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1. INTRODUCTION

The massive effect of pollution due to conventional vehicles (i.e., internal combustion engine-based
vehicles) is very well known and has now become one of the dominant causes of global warming. Along with
the environmental benefits offered by an electric vehicle, qualities like smooth driving, noiseless driving, more
enjoyable driving experience, and much more can be achieved [1]. This becomes the reason battery-powered
electric vehicles are being promoted globally by various countries.

As commercial vehicles are a considerable proportion of the vehicular segment, along with electrical
vehicle (EV) cars, the trend of electric buses and trucks is also now increasing. Also, certain case studies like
in [2] regarding cross docking EV trucks prove the enhancement of energy efficiency by 40% along with
limiting greenhouse gases (GHG) emissions by 30%. Like an EV car, for an electric truck, it becomes important
to choose the feasible powertrain and drivetrain configuration to achieve better control of the vehicle [3]-[5].

In this paper, one such powertrain with regenerative braking is simulated. The suitable vehicle
parameters have been chosen for each component of the powertrain. The modeling uses the field-oriented
control (FOC) control strategy for the permanent magnet synchronous motor (PMSM)-based electric truck.
The experiment with different gradients has been analyzed in this paper to observe the efficiency of the
proposed powertrain for a standard FTP72 drive cycle in MATLAB Simulink R2023a environment. The
presented results will help the researchers to analyze the behavior of electric trucks under various operating
conditions.
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2. POWERTRAIN ARCHITECTURE AND DRIVETRAIN OF ELECTRIC TRUCK

The powertrain is a configuration that involves power electronic converters, motors, and a further
transmission system to the wheels of the vehicle. Powertrain architecture can be expressed in different manners,
one such form is expressed in below block diagram of Figure 1. As shown in the figure, the electronics
controller (EC) collects the user input and sensor data from the battery and processes it appropriately to supply
it to other components of the powertrain. The energy management unit (EMU) ensures safe operation by
preventing overcharging, over-discharging, and thermal runaway by monitoring various battery parameters.
An energy refueling unit (ERU) refers to either an onboard charger or an offboard charger through which the
transfer of energy to the EV from the grid can be achieved. The auxiliary supply and the temperature control
unit are required for power steering and EV environment control respectively. Depending upon the type of
motor, an appropriate power electronic converter fed from the battery is used to supply the said motor with
variable voltage and frequency supply, which in turn helps to control the motor’s speed and torque. The
configuration ahead of the motor depends upon the drivetrain configuration possibilities [6]-[9]. Though having
some similarities in powertrains of EV trucks and cars similar to Figure 1, they have some key differences:
i) Trucks demand larger battery packs and more powerful motors than cars to tackle heavier loads and
challenging terrain; ii) Trucks leverage multi-speed transmissions rather than single-speed as in cars, which
enhances control across various conditions like powerful low-speed pulling; and iii) EV trucks often require
more robust cooling systems for the motor, battery pack, and power electronics compared to cars. Along with
the powertrain, gross vehicle weight rating (GVWR) is another factor in differentiating the design of the trucks.
Table 1 presents the classification of vehicles based on the GVWR.
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Figure 1. Powertrain block diagram of electric truck

Table 1. Classification of vehicles based on GVWR

Class GVWR (Ibs) Type/application of vehicle
Class-1to 3 <14000 Car, sport utility vehicle or SUV, and non-commercial pick-up truck
Class-4 14000-16000  Box truck and delivery truck
Class-5 16000-19500  Bucket truck
Class-6 19500-26000  Beverage truck and school bus
Class-7 26000-33000  Sweeper truck
Class-8 >33000 Cement truck and long trailer truck

2.1. Different drivetrain configurations

The drivetrain is the subset of a powertrain. Among different configurations like front-wheel drive
(FWD), rear-wheel drive (RWD), four-wheel drive (4WD), and all-wheel drive (AWD), for trucks, RWD is
preferred as it provides a better distribution of weight and better acceleration. In this paper, we have considered
the powertrain with a single motor for simulation [10].

2.2. Comparison of different motors

The motor should have high torque with low ripple and wide-speed range, good maximum speed-to-
base speed ratio, high efficiency, high reliability, and robustness [11]-[15]. Among various EV motors like
permanent magnet synchronous motor (PMSM), switched reluctance motor (SRM), direct current motor
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(DCM), and induction motor (IM), PMSM is preferred for EV trucks. Table 2 shows the comparison of
different EV motors (‘1” shows that the motor is more compatible whereas ‘|’ shows less compatibility
regarding the mentioned parameters) [8].

Table 2. Comparison of EV motors

Parameters DCM IM Brushless DC electric motor (BLDC)  PMSM
Torque/power density l - " "
Efficiency l 1 " "
Cost beneficial - " l l
Reliability l " T 1
Size/weight/volume l 1 " "
Overload capability l T T i
Field weakening ™ " l 1
Fault tolerance 1 " l l
Thermal limitation l T l l
Noise/vibration/torque ripple l " - "
Lifetime l " 1 1
Future potential | 11 - 11

3. METHOD

MATLAB Simulink R2023a is used as a simulation environment. Figure 2 shows the powertrain
schematic of an EV truck that can perform regenerative braking. The developed simulation model is shown in
Figure 3. The powertrain works according to the comparison between the drive cycle and the feedback received
from the vehicle velocity; the driver will accelerate or decelerate the vehicle with the help of the control and
electronics involved [16], [17]. Energy from the battery is fed to the PMSM motor which is further connected
to the mechanical assembly of the vehicle. Here, the FTP72 drive cycle is used as the reference speed.
A longitudinal driver block is used which generates acceleration and deceleration commands according to the
error between reference speed and the feedback obtained from the vehicle. Further, the signal is compared with
the motor’s speed which is then fed to the FOC control loop where the torque component of current from the
FOC subsystem is compared [18]. Parameters for the simulation are considered as per Table 3.
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Figure 2. Schematic of EV truck
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Figure 3. Simulation model of EV truck powertrain
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3.1. Controller strategy

FOC offers a sophisticated method for controlling alternating current (AC) motors, mimicking the
behavior of direct current (DC) motors. It achieves decoupled torque and speed control through Clarke
transformation (a, b, ¢ — a, B) as in (1)-(3) and Park transformation (o, p — d, q) as in (4)-(5). This can be
observed in Figure 4. After getting FOC, pulses are generated using the space vector pulse width modulation
(SVPWM) method [19], [20]. The primary principle of SVPWM focuses on creating an average voltage vector
within the switching cycle that will be compatible with the required output voltage for the motor. SVPWM is
preferred over sinusoidal pulse width modulation (SPWM) for FOC due to its efficient performance and
controllability [21], [22].

i, = gia—g(ib—ic) 1)
ig = = (ip —ic) 2)
io == (i + ip + i) 3)
isq = igc0s(0) + igsin(O) 4)
lsg = — ig SIN(O) + ig cos(8) (5)

Table 3. System parameters considered for simulation

Parameters Values Parameters Values
Vehicle mass 3055kg  Motor armature inductance 420 pH
Aerodynamic drag coefficient 04 Motor inertia 0.864 kg.m?
Rolling resistance coefficient 0.022 Torque constant 1.842 N.m/A
Vehicle frontal area 3.82m2  Internal resistance of the battery 0.04 Q
Radius of wheel 0.405m  Battery capacity 100 Ah
Gear ratio 3 Battery nominal voltage 400 V

Motor stator phase resistance  0.0045 Q
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Figure 4. FOC of EV truck

3.2. Mechanical body of EV truck

The vehicle’s mechanical body as shown in Figure 5 consists of a torque sensor, gear assembly, brake,
and four tires. The torque sensor translates a variable into a proportional torque control signal. The gearbox
maintains a fixed gear ratio, while the brake uses an actuator to control deceleration based on driver input.
Finally, the four tires consider inertia, rolling resistance, and compliance to represent real-world tire behavior.
Velocity from the vehicle body block is given as feedback to the driver which then gets compared with the
drive-cycle [23].

3.3. Regenerative braking

Regenerative braking is the crucial goal to be achieved by any EV. Here whenever the driver gives
the deceleration command, regenerative braking occurs and the state of charge (SOC) of the battery gets
increased [24]-[27]. The percentage of increment in SOC would depend upon the slope of the deceleration
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command signal. Through the logic shown in Figure 6, two modes are achieved for EVs i.e., motoring and
regenerative braking. When there would not be the need for braking, pulses generated from SVPWM would be
fed directly to the inverter and in other cases, gate pulses will not be fed to have regenerative braking [28], [29].

When the vehicle needs to be slowed down the longitudinal driver will generate the deceleration
command given to the switch block. The switch block will pass the signal such that the inverter switches get
turned off making sure that no power is passing through the inverter. The regenerative power is obtained
through the action of the diodes connected antiparallel to the insulated-gate bipolar transistor or IGBT devices
of the inverter, acting as an uncontrolled rectifier. Hence, the inverter IGBT switches are not working, however,
the power is flowing through the antiparallel diodes during regenerative operation. Whereas when the vehicle
needs to speed up then the switch will pass the same gate pulse coming from the SVPWM block to the inverter,
and hence, the speed of the vehicle will follow the drive cycle.
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Figure 5. The mechanical body of an EV truck
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Figure 6. The logic for regenerative braking for EV truck
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4. RESULT AND DISCUSSION
In this paper, three different cases are considered for analyzing the performance of EV trucks. The

three cases are based on different gradients thereby demonstrating the way the proposed EV truck responds to
follow the reference drive cycle.

4.1. Casei: EV truck performance with a gradient of 0°

This case depicts that the truck is moving on a path with zero gradient and is assumed that the vehicle
follows the drive cycle with necessary acceleration and deceleration commands. As can be seen in Figure 7(a),
drive cycle FTP72 has been used as a reference velocity for 200 seconds and when vehicle velocity is
compared, it follows the same as shown in Figure 7(b). Figure 7(c) shows the deceleration command given
when there is a deep in the drive cycle. Due to this deceleration command, regenerative braking occurs and
leads to an increase in (%) SOC of the battery. This can be observed in Figure 7(d). Figures 8(a)-8(c) show this
behavior for 15 seconds of the FTP72 drive cycle.
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Figure 7. Comparison of drive cycle and vehicle velocity: (a) drive cycle [scale: y-axis-5 (m/s)/div.; x-axis-
20 s/div.], (b) vehicle velocity [scale: y-axis-5 (m/s)/div.; x-axis-20s/div.], (c) deceleration command [scale:
y-axis-0.2 per div.; x-axis-20 s/div.], and (d) battery SOC (%) [scale: y-axis-0.5 %/div.; x-axis-20 s/div.]

4.2. Case ii: vehicle with a gradient of 20°

This case represents the scenario where a gradient of 20° is given to the vehicle. Due to the gradient
of 20°, the driver will not be able to catch the speed as per the reference (drive cycle) shown in Figure 7(a).
After some seconds have passed, when the reference velocity boosts to some level then only the driver starts
to give acceleration command and will try to get close to reference velocity as much as possible. As there is no
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need for a brake pedal in this case, there will not be any increment in the level of SOC of the battery.
Figure 9(a) shows the result for torque constant=1.8421, whereas Figure 9(b) shows the acceleration command
given by the driver which faces initial lag due to the inherent inertia of the vehicle. If the value of torque
constant is increased to 4 then the driver can achieve stable velocity earlier than the previous case which is
shown in Figure 10. For safety, the vehicle control is designed so as to restrict the velocity to 30 m/s during
uphill operation.

4.3. Case iii: vehicle with a gradient of -20°

The vehicle is moving downhill slope of -20° causing the vehicle to accelerate as shown
in Figure 11(a). To maintain the reference velocity, the driver brakes to prevent unwanted acceleration as shown in
Figure 11(b). This braking utilizes regenerative braking; hence battery state of charge (SOC) will start increasing
as shown in Figure 11(c). In this scenario, additional acceleration is not required, so the acceleration command will
be zero. The vehicle control is designed so as to restrict the velocity to 30 m/s during downhill operation.
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Figure 8. Drive cycle, deceleration command, and battery SOC for 15 seconds: (a) drive cycle [scale: y-axis-
5 (m/s)/div.; x-axis-2 s/div.], (b) deceleration command [scale: y-axis- 0.2 per div.; x-axis-2 s/div.],
and (c) battery SOC (%) [scale: y-axis-0.01%/div.; x-axis-2 s/div.]
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x-axis-20 s/div.]
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Figure 11. Drive cycle, deceleration command, and battery SOC for the gradient of -20°: (a) vehicle velocity
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s/div.], and (c) battery SOC (%) [scale: y-axis- 5%/div.; x-axis- 20 s/div.]

5. CONCLUSION

Performance analysis of an electric truck propelled by a permanent magnet synchronous motor is
presented in this paper. The field-oriented control method is used for controlling the motor of the proposed
electric truck. MATLAB-based simulation analysis for evaluation of the performance of the proposed electric
truck is carried out. Standard drive cycle FTP72 is used to evaluate the response of the presented electric truck
for conditions of acceleration as well as deceleration. Along with the vehicle speed, the SOC of the battery is
also observed for different vehicle speed conditions as affected by the considered drive cycle. Results depict
the effective operation of the truck both during conditions of propulsion and regenerative braking. Effective
augmentation of battery SOC is observed during regenerative braking of the truck. The performance of the
proposed electric truck is also analyzed for surfaces with different gradients which helps in reinstating the
significance of the appropriate selection of motor torque constant which is directly linked with the acceleration
capability of the truck. Similar work can be carried out for the hybrid model of the truck, a truck with a 4WD
configuration, also the integration of a piezo circuit can enhance the battery capacity and eventually the range
of the truck.
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