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Abstract: The design and performance optimization of fully electric trucks constitute an integral
goal of the transport sector to meet climate emergency measures and local air quality requirements.
Most studies in the literature have determined the optimum pack size based on economic factors,
without accounting for the details of pack behavior when varying the size. In this paper, the effect of
battery pack sizing and cargo capacity of a class 8, 41-ton truck on its overall energy performance and
technical parameters of its powertrain is investigated. For this purpose, the proposed electric truck is
designed and mathematically modelled using AVL CRUISE M software. The second-order equivalent
circuit model is developed to predict the battery packs” parameters. The proposed battery pack
model is extracted from experimental analysis on SONY VTC6 lithium-ion batteries performed in the
lab. The weight changes due to adding the battery packs to the truck are also estimated and have
been taken into account. The mathematical model of the powertrain is simulated in the long-haul
driving cycle considering different cargo capacities and battery pack sizes. The results of this study
revealed that the battery pack voltage reached its minimum value when the maximum cargo capacity
was applied for the 399 kWh battery pack. In addition, increasing the occupied cargo capacity
from 10% to 100% resulted in an increase in the regenerative brake energy of up to 9.87 kWh, while
changing the battery size imposed minimal impacts on regenerative brake energy recovery as well as

energy consumption.
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1. Introduction

As climate change becomes an increasingly pressing issue, the automotive industry is
shifting towards electrification of vehicles to reduce carbon emissions. EV sales rose by 68%
globally between 2017-2018 [1]. However, the heavy-duty vehicle industry has not seen
the same volume of electric vehicle sales [2—4]. In 2020, global sales of electric heavy-duty
trucks accounted for less than 1% of the total sales [5,6]. The trucking industry contributed
23% of transport GHG emissions in the US [7]. The low level of electrification of this space
presents a large opportunity for a reduction in carbon emissions.

A primary reason for the dependence of the truck manufacturing industry on fossil
fuels is the high energy demands compared to passenger cars [8]. Heavy-duty EVs require
larger energy storage due to their greater range, weight, and aerodynamic load demands
compared to passenger EVs [9-11]. Most heavy-duty trucks must travel long distances
between each stop. This requires large batteries to be installed [12] or electric roads, which
require large investments for infrastructure [13]. Since battery energy density is lower than
fuel tanks used in Internal Combustion Engine (ICE) trucks, the energy storage system in
heavy-duty vehicles becomes expensive and heavy due to electrification [9,14]. Accordingly,
the extra mass of the battery packs reduces the cargo capacity since the total weight of the
truck needs to remain constant during electrification [9,15].
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Various studies have analyzed the electrification of heavy-duty vehicles addressing
aforementioned challenges. Mauler et al. [9] conducted an economic analysis between
diesel, fuel cell, and battery electric long-haul trucks in the United States. Current battery
electric trucks were seen to be nearly competitive to diesel trucks for trips below 500 km.
For weight constrained cargo exceeding 500 km, fuel cells were nearly competitive to diesel.
The more volume constrained the cargo, the greater the advantage to the battery electric
truck, since the added mass of the battery pack does not limit cargo capacity. Energy and
fuel price had a large effect on all of the comparisons, and such comparisons do not consider
charging nor hydrogen refueling availability. Tanco et al. [16] also found that energy and
fuel price influence electric truck feasibility in Latin America, with upfront costs being
the largest barrier. Besides the cost of electricity, the cost of a battery pack influences the
economic feasibility of EV heavy-duty vehicles. Vijayagopal and Rousseau [14] determined
that the cost of battery pack depends on desired range and influences electric truck upfront
costs. Nykvist and Olson [17] proposed using smaller battery packs for heavy-duty trucks
and improving the fast charging network in order to reduce both the cost of battery electric
trucks and their weight, improving their weight carrying capacity. Optimizing heavy-
duty truck battery pack size would maximize the economic viability of such vehicles [18].
Baek et al. [18] were able to find an ideal battery pack size by factoring in charging costs,
battery costs, depreciation costs, and revenue. Large battery packs maximize range and
payload size, but unnecessarily increase the weight and require a larger initial investment.
On the contrary, a small battery pack limits the range and carrying capacity and relies
more on the charging network. The previously mentioned studies rely on economic
factors to determine the pack size, but details of pack behavior are not accounted for
when varying the size. The subject of this research is to perform the optimal pack sizing
considering the distance, power, weight, size of truck, and the volume of transported
goods in order to maximize efficiency and energy usage of a heavy-duty truck. Combining
cell parametrization through lab testing for a pack model to test various pack sizes of
electric truck provides detailed insight into pack behavior variation. Cell testing was
conducted using pulse discharges to obtain transient and steady-state behavior at various
SOC increments. This data was then parametrized using MATLAB Simulink R2022a with a
nonlinear least-squares optimization and a Trust-Region-Reflective algorithm. Error was
minimized using sum squared error. This parametrization yielded ECM parameters which
were used for the pack model. An AVL pack model was used with the cell parameters for
the sizing optimization. The pack model was used to evaluate various pack configurations
and capacities to optimize power, weight, range, and cell health for the 41-ton truck.

This article brings a new viewpoint to the existing literature in the battery electric
truck modelling and optimal pack sizing of batteries based on experimental data. Results of
the study inform an ideal pack configuration based on the truck weight, and how varying
truck parameters influences pack behavior.

This paper is organized as follows; Section 2.1 (battery electric powertrain mod-
elling) discusses the methodology used to mathematically model the proposed powertrain,
Section 2.2 (parametric analysis) contains the variables assigned in the model to determine
the impacts of cargo capacity and battery pack sizing on the model output parameters, and
Section 2.3 (battery cell characterization) describes the methodology used to parametrize
second-order ECM used for modelling of batteries using lab data. Sections 3.1 and 3.2,
located in the results section, discuss battery parametrization and parametric study results,
respectively.

2. Methodology
2.1. Battery Electric Powertrain Modelling

The battery electric powertrain of a heavy-duty class 8 truck is modelled using AVL
CRUISE M R2022.1 software [19]. The modelling process is indicated in Figure 1. The Mer-
cedes Benz Actros 41-ton truck, featuring 8 wheels and 4-wheel drive (8 x 4) is considered
as the case study with its technical parameters presented in Table 1. The battery electric
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powertrain components in AVL CRUISE M R2022.1 software are presented in Figure 2 with
the electric motor efficiency presented in Figure 3. The electrical network of the proposed
powertrain includes two electric motors and six packs of batteries. The battery packs are
sized and modelled based on specifications of Sony VTC6 lithium-ion battery. The battery

pack specifications are provided in Table 2.
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Figure 1. Flow diagram of modelling process.
Table 1. Truck and trailer bodies technical parameters.
Component Parameter Value
Distance from hitch to front axle [mm)] 3450
Truck body dimensions support point height, bench test [mm] 1050
Wheel base [mm)] 3900
Distance from hitch to axle [m] 7.7
Trailer body dimensions
Pitching moment coefficient 1
Curb weight [kg] 8000
Truck nominal weight :
Gross weight [kg] 8500
Curb weight [kg] 19,000
Trailer nominal weight :
Gross weight [kg] 32,500
Truck [kg] 500
Total carrying capacity
Trailer [kg] 13,500
Frontal Area [m?] 8.48
Aerodynamic Properties —
Drag coefficient 0.6
Table 2. Battery pack parameters.
Component Parameter Value
Nominal voltage [V] 3.6
Current capacity [Ah] 3
Cell Energy capacity [Wh] 10.8
Average weight [g] 46.6
Estimated energy density [Wh/kg] 232
Cells in series 176
Cells in parallel 35
Pack Module energy capacity [kWh] 66.5
Number of Packs 6
Packs total energy capacity [kWh] 399
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Figure 3. The electric motor efficiency map.

The originally diesel Mercedes Actros truck is considered the case study in this paper.
Therefore, the weight change associated with the electrification of this truck is obtained
based on the weight of components exchanged. These values are presented in Table 3. The
transmission and drivetrain weight were assumed to be equal for the diesel and electric
powertrains. The mass loss from removing the fuel and fuel tank was estimated by using
50% of the full capacity tank weight for the Actros as a conservative estimate for the average
amount of fuel in the truck during long-haul driving. The electric vehicle weight addition
includes weight from the two motors, battery pack, inverter, and DC/DC converter. Dual
motors were used to obtain high efficiency compared to a single larger motor [20], and
permanent magnet motors were selected for their high specific torque [21]. In order to
determine the effect of pack size on weight, the required structural mass for a given energy
capacity was determined based on previous studies. The cell energy density was used
to calculate pack energy density, based on a 60% percentage weight of cells to total pack
weight. This value was chosen based on typical gravimetric energy densities achieved with
current battery packing methods [22-25]. The resulting pack gravimetric energy density
is 140 kg/kWh. The pack weight was then calculated for each pack size by dividing the
power capacity by 140 Wh/kg.

A long-haul driving cycle (Figure 4) was used in order to evaluate the transient
performance of the 41-ton truck at various pack capacities. The driving cycle represents a
typical trip of a heavy-duty truck, which undergoes brief accelerations and decelerations,
but generally cruises at highway speeds of approximately 85 kph. Inclination also varies
during this cycle to accurate modelling of real-life driving conditions [26,27].

Table 3. Weight of Diesel and Electric powertrain components.

Component Parameter Value

Engine Weight [kg] 1240
Diesel Max engine power [kW] 460
Fuel tank weight at 50% capacity [kg] 382
Weight of two motors [kg] 680
Combined motor power [kW] 500

. Total battery pack weight [tons] 1.73-2.54

Electric Inverter weight [kg] 72
DC/DC converter weight [kg] 35

Total electric powertrain weight [tons] 3.64-6.49
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Figure 4. The (a) velocity profiles and (b) road inclination variations in the Long-haul driving
cycle [26,27].

2.2. Parametric Analysis

A parametric study is performed to size the battery packs and investigate their impacts
on technical parameters of the powertrain. The battery pack size is determined by changing
the number of cell rows in each pack and considering the variations in cargo capacity. Cells
in parallel were varied from 35 to 45, increasing the total pack energy from 399 to 513 kWh.
This was the primary variable of the study since pack size variation is a crucial design
choice for a heavy-duty vehicle. The occupied cargo capacity is also varied between 10%
and 100%. Different case scenarios considered in this paper are shown in Table 4.

2.3. Battery Cell Characterization

The second-order equivalent circuit model is used for the mathematical modelling
of each battery pack shown in Figure 2. For this purpose, the SONY VTC6 cylindrical
battery cells were tested in a High Voltage Energy Storage (HVES) lab at Oxford Brookes
University. The HPPC tests were performed for characterization of the battery cells in
the lab at a temperature of 25 °C. In HPPC tests, the battery cell underwent a discharge
test at 1.5 C, which provided a picture of voltage at various SOC, as well as the transient
response to current pulses. The cell has a maximum voltage of 4.2 V, and a capacity of
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3000 mAh. As an approximation, 1.5 C was chosen as a typical discharge rate seen for
commercial automobiles [17,18,28,29]. The cell was placed in a testing chamber to hold the
temperature constant (Figure 5). A clamping apparatus which utilizes spring force was
used to provide firm contact between the cell terminals and the power supply. Voltage
across the cell was measured by clipping leads to metal at each plate, while current was
recorded using an Arbin battery tester (ARBIN LBT21084). Thermocouples were used to
obtain the temperature of the cell, and the experiment was conducted at 25 °C to gain an
understanding of behavior at average ambient temperature.

Table 4. Case scenarios for parametric study performed.

Case Number of Cell Rows Cargo Capacity [%]
R35L10 35 10
R40L10 40 10
R45L10 45 10
R35L50 35 50
R40L50 40 50
R45L50 45 50
R35L100 35 100
R40L100 40 100
R45L100 45 100

After data was obtained from the HPPC tests, a second-order ECM was developed in
MATLAB Simulink to characterize the cell behavior for use in pack modelling with AVL
CRUISE M. The model uses a battery block, which is controlled by defining parameters
such as internal resistance, dynamic time constants and resistances, capacity, and cell
voltage. Current is controlled through the “Current Source” block, which received the same
input current as the experimental tests. The “Voltage Sensor” block outputs cell voltage,
while the “SOC” block outputs the state of charge (Figure 6). The model received parameter
values from a separate MATLAB workspace, and it sends outputs and input current to the
parameter estimate module as well as the workspace.

Figure 5. Sony VTC6 cell experimental setup.
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Each parameter can be expressed as an array of values, each value being defined at a
specific SOC. In this particular case, 16 discharge pulses were conducted experimentally to
take the cell from 4.2 V to 3.4V, so all parameter arrays had 16 items.

>Pp—Pp soc
fi = | in P>
(=0 [in] >———o
voltage_exp
+ Q
Current @ ‘j Voltage
Source P Sensor | soc »
AT - T soc

’ g

[ voltage_sim

Current —

Figure 6. MATLAB model used for cell parameter estimation.

Simulink’s built-in parameter estimator was used to determine parameter values
which matched experimental results. The varied parameters were voltage, first and second
dynamic resistances, first and second-time constants, and static resistance. The Levenberg—
Marquardt algorithm was used to iteratively find parameters that resulted in minimizing
the least-squares difference from the experimental results. The parametrization resulted in
closely matching voltage vs SOC graphs, with an R? value of 99% (Figure 7).
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Figure 7. Parametrization results for the second-order ECM compared to experimental results,
(a) applied current profile in HPPC test versus time and (b) cell voltage response in different times
calculated by model and obtained in HPPC tests.

3. Result and Discussion
3.1. Experimental Tests Results
The estimated parameters based on HPPC lab data for second-order ECM are shown

in Figure 8a-e. These parameters are used as the input of the battery pack model shown in
Figure 2 for simulation of lithium-ion battery behavior under the transient conditions of

the driving cycle.
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Figure 8. The estimated parameters for second order ECM using HPPC data: (a) open circuit voltage,
(b) static ohmic resistance, (c¢) dynamic constants resistances, (d) first time constant and (e) second
time constant in various state of charges.

3.2. Parametric Analysis

The effects of battery pack size variations on the cargo capacity of the proposed battery
electric truck are shown in Figure 9. Electrification of the truck resulted in a decrease in its
cargo capacity from 13.5 tons to 11.77 tons, 11.36 tons, and 10.96 tons by increasing the battery
pack size to 399 kWh (35 rows), 456 kWh (40 rows), and 513 kWh (45 rows), respectively.

The difference between the desired and actual velocity of the proposed battery electric
truck for different battery pack sizes at 100% cargo load is shown in Figure 10. The fluctu-
ations in actual velocity in cruising velocities (desired profile) are due to the existence of
road inclination, resulting in activation and deactivation of the brake pedal. The desired
velocity is caught in most of the points, and minor deviation is observed in sudden acceler-
ation point following from electric motor moment of inertia. Furthermore, Figure 10 also
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Figure 9. Effect of battery pack size on cargo capacity.

r:‘v‘ v \‘ : v '\ n" 2 ‘A "»\ v i
\ | i
| |
|
|
7 |
|
I}
|
- :
e Desired
J R35L100
R40L100
====R45L100
J
|
|
|
|
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Time [s]

Figure 10. Truck desired and actual velocity for different case studies in various times in proposed
driving cycle.

The battery pack voltage change during travel for different case scenarios is shown
in Figure 11. By increasing the battery size, the overall voltage of the pack increased,
while increment of occupied cargo capacity resulted in decrease of battery pack voltage
due to faster discharging of the pack leading to sharp fade of voltage. There are four
sharp increases in voltage during travel due to sharp changes in velocity as can be seen
in Figure 11. When the velocity decreases sharply, a drastic increase in voltage is also
observed. These sudden voltage jumps can be controlled by employing a programmed
battery management system. In the last period of travel, steep increase of voltage is seen for
R35L50, R35L100 and R40L100 due to reaching below 30% in SOC (Figure 12). As indicated
in Figure 8a, there is a fluctuation in open circuit voltage for SOCs between 20% and 30%.
The same trend is reflected in battery pack voltage, as is demonstrated in Figure 11. The
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most voltage fade belongs to R35L100 case scenario with lowest size of the battery and
highest cargo capacity. This led to a sharper decrease in the battery pack voltage due to

high power demand, resulting in a lower SOC being reached at the end of travel compared
to other scenarios.

750 -

700 -

650 A
—R35L10
——R35L50
——R35L100
R40L10
——RA40L50
——R40L100
550 4 ——R45L10
——R45L50
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600 -

Battery pack voltage [V]

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time [s]

Figure 11. The battery pack voltage variations during travel for different scenarios.
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Figure 12. The battery pack SOC variations during travel for different scenarios.

The battery power change is shown in Figure 13 in various time steps of the driving
cycle for different scenarios. The discharging power increased during truck cruising speeds
due to the increase in the cargo load. The highest charging peaks are achieved in the
R45L.100 scenario due to the existence of a larger battery and a large load (cargo) resulting
in higher values of regenerative brake energy. However, the charging sudden peaks should

be capped as well as discharging sharp peaks to prevent the battery from being damaged
due to high temperature.
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Figure 13. The battery pack power variations during travel for different scenarios.

The cumulated energy recovered by regenerative brakes and consumed energy during
travel for different scenarios is shown in Figure 14a,b. Regenerative brake energy increased
from 6.94 kWh to approximately 9.87 kWh due to the increment in the truck cargo capacity
between 10% and 100%. In addition, an increase in the battery cell rows in the packs from
35 to 40 and 45 resulted in energy recovery increases of 1.73% and 3.46% for 10% load,
0.98% and 2.2% for 50% load and 0.41% and 0.74% for 100% load, respectively. In addition,
there were negligible changes in the energy consumption due to the increase in battery size
since power demand remains constant.
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Figure 14. Cont.
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Figure 14. (a)The regenerative brake energy recovery and (b) battery pack energy output during
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4. Conclusions

In this paper, a parametric analysis is performed to assess the effect of battery pack
sizing and cargo capacity of a truck on its energy performance. As the case study, the
electrification of a class 8, 41 tons’ truck is performed by modelling and simulation of
its battery electric powertrain in AVL CRUISE M software. The experimental lab battery
testing data is used to parametrize the battery pack model in this study. Issues such as
weight changes due to the addition of battery packs to the truck are also addressed. A
parametric study is employed consisting of various case scenarios to evaluate the impacts
of the battery pack size and cargo capacity on truck performance and energy consumption.
The main conclusions drawn from this study can be listed as:

- Electrification of the Mercedes—Benz Actros 41-ton truck resulted in decreasing of its
cargo capacity from 13.5 tons to 12.27 tons, 11.86 tons, and 11.46 tons by increasing
battery pack size from 399 kWh to 456 kWh and 513 kWh, respectively.

- Employment of dual electric motors in the powertrain resulted in gaining desired
torque at various speeds during travel in long haul driving cycle.

- Increasing the battery size boosted the overall voltage of the pack, while an increment
in occupied cargo capacity resulted in a decreased battery pack voltage due to faster
discharging of the pack, leading to a sharp decrease in voltage.

- The greatest decrease in voltage was achieved in battery packs when the cargo capacity
was equal to 100% and the lowest size of battery pack was used. This leads to a sharper
decrease in the battery pack voltage due to high power demand, resulting in a lower
SOC at the end of travel compared to other scenarios.

- The highest charging peaks were achieved for the scenario with the biggest battery
pack size and full cargo capacity due to recovering higher values of regenerative
brake energy.

- Regenerative brake energy increased from 6.94 kWh to approximately 9.87 kWh by
incrementing the truck occupied cargo capacity up to 100%.

- Increase of total battery packs size from 399 kWh to 456 kWh and 513 kWh resulted in
energy recovery increases of 1.73% and 3.46% for 10% load, 0.98% and 2.2% for 50%
load and 0.41% and 0.74% for 100% load, respectively.
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As a limitation of this research, it can be mentioned that the employed second-order
ECM used to model the battery packs is not capable of predicting their capacity fade after
driving in various number of cycles, which should be addressed and solved in future
steps of this research. The developed methodology coupled with the experimental data
presented in this paper would assist the future research and development activities aiming
to truly optimize the performance of heavy-duty trucks to tackle the global net-energy
targets as well as the local air quality requirements.
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Nomenclature

EV Electric Vehicle

ECM  Equivalent Circuit Model

SOC State of Charge

HPPC Hybrid Pulse Power Characterization

ICE Internal Combustion Engine
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