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Abstract: Electric vehicles (EVs) have emerged as a compelling solution to mitigate
environmental concerns and meet the growing demand for energy-efficient transportation
systems. The careful selection of the electric motor is critical in determining the overall
performance of the EV. This paper uses an EV from the University of Debrecen as a reference
to comprehensively study the feasibility of using a permanent magnet brushless direct current
(PMBLDC) motor in the vehicle. The optimal performance of the overall powertrain is
realized based on a proportional integral and derivative (PID) controller. The advanced
nonlinear dynamics of the system make the performance of the control algorithm unrealistic.
The PID is optimized based on a genetic algorithm (GA-PID) to address this limitation and
achieve optimal performance. The integral performance indices are used as a fitness value
for the optimization problem. However, MATLAB/Simulink/Simscape is used to
comprehensively investigate and compare the simplified and advanced models of a three-
phase, four-pole, Y-connected PMBLDC motor in the EV application. The simulation results
indicate that the proposed electrical machine is promising in EVs, achieving 90.90 % energy
efficiency, thereby decreasing the energy consumption by 11.12 % compared to the measured
real-world results. This research contributes significantly to energy efficiency, power
efficiency, and thermal performance, offering invaluable insights into the optimal selection
and modeling of PMBLDC motors at varying complexity levels in EVs. Ultimately, this study
steers the industry towards a more sustainable and environmentally conscious trajectory.
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1 Introduction

The car industry is experiencing a fundamental transformation toward
electrification to alleviate greenhouse gas emissions and reliance on gas-powered
vehicles; with their promise of cleaner and more energy-efficient mobility, EVs
have become a well-known answer [1]. The electric motor that propels an EV is
crucial to its performance. PMBLDC motors, one of the many types of motors, have
drawn attention due to their compact design, high efficiency, and reliability [2]. This
research explores mechatronics engineering to answer two key questions: Which
model of a three-phase PMBLDC motor is best suited for integration into an electric
vehicle, and how can its performance be enhanced to satisfy the particular
requirements of this application? We acknowledge that, despite simplified models
being frequently used for their computational effectiveness, complicated models
provide a higher level of accuracy in describing the behavior of the motor.
Therefore, the overall goals of this research paper are summarised as follows: First,
comprehensive research on the theoretical technology of PMBLDC motors and
their suitability for EV applications, considering the benefits and unique features. It
also compares motor models at different advancedity levels, such as the simplified
and advanced models. Moreover, the required adjustments for the selected models
are performed to meet the electric vehicle's requirements, such as maximizing
system's efficiency.

Several works have been put forward in the field of PMBLDC motors for EV
applications in recent years. In [3], an EV powered by PMBLDC motor and the
corresponding impact on the state of ripples and charge in the DC voltage at the
battery power was evaluated in MATLAB software. In [4], a 5 kW, 48 V rated
PMBLD motor was proposed using MATLAB/Simulink environment for the speed
control of an EV during the vehicle's acceleration and deceleration, taking error into
consideration as the critical factor. A proportional-integral (PI) and adaptive neuro-
fuzzy inference system (ANFIS) controllers were used to reduce the error.
The study in [5] proposed a tilt integral derivative (TID) controller to regulate the
speed of the PMBLDC motor, thereby optimizing the motor torque and speed to
enhance its control in real-time for efficient performance in EV applications. In [6],
the pole of the PMBLDC was designed for EV application. The research evaluated
the essential role of the pole count of the PMBLDC motor in optimizing its
performance in EVs. The study in [7] highlights the analysis and design of two and
three-wheeler electric vehicle motor drives using PMBLDC motor rated at 1.5 kW,
3000 rpm, and 120 V. In [8], PI-based particle swarm optimization (PSO-PI) was
proposed to control the speed of the motor for efficient energy consumption in EV,
reducing the energy consumption by 3.1%.

Moreover, in [9], the equivalent power circuit and operation principle of an EV
powered by a three-phase PMBLDC motor was investigated on the basis of
regenerative braking technology. In [10], a PMBLDC motor drive system was
designed based on intelligent controllers to evaluate its performance in the field of
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EVs. The time-dependent profile of the motor shaft's reflected torque and speed
variables was determined and used as reference data for the proposed controllers.

Inspired by the above, this research proposes an optimal design of an electric Crafter
(e-Crafter) powered by a PMBLDC electrical machine with reference to the real EV
ofthe faculty of engineering based on the enhanced GA-PID control algorithm. This
research leverages the models of the electrical machine at different levels of
advancedity, considering the technical differences between the two. The main
contributions of this paper are as follows:

1) For the first time, this study proposes two levels of a modeling approach for
the PMBLDC motor that would be suitable for electric vehicle applications,
taking into account the complexity levels and technical differences.

2) For the first time, this article presents the optimization of the VW e-Crafter
(pure electric) powertrain-based PMBLDC electrical machine using the GA
technique.

3) In this article, the simplified and advanced models of the electrical machine
are applied to the VW Crafter electric vehicle as an extended version of our
conference paper [11] to study optimal speed-tracking performance and
energy consumption.

4) A recent study in [8] proposed a PMBLDC motor and reduced energy
consumption by 3.1%. In this article, a 90.90% energy efficiency has been
achieved, thereby decreasing the energy consumption by 11.12% compared
to the measured real-world results.

2 Mathematical Modeling

The advanced model takes into account the detailed three-phase model with control,
energy source, power electronics, and the motor itself. In contrast, the simplified
model considers the energy source, control, and the motor itself at an abstraction
level. Mathematically, the behavior of the motor is modeled in terms of its voltage,
back EMF, speed, and torque. Therefore, this section presents the mathematical
model of the advanced and simplified models of the PMBLDC motor.

2.1 Advanced Model

The mathematical model of the electric motor, which contains both mechanical and
electrical components, can be represented by a matrix. The three-phase currents,
I [A], three-phase voltages,V [Volts], and three-phase back EMFs, E [Volts] are all
included in this model. The equations that control the behavior of the motor are
expressed as in [12] as follows:
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Where w,,[rpm] and 6, are the rotor mechanical speed and electrical angle,
respectively. The electromagnetic torque, T, [Nm] is expressed as in [12] as
follows:
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Where R is the resistance matrix, L [H] is inductance matrix, M [H] is mutual
inductance between the phases, K¢ [V-s/rad] is the back EMF constant, K; [Nm/A]
torque constant, J [kgm?] is the rotor moment of inertia, Ti [Nm] is load torque,
F(0.) is the back EMF function of the position of the rotor [12].

2.2 Simplified Model

The simplified motor model used is presented in Figure 1, considering speed and
torque envelopes. As a result, we only looked at the outer loop of the more
straightforward equivalent PMBLDC Model, which uses a PI control technique to
control the motor speed due to its simple structure and easy implementation [13].

The transfer function from the torque 77 [Nm] to speed w [rpm] is represented by
[11]:

1
6(s) = o5 &)

T [Nm]: load torque, w [rpm]: achieved speed, w, [rpm]: reference speed, J [kgm?]:
moment of inertia, B [Pas]: coefficient of viscous force, a: speed control bandwidth

[11].
F(s) =%(=) ©6)

s \sJ+B

By transforming the previous equation, we get:

F(s)=a]+%=Kp+% (N
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Figure 1
Simplified PMBLDC Dynamic Model [11]

In our previous research [11], the PI controller was used to control the simplified
electric motor model, which considers the speed-torque envelope. However, for the
EV application in this research, the PID was used to control the speed of the
powertrain (e-Crafter) for both the advanced and simplified powertrains, adding the
derivative part of the PID. Therefore, the mathematical model for the simplified
model described in equations (5)-(7) represents only the general theoretical
description of the motor controlled by the PI control. Figure 2 shows the motor
design process configured with the three-phase inverter.
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Figure 2
PMBLDC Motor Design [14]
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3 Motor Advanced Control

This section presents the advanced control strategy known as trapezoidal or six-step
commutation logic control of the three-phase motor suitable for the proposed EV
application. The three-phase motor subsystem includes the power battery, DC-DC
converter, electric motor, three-phase inverter and control blocks. This study used
MOSFET transistors to simulate the DC-DC converter and the three-phase inverter.
The battery source for the study was a 2011 Nissan Leaf Pack with a 360 V 24 kWh
capacity. The research was conducted in comparison to a VW Crafter outfitted with
a 2011 Nissan Leaf battery, which served as the cornerstone for our examination.
Furthermore, this research compared the simulated energy consumption to real-
world measurements as adapted data for validation purposes.
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3.1 Hall Sensor

The use of Hall sensors to drive the PMBLDC motor's motion has progressed
significantly as sensor technology and control methodologies have advanced. Hall
sensors are commonly used to determine rotor position, allowing for precise motor
commutation and control. Hall sensor-based control systems have advanced in
sophistication and dependability [15, 16]. "In a typical low-cost drive, the voltage
source inverter is controlled by the signals produced by three Hall effect sensors
that are used to detect the rotor position" [16]. These sensors should be positioned
precisely 120 electrical degrees apart [16]. Therefore, when the rotor is in motion,
the Hall sensors accurately perceive the rotor position, allowing the controller to
ascertain the precise stride of the motor. Using this data, the controller triggers the
relevant stages following the predetermined order [30]. The active phases produce
flux, resulting in the rotation of the rotor [30]. A six-step commutation guarantees
a relatively smooth rotation of the PMBLDC motor by supplying voltage to the
motor windings in a controlled sequence [30]. Tables 1 and 2 present the motor's
forward and reverse switching sequences during the six-step commutation logic.

Table 1
Switching sequence of forward operation [11]

N Switching Sequence
AH AL BH BL CH CL
1 1 0 0 0 0 1
2 0 0 1 0 0 1
3 0 1 1 0 0 0
4 0 1 0 0 1 0
5 0 0 0 1 1 0
6 1 0 0 1 0 0
Table 2
Switching sequence of reverse operation [11]
SN Switching Sequence
AH AL BH BL CH CL
1 0 1 0 0 1 0
2 1 0 0 0 0 1
3 0 0 1 0 0 1
4 0 0 0 1 1 0
5 1 0 0 1 0 0
6 0 1 1 0 0 0

Within the realm of PMBLDC motors, "quadrant operation" denotes the several
modes of operation that arise from the interplay between motor speed and torque.
The "torque-speed characteristic quadrants" are frequently used to describe the
performance and features of the motors. There are four quadrants of operation [18].
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Table 3
PMBLDC motor four-quadrant operation [18]
Quadrant Operations
Quadrants -
Motor Operation Mode Speed Torque
1 Forward Accelerating Mode Positive Positive
2 Forward Braking Mode Positive Negative
3 Reverse Accelerating Mode Negative | Negative
4 Reverse Braking Mode Negative Positive

The speed and torque are positive in the first quadrant, which is the vehicle's
forward accelerating mode [18]. In this situation, the vehicle needs positive torque
and speed to climb the hill. In the second quadrant, the vehicle is coming down the
hill. In this situation, the vehicle requires the motor's positive speed and negative
torque. At the same time, in the third quadrant operation, the vehicle can go uphill
in the reverse direction, and both the speed and torque are negative. However, in
the fourth quadrant, the speed is negative while the torque is positive; hence, the
vehicle can come down the hill in the reverse direction.

4 Integration of the Motor

In this section, the simplified and advanced motor models are integrated into the
vehicle model, forming the powertrain of the VW Crafter in different advancedity
fashions. The simulated models implemented in this research using
MATLAB/Simulink/Simscape are based on the real-world electric vehicle model
of the University of Debrecen, shown in Figure 3. The reference vehicle is a hybrid
operated independently in a pure electric or conventional hybrid mode.

Figure 3
VW Crafter Hybrid Vehicle

4.1 Advanced Powertrain Model

The advanced model of the PMBLDC motor was implemented as follows. First, a
drive cycle input was used to enter the desired speed required for the motor. Then,
to control the input voltage flowing into the system, a PID controller was
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implemented to control the voltage source, using pulse width modulation (PWM)
into the required quantity (duty cycle). Next, to get a final smooth modulated
voltage, a DC-DC converter was used to ensure the smoothness and accuracy of the
voltage amount. The next step is to convert the voltage into the three-phase inverter
from a DC voltage to a three-phase voltage to supply the motor [30]. The system's
main components are the PMBLDC motor, a rotor, and a stator. This makes the
motor rotate, requiring three-phase voltage generated by the three-phase inverter by
the principle of six-step commutation. A Hall effect sensor is inserted in the motor
to detect the position of the rotor. This Hall effect sensor sends a feedback signal to
the commutation logic matrix to energize the two specific phases at each step of the
six steps of the motor rotation [30]. The advanced control strategy aims to maximize
the angle between the stator and the rotor fields to produce the high torque required
for efficient motor performance in EV applications. Figure 4 shows a detailed model
of the three-phase motor integrated into the VW Crafter to run as a pure electric
vehicle.

Switching pattern 65680 | soctor
Commutation
Logic Angular
otor speed
— + e()| vehicte Rpmelt DC-DC  Modulateq 3-phase | 3- [ Electric
Drive Motor |yt < L
il speed Puty | Converter e inverter Phase Motor
ycle control Controller $ycle Angular
T voltage b position
Measured speed
Battery
Vehicle speed Crafter Rear Transmission Motor Shaft
Vehicle [ Wheel [T| subsystem
body
Figure 4

Advanced Powertrain Model [11]

4.2 Simplified Powertrain Model

This model is more straightforward than the advanced model of the PMBLDC
motor. It contains only a PID controller, a PMBLDC motor, and a feedback sensor.
The central part of this model is the PMBLDC motor, which is controlled by a PID
controller that controls its operation and speed; the motor then sends a feedback
signal by using the feedback sensor to the PID controller to compare the reference
speed and the obtained speed as a closed loop system operation. This model uses
two different feedback loops of control: an inner feedback loop to control the
current flowing through and an outer feedback loop to control the speed of the
motor. This model is supplied by all the sources (Vec) and divided into three branch
sources: Vref, Vdir, and Vbrk. The Vref is responsible for the forward rotation of
the motor, while Vdir is for the reverse motion of the motor, and when Vbrk is
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engaged, it cuts the flow of voltage from Vref and Vdir to force the motor to stop
operating. The simplified modeling approach was adapted from [17, 19].

However, the operation design of this model is set as follows: First, the Vref is set
to its higher value, which is 2 V, when the motor rotates in a forward direction with
the speed of 40,000 rpm for one second. After that, the Vref is set to low, and the
Vdir is set to high 2 V for one second, which converts the direction of the motor to
the reverse direction with the speed of -40,000 rpm. Finally, after two seconds of
operation, the Vbrk is energized to cut the power from Vref and Vdir to make the
motor decelerate to 0 RPM [17]. The simplified level of the model aims to simplify
the advancedity of the detailed model to optimize its performance and run faster.
Figure 5 shows the simplified motor model integrated with the vehicle model,
forming the VW Crafter in a simplified fashion.

+

Drive _.®e(L) Vehicle Motor RPM Demand [ gL pc & Transmission |
: orque
Cycle Controller Modulated Drive Jorque| subsystem i
- bc-nc oltage Subsystem

Converter

!

Battery

Vehicle speed

Crafter Vehicle Rear Wheel Differential Driveshaft
body

Figure 5
Simplified Powertrain Model [18]

4.3 Open-Loop and Close-Loop Models

In this section, a detailed analysis of the advanced powertrain is conducted.
The model is analyzed on the basis of open-loop and closed-loop. The model of
Figure 6 represents the open-loop advanced powertrain system presented in a
simplified manner. This model contains the duty cycle input block for applying and
adjusting the reference speed input, an advanced model of the PMBLDC motor
explained above, a four-wheeler EV, and a transmission system (four-speed
gearbox) to connect between the motor and the EV and transmit the rotation motion
from the motor to the vehicle with different stages of speed.

Duty P&‘BLT 4-Speed Electric
Cycle I()J:-?:e Gearbox Powertrain

Figure 6

Open loop powertrain
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The model of Figure 7 represents the closed-loop advanced powertrain system
presented in a simplified manner. This model contains the drive cycle block for
applying and adjusting the reference speed input, the vehicle, the transmission
system, the advanced model of the PMBLDC motor and its drives such as the PID
controller, DC-DC converter, the three-phase inverter, the pulse width modulation,
the trapezoidal control strategy, and the sensor.

LD 4-Speed Electric

Mo‘?r & Gearbox Powertrain
Drive

Drive Cycle

Figure 7

Close loop powertrain

The transmission system (four-speed gearbox) connects the motor and the electric
vehicle, allowing the rotation motion to transmit from the motor to the wheel. This
model has two feedback configurations: one is for the motor itself, and the other
feedback is for the whole powertrain system. These feedback signals are sent into
the input to compare the output speed with the reference input to fix any deviations.
Since the PID controller regulating the vehicle can provide the torque demand to
the powertrain, the two feedbacks were replaced with one feedback so that the PID
controller regulates the vehicle speed and allocates optimal speed and torque to the
motor for optimal energy consumption. The purpose of the open-loop model was to
check the behavior of the powertrain on open-loop response and the need to
optimize the closed-loop model. Table 4 presents the specifications used in the
three-phase motor modeling.

Table 4
Motor main parameters [30]

Motor Parameters
S/N X

Parameters Values Units
1 Connection Y-Connection
2 Number of poles 4-Poles
3 Back EMF profile Perfect trapezoid [V]
4 Inductance of Stator d-axis (Ld) 0.0001 [H]
5 Inductance of Stator g-axis (Lq) 0.0001 [H]

Inductance of Stator Zero

6 Sequence (LO) 0.00016 [H]
7 Stator resistance per phase (Rs) 0.001 [Ohm]
8 Flux Linkage 0.18 [Weber]
9 Rotor damping 0.1 [Nm/(rad/s)]
10 Rotor Inertia 0 [kgm?]
11 Ambient temperature 298.15 [K]
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5 Optimal Solutions

5.1 Manual Tuning

Two methods of tuning the PID controller were used in this research. Manual and
GA techniques. The gain parameters such as proportional gain (K;), integral gain
(Kj), and derivative gain (Kq) were adjusted manually to achieve minimal deviation,
resulting in better performance and system stability. The manual tuning of the PID
parameters did not yield a satisfactory performance due to the inherent
nonlinearities present in the system. Therefore, the GA was ued to search for the
optimal gains of the PID parameters.

5.2 Genetic Algorithm

A Genetic algorithm is inspired by the process of natural selection. The GA allows
the evolution of possible solutions to advanced computational problems. This
research uses it to find the best gain values of the PID controller for the advanced
model of the closed loop powertrain to gain the least minimum error values during
the process. Therefore, PID parameters (K, Ki, Kq) were obtained optimally using
the GA optimization technique based on performance criteria such as integral
absolute error (IAE), integral square error (ISE), integral time absolute error
(ITAE), and integral time square error (ITSE) were introduced in this research to
fine-tune the evaluation process. The optimization problems are applied in technical
and non-technical fields to find the optimal point of the objective function [20, 21].
Specifically, the optimization problem in vehicle engineering is maximizing the
system's efficiency and reducing energy consumption and emissions [22]. From the
research perspective, other optimization techniques have been adopted to tune the
gains of the PID controller, such as fuzzy logic (fuzzy-PI), as in [23, 24], and an
extended symmetrical optimum method, as in [25]. However, the GA technique
inspired by natural evaluation [26] has been commonly applied to optimization
problems, such as in [27, 28], due to its simplicity and faster convergence, and it
can be used for multi-objective optimization problems. Figure 8 shows GA's
implementation of the PID controller for the system. The reference represents the
desired or controlled vehicle speed; the error is the difference between the actual
speed (output) and the desired speed (reference). Based on the objective function,
the optimal values of the controller gains are computed and fed to the PID controller
for the efficient performance of the powertrain (plant).
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GA-PID Structure [29]
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Figure 9
GA Flowchart [29]
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Figure 9 shows a flowchart of the GA used to obtain the optimal gains of the PID
controller on the basis of the integral cost functions. The optimization problem,
which is based on achieving optimal speed tracking, is defined in terms of the PID
performance assessment criteria, such as the IAE, ISE, ITAE, and ITSE. These
errors should be minimum if the maximum iteration is met. The following equations
are used to represent the objective function as expressed in [29] mathematically as
follows:

IAE = [ |e(t)|dt
ISE = [” le(t)|?dt
ITAE = [ tle(t)|dt
ITSE = ["tle(t)|?dt

®)

Therefore, the proposed optimization algorithm was applied to refine a population
parameter setting using the GA operators until the maximum iteration that
represents minimum value of the integral errors was met and the optimal gains of
the controller were found. In this optimization problem, the reference refers to the
desired vehicle speed, which stands as the input for the PID controller (Figure 8).
The error signal was fed to the PID controller to regulate the vehicle's speed. Hence,
the controller provides the required motor speed to produce the optimal torque for
electric vehicle applications. The system model consists of the battery, electric drive
system (motor and power electronics), vehicle, and controller, which were
integrated into an optimization framework based on the GA optimization technique
to optimize performance. Table 5 presents the GA parameters used for the
optimization problem.

Table 5

Genetic Algorithm Parameters

S/N Parameters Values
1 Selection Strategy Random
2 Fitness Peformance Proportional
3 Generations 10
4 Population Size 20
5 Number of Variables 3
6 Lower Bound (LB) [000]
7 Upper Bound (UB) [200 200 200]
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6 Results

6.1 Simulation Results

Table 6 presents the fitness values of the optimal PID parameters obtained using the
manual and GA optimization methods. It was observed that during the manual
tuning, when the Kq was greater than K; and K, the output errors were at their
maximum. The minimum error values were obtained when the K, was gradually
greater than K4 and K, and so on. Therefore, tuning the controller using the manual
tuning technique is challenging. However, the minimum value of errors was
obtained by applying the genetic algorithm technique. This proves the effectiveness
and accuracy of the GA technique.

Table 6
GA and manual tuning-based performance evaluation comparison
Tuning Controller Gains Fitness Values
Method Ky K; K4 ISE ITSE IAE ITAE
GA-PID 181.442 | 23.5353 | 61.597 | 1.594 | 0.4528 | 1.365 | 3.832
Manual 100 150 200 5.369 14.94 7.347 | 52.01

The following figures present the simulation results of the different models
implemented by MATLAB/Simulink. The advanced model simulation results
represent the speed and temperature relationship and the comparison between the
actual speed and the desired speed graphs. For the simplified model, the results
show the variation between the desired speed and the obtained speed, and they also
show the effect of ambient temperature on the motor temperature. The results of the
open- and closed-loop powertrain models show the speed graphs and how gear
modification affects the speed. The method used in MATLAB for modeling in this
paper was adapted from [30, 31].
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Figure 9
Advanced Motor Model Speed due to a step input
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6.2 Optimal Energy Consumption

Figure 19 shows the energy consumption of the VW e-Crafter-based 2011 Nissan
Leaf traction battery pack of 24 kWh rated capacity and 360 V nominal voltage
PMBLDC traction motor expressed in kWh/1 km distance travelled. Table 7
presents the energy consumption per 100 km of the distance travelled by the vehicle,
and Table 8 presents the real measurement of different versions of the vehicle,
which was calculated based on the 2011 Nissan Leaf for validation purposes.

Table 7

VW e-Crafter Simulated Energy Consumption based PMBLDC Motor

Controller Gains Simplified Powertrain
Ky K; Kq Energy Consumed [kWh/100 km]
100 200 50 17.34
100 500 0 17.42
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Table 8
Meaured Energy consumption results [11]
Vehldl\/[ealr\:{l(}g::uii Year Energy consumed [kWh/100km]
VW crafter 2020 19.51
VW crafter 2019 14.74
VW crafter 2018 14.99

7 Discussion

The results are discussed as follows: Figure 9 shows the motor speed when tested
with a step input at 3500 rpm. Figure 10 shows the speed graph of the advanced
model of the permanent magnet brushless DC motor as adapted from [30]. It shows
that the motor was accelerating, representing the gradual increase in speed from 0
rpm to its maximum value of 2000 rpm. Figure 11 shows the temperature graph of
the PMBLDC motor, including the rotor temperature and the temperature of the coil
windings in the stator. It indicates a gradual, stable increase in the winnings
temperature from the initial temperature (ambient temperature) of the whole motor,
which is 25 degrees Celsius, to a maximum temperature of 25.4 degrees Celsius.
The temperature increased gradually as the motor accelerated, and the speed
increased until it reached the peak speed, which shows the stability of the motor
system. Figure 12 shows the graph of the main characteristic of the PMBLDC motor
for the advanced powertrain, which is the trapezoidal three-phase voltage. This
result indicates the trapezoidal three-phase voltage supplied by the three-phase
inverter. Figure 13 shows the three-phase current graph obtained from the three-
phase inverter for energizing the motor for the advanced powertrain. Figure 14
shows the 3-second operation of the simplified model of the PMBLDC motor. This
operation can be divided into three steps: two steps of rotation and one step of
braking.
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Firstly, the system operates at a positive forward constant speed for one second, and
then the motor changes its direction into a reverse motion for one second. Finally,
the voltage cuts off, and the mortar stops operating. A thermal model was
implemented in the simplified model to study the effect of the ambient temperature
on the motor. The ambient temperature was set to 10 degrees Celsius. In contrast,
the initial temperature of the motor was set at 24.5 degrees Celsius. A cooling
system and heat exchanger were implemented to preserve the system's stability by
reducing the motor's temperature. This reduced the motor temperature from 24.5
degrees Celsius to 20 degrees Celsius, as shown in Figure 15.

The open loop powertrain speed is shown in Figure 16. This system is an open-loop
system with a duty cycle input. The duty cycle input is set to 0.85. The Figure shows
a stable increase in speed, reaching the maximum value and continuing at a constant
speed, indicating a stable system. The powertrain was modeled based on four
gearahift. The gear was set to a different level every 15 seconds. The gear was in
neutral mode for the first period, which showed zero speed change. As the gear
changed from first to fourth gear, the speed increased while the torque decreased.
In the last period, reverse gear was applied, the speed dropped to the negative side.
Figures 17 and 18 show the desired speed from the drive cycle input block of the
advanced and simplified powertrain models based on the new European drive cycle
(NEDC). The aim was to compare the desired speed input and the actual speed of
the powertrain. The proposed PID controller, tuned based on the GA technique, was
used to ensure optimal energy consumption for the e-Crafter. One of the sufficient
methods to measure system stability is to compare the desired speed input and the
obtained speed output. Therefore, the vehicle's actual speed has successfully
followed the reference speed.

The proposed electrical machine is quite promising for EV application, as shown in
Figure 19 and presented in Table 7. The battery and motor energy consumption
were 17.42 kWh/100 km and 15.49 kWh/100 km, respectively. According to Table
7, these values change when there is a change in the driver's behavior. However, the
power consumption for the battery and the motor were 26.03 kW and 23.66 kW,
respectively. Therefore, based on these, the energy and power efficiencies for the
simplified model motor were 89.92% and 90.90%. It can be observed that the
simplified model of the motor in the EV performed excellent in both the energy and
power aspects. This shows less energy loss over the operation cycle of the proposed
motor in e-Crafter.

Moreover, according to Tables 7 and 8, the measured and simulated energy
consumption for the VW Crafter was 19.51 kWh/100 km and 17.34 kWh/100 km,
respectively. This shows an 11.12% decrease in the energy consumption for the
2020 manufactured VW e-Crafter on the basis of the 2011 Nissan Leaf traction
battery. However, although the GA-PID is quite promising in optimal speed
tracking for advanced and simplified models, further redesign is needed to ensure
the advanced model's accuracy. Due to inaccurate parameter estimation and other
factors, the advanced model did not perform well in some performance criteria, such
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as battery power and energy, drawing high currents that led to high recovery energy
during deceleration. Therefore, considering this limitation, further study will
enhance the advanced model of the motor and rebuild on the results presented in
our previous studies, as reported in [11], ensuring its accurate performance over its
entire cycle of operation.

Conclusion

In conclusion, this research has presented the development of an enhanced PID
controller tuned using GA on the basis of integral error objective functions.
Therefore, the optimization process of the e-Crafter powertrain-based PMBLDC
electrical machine has achieved promising results with an 11.12% decrease in
energy consumption. The proposed controller has successfully tracked the reference
and the actual speeds for both the simplified and advanced models, presenting a
stable system. Implementing the ambient temperature model in the simplified motor
model resulted in more realistic outcomes while applying a cooling system and heat
exchanger helped decrease overall motor temperature. By using thermal
measurement sensors in the advanced model of the vehicle, it can be seen that the
temperature rises gradually as the speed does, with no variations. The proposed
electrical machine is quite promising in electric vehicles, demonstrating efficient
performance. Future studies will propose an extended symmetrical optimum
method to ensure a convenient tuning because it ensures a compromise to a set of
the proposed performance indices imposed on the e-Crafter powertrain control
system and guarantees their achievements. Secondly, the parameters of the
advanced model will be measured using hardware-in-the-loop (HIL) to ensure the
motor is operating in all its cycles of operation for the EV application. Finally, the
TIE-GA technique can be applied to optimize the PID controller to enhance the
performance of the advanced motor model, suppress noises, and improve robustness
in its design.
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