid those drawbacks, a virtual Hybrid Pulse Power
Characterization (HPPC) test was implemented through GT-
Autolion. An optimized 1D-P2D electrochemical battery model
was built with a generation of the appropriate 2-RC equivalent
circuit parameters. This battery model incorporated with the
thermal sub-model considers heat convection between the battery
surface and the coolant circuit. In this case, the battery’s internal
heat generation and convective heat transfer were used to compute
battery temperature, which was then utilized to update the 2-RC
model parameters and calculate the output terminal voltage. This
enhanced model achieved a voltage prediction accuracy exceeding
98%, significantly outperforming the original JH25 model.

In future research, improved experimental testing and real-
world validations are needed. To enhance the comprehensive
understanding of battery performance, future work can include
battery pulse tests over a wider range of temperature and SOC
conditions. Also, further on-road testing under different ambient
temperatures is necessary to validate battery models at realistic

operating conditions.
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