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ABSTRACT 

Electric Vehicles (EVs) are becoming more and more common. In addition to their ecological advantages, 

EVs have demonstrated their efficiency in curtailing travel expenses by transitioning from gasoline to 

electricity, which is significantly less costly. This study proposes a Brushless Permanent Magnet Motor 

(BPMM) design for EVs, models the influence of average and ripple torque, and evaluates its efficiency 

compared to other designs. The validity of the proposed design was supported by simulation results. 

Keywords-brushless permanent magnet motor; electric vehicle (EV); control analysis; EV design; PI 
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I. INTRODUCTION  

The problems of vehicle environmental effects and fuel 
consumption are getting worse as a result of the vastly 
expanded number of vehicles on the road. The urgent call for 
cars with high fuel efficiency and minimal emissions attracts 
significant interest from all corners of the society. Many 
alternative drive trains, including fuel-cell hybrid vehicles, 
have been proposed to address this problem [1-2]. To improve 
overall efficiency, the motor is either used to supplement or 
replace the conventional internal combustion engine. The 
battery provides power to the all-electric car whereas its main 
issue is the reasonable-sized battery limited driving range. In a 
hybrid electric vehicle, the battery and internal combustion 
engine function as a single hybrid energy source. Under two or 
more sources, control becomes more complex while the driving 
range and system efficiency increase. However, hybrid electric 
cars cannot fully achieve zero emissions while the internal 
combustion engine is present [3-4]. 

The growing cost of fossil fuels and their carbon emissions 
have been the main drivers of the mandate for renewable 
energy adoption. Solar and wind power are among the most 
popular renewable energy resources among energy suppliers 
and researchers [5-6]. PV and wind sources, on the other hand, 
are unpredictable in their operation. The power produced by 
PV and wind is highly dependent on solar irradiation and wind 
speed [7-8]. As a result, effective storage devices are used to 
ensure a constant power supply. Fuel cell benefits include an 
efficient and extraordinary power density and a flexible 

structure. Electric applications greatly favor the proton 
exchange membrane fuel cell due to its small size, high power 
density, and low noise emission [7-8]. Fuel cells are the best 
alternative for reliable power because of their low 
environmental impact. Their slow thermodynamic and 
electrochemical properties allow them to respond to transient 
conditions as quickly as needed [9-11]. Performance can be 
adjusted by controlling the interfacing devices that connect 
them to the electrical grid. Additionally, a single cell's voltage 
output is insufficient for grid connection. Many fuel cells are 
linked in both parallel and series configurations to provide a 
large DC voltage [12-14]. Unfortunately, the system cost grows 
and the fuel cell competence declines as the number of fuel 
cells expands. High-gain converters [15-17] are used to 
overcome this problem, transforming low voltage into high. 
Boost converters are characterized by their high gain and low-
duty ratio. In contrast, high-duty ratio operation improves 
converters' otherwise poor efficiency [18-19]. 

To obtain a high gain in a low-duty cycle, a converter was 
presented in [20-21] using a linked inductor and a high-
frequency grade transformer. Converters were expensive and 
needed consistent maintenance. Several different maximum 
power point tracking techniques were thoroughly discussed in 
[22-25]. A better optimization strategy was established in [26-
28] to improve the energy extraction from fuel cell 
implementations. An enhanced dynamic cuckoo search 
algorithm was developed for practice in fuel cell solicitations, 
dealing with the drawbacks of the conventional approach, 
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which did not adjust the duty cycle depending on varying 
environmental temperatures. In [29-31], a new PV/fuel cell 
setup was designed to optimize the system linked to the grid, 
evaluated in three different grid load scenarios. 

This study focuses on the modeling, analysis, and design 
approach for permanent magnetic synchronous motors used in 
EVs. The proposed interleaved design of the permanent magnet 
alternating current motor was validated in MATLAB/Simulink. 
The interleaved inverter ensures minimization of output current 
ripples as well as the system reliability. 

II. MODELING THE BPMM FOR EV 

SS equations are used to calculate motor voltage and 
current: 
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The step input goes through a low-pass filter to control 
disturbances in the Vdc output. This low-pass filter is arbitrarily 
chosen. The step input goes through a current regulator block 
(4), which is a voltage-based current modulator: 
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A. Current Regulator 

A current regulator is an electrical circuit or device that 
controls the current flow in a circuit even when the supply 
voltage or load resistance vary. In other words, it guarantees 
that the current flowing through a circuit stays constant even 
when other elements such as the load's resistance or power 
supply voltage vary. The charging and discharging of an 
electric vehicle's battery are regulated by a control system 
called the battery current regulator. The battery current 
regulator's job is to make sure that whether the battery is being 
charged or discharged, the current flows within safe working 
parameters. 

A PI controller block can be used to create the battery 
current regulator in Simulink, as shown in Figure 1. The 
Battery Management System (BMS) provides the PI controller 
with the difference between the required current and the 
measured current as input. The battery's charging and draining 
are then managed using the PI controller's output. The output 
signal is calculated by the PI controller using a Proportional (P) 
and Integral (I) gain. The integral gain offers a delayed reaction 
to minimize any steady-state faults in the output signal, 
whereas the proportional gain offers a direct response to the 
difference between the intended and measured currents. 

An essential part of an EV's electrical system is the battery 
current regulator, which certifies that the battery is charged and 
discharged safely and effectively. The battery current regulator 
controls the current flow to the battery, preventing 
overcharging and overheating, which can cause damage or 
even battery failure. From (4) we can get: 

���
� �

���� !
"

�!#$ 
     (5) 

 
Fig. 1.  PI current regulator block diagram. 

B. Pulse Width Modulation (PWM) 

An EV uses a current modulator, which is an electrical 
component to regulate the amount of current flowing from the 
battery to the motor. It is necessary to the powertrain system 
and is in charge of the vehicle's smooth functioning. Figure 2 
shows the modulator block (sine triangle PWM with third 
harmonic injection). The intended stator voltages, the rotor 
position, and the DC voltage are the inputs of the modulator 
block. For transistors, the outputs serve as switching signals. 

 

 
Fig. 2.  Block diagram for the pulse width modulation modulator. 

If the voltage increases over 1, the premise regarding PWM 
is nullified. Signal strengths are within ±1.5 and are separated 
by 120°. An electronic device, known as a motor controller, 
controls the speed, torque, and direction of an electric motor. 
Such devices are typically used to control the movement of 
machines and equipment in various industries, such as 
manufacturing, robotics, and automation. Motor control works 
by adjusting the power supplied to the motor. It receives 
signals from the control system or the operator telling the 
amount and direction of current to supply to the motor. The 
controller then adjusts the power delivered to the motor 
accordingly using techniques such as Pulse Width Modulation 
(PWM) and Direct Current (DC) control. 

III. DESIGN OF A BRUSHLESS PERMANENT 
MAGNET MOTOR (BPMM) 

ENSTROJ produces the high-performance EMRAX 208 
electric motor, which can be employed in both aerospace and 
electric car uses. It is a Brushless Permanent Magnet Motor 
(BPMM) with a liquid cooling system that can run on both AC 
and DC power sources to provide dependable performance in 
challenging tasks. The motor is perfect for weight-sensitive 
uses, such as electric aircrafts, because it is lightweight and has 
a high power-to-weight ratio. This type of motor is highly 
productive, with a stated efficiency of over 95% in high-power 
settings. 
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The number of poles in a motor is an important parameter 
that affects its speed-torque and other performance 
characteristics. In general, a higher number of poles in a motor 
leads to a lower speed and higher torque output, while a lower 
number of poles leads to a higher speed and lower torque 
output. 
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The flux constant of the BPMM, also known as the back-
EMF constant, depends on the specific version or variant of the 
motor. The standard version of the motor has a flux constant of 
approximately 0.0275 V/(rad/s), or equivalently, 0.00438 
V/(rpm). This means that for a given rotor speed in radians per 
second (rad/s), the back-EMF generated by the motor is 
approximately 0.0275 times the speed in volts. Similarly, for a 
given rotor speed in revolutions per minute (rpm), the back-
EMF is approximately 0.00438 times the speed in volts. 

The flux constant is an important parameter that describes 
the relationship between the motor's electrical and mechanical 
characteristics. Specifically, it relates the back-EMF generated 
by the motor to its rotational speed and can be used to 
determine the motor's torque output and efficiency under 
different operating conditions. The standard version of the 
motor has a rated stator resistance of approximately 0.046 Ω at 
25°C. However, this value may vary depending on the specific 
motor and operating conditions. The stator resistance is an 
important parameter that affects the motor's performance and 
efficiency. It determines the amount of power loss due to the 
resistance of the stator windings and can affect the current, 
torque, and speed characteristics of the motor. It is typically 
measured and specified at a reference temperature, such as 
25°C, and may change as the motor heats up during operation. 

The inductances of the BPMM on the d-axis and q-axis 
depend on the specific version or variant of the motor. The d- 
and q-axes inductances are important parameters that affect the 
motor's performance and control characteristics. They 
determine the rate of change of the magnetic field in the 
motor's rotor and can influence the motor's torque and speed 
characteristics under different operating conditions. The 
inductances are typically measured and specified using 
standard test methods, such as the three-phase short-circuit 
method or the two-phase open-circuit method. 

IV. SIMULATION OF THE PERMANENT MAGNET 
MOTOR (BPMM) 

Simulink is engaged to calculate and plot the maximum 
torque-versus-speed envelope and maximum mechanical 
power-versus-speed for a given drive system. The simulation 
was performed using MATLAB code. The code considers 
various parameters, such as the number of poles, flux constant, 
stator resistance, inductances, battery voltage, filter parameters, 

and current and voltage limits. The optimal BPMM was 
applied to the EV model to create a Simulink-based simulation 
model that combined the forward and backward simulation 
models. In another way, the driving schedule requires a certain 
torque and speed from the vehicle, and each module needs the 
required torque and speed from its superior module in the 
direction of the backward simulation data flow. When the data 
flow reaches the final energy storage, the battery will provide 
the required amount of energy. The simulation results are 
plotted, showing the maximum torque versus mechanical speed 
and the maximum mechanical power versus mechanical speed, 
as shown in the following figures. 

 

 
Fig. 3.  Maximum torque of the BPMM. 

Figure 3 illustrates the maximum torque versus mechanical 
speed for a specific system. Up to 700 rad/s, torque is limited 
by current, but beyond that, both current and voltage 
constraints come into play. A step change in ���

�  was simulated 
while keeping the mechanical speed constant. The simulation 
plots the stator voltages, stator currents, DC voltage output, DC 
current, battery current, and electrical torque over time. Figure 
4 depicts the system's response to the step change in ���

� , 
displaying the variation of DC voltage output (Vdc) over time 
from the filter block. Although it is expected to be 350 V, it 
fluctuates between 348V and 352V due to high-frequency 
harmonics in the inverter current (Idc). Figure 5 shows the stator 
a-phase voltage (Vas) as a function of time. The peak value 
corresponds to approximately 2/3 of Vdc, which is around 233 
V, as expected. The voltage values change in five distinct steps 
(2/3, 1/3, 0, -1/3, -2/3) of Vdc at the starting time. Since the 
BPMM acts as an EV's traction machine, performance analysis 
across the speed range is required. Figure 6 demonstrates the 
torque envelopes. The ideal machine produces more torque in 
the high-speed range and less torque in the low-speed range 
compared to the original BPMM. 

 
Fig. 4.  Build up the DC voltage of the BPMM. 
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Fig. 5.  Evaluation of the stator a-phase voltage (Vas) of the BPMM. 

 
Fig. 6.  Electric torque (Te) of the BPMM. 

When a step change occurs, it takes approximately 3 times 
the time constant () �  *+ / ��- 	  �+�) for Te to reach a 
steady-state value of around 100 Nm. The maximum value is 
approximately 210 A, but the current exhibits significant noise 
and fluctuates rapidly between the maximum value and zero. 
Figure 7 illustrates the battery current (Ibatt) as a function of 
time. During positive ���

� , the maximum value is approximately 
91 A, which closely matches the calculated value. When ���

�  
changes to negative, there is an immediate recharging cycle. 

 

 
Fig. 7.  Control of the battery current in the EV. 

 
Fig. 8.  Control of the battery current in the EV.  

 
Fig. 9.  Harmonic spectrum of the optimal BPMM. 

Figure 8 shows the stator a-phase current (Ias) as a function 
of time. It exhibits a sinusoidal waveform with a peak 
amplitude of 208 A, slightly below the input value of 210 A. At 
0.05 s, there is a phase shift of 180° due to a negative step. The 
no-load-back EMF of the ideal BPMM at a base speed of 1200 
rpm is sinusoidal. The pertinent harmonic spectrum is 
computed in the interim. Figure 9 illustrates that the total 
harmonic distortion (THD) is merely 2.8%. 

V. CONCLUSION 

This study proposed a BPMM design, modeled, and 
controlled to meet the demands of various driving situations for 
EVs. It was shown that the proposed design approach 
considered the maximum operating torque and performance 
requirements to respond to the demands of various driving 
scenarios for EVs. The proposed design approach, which 
considers the maximum operating speed and performance 
requirements throughout the entire torque range, was shown to 
work well to produce a preliminary BPMM with good 
performance. The viability of using a BPMM in an EV was 
demonstrated by both analysis and simulation results, 
validating its optimization results for EV traction devices. 
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