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PREFACE

Rapid advancements in engineering technologies have
increasingly blurred the boundaries between traditional disciplines,
leading to complex systems that require integrated and
interdisciplinary approaches. This book brings together the latest
theoretical developments and practical applications encompassing
electromagnetic, microwave, and radio frequency systems,
intelligent sensing, communication technologies, artificial
intelligence, electric mobility, and advanced control methodologies.
By offering contributions from diverse engineering fields, this book
aims to provide a comprehensive overview of emerging technologies
shaping the next generation of medical, industrial, and transportation
systems. Designed for researchers, undergraduate and graduate
students, and the related ecosystem, this book highlights how
interdisciplinary collaboration supports innovative solutions to
contemporary engineering challenges and the development of
intelligent, efficient, and sustainable technological systems.

Asst. Prof. ishak PARLAR
VAN YUZUNCU YIL UNIVERSITY
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CHAPTER 1

THE EVOLIOTION OF ELECTRIC MOTORS
FROM THE DISCOVERY OF MAGNETISM TO
TODAY’S ELECTRIC VEHICLES

HAYRETTIN GOKOZAN!

The Development of Electric Motors

The development of electric motors, which convert electrical
energy into mechanical energy, is a fascinating journey that began
with simple laboratory experiments in the early 19th century and has
evolved into a massive industry that powers the world today. The
first steps related to electric motors began with the discovery of the
connection between electric current and magnetism between 1820
and 1830. This started with Hans Christian Oersted's observation in
1820 that an electric current deflects a compass needle. In the 1820s,
Michael Faraday established the first "electromagnetic rotation"
apparatus. With this system, he proved that electrical energy could
be converted into mechanical energy by using a wire rotating around
a permanent magnet in a mercury pool.

This device was a laboratory prototype. The real challenge
was turning this prototype into a usable machine. In 1825, William

! Assist. Prof. Dr., Manisa Celal Bayar Universitesi Turgutlu Meslek Yiiksekokulu,
Elektrik ve Enerji Boliimii, Orcid: 0000-0002-8917-4001
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Sturgeon created the first electromagnet, paving the way for more
powerful motors. In 1834, Moritz von Jacobi built the first truly
functional electric motor. This motor could produce about 15 watts
of power and could move a small boat down a river. In 1837, Thomas
Davenport received the first electric motor patent in the United
States. He used his motor to power a small printing press, but this
venture was a commercial failure because batteries were very
expensive at the time.

Between 1860 and 1880, the principle of "reversibility" was
discovered. A DC generator (dynamo) could function like a motor
when electricity was supplied. In 1873, Zénobe Gramme
accidentally connected one dynamo to another and observed that the
device began to rotate. This was the beginning of the first successful
industrial-scale direct current (DC) motor. In 1884, Frank Sprague
developed the first practical DC motor that did not produce a spark
and operated at a constant speed. This invention paved the way for
electric elevators and streetcars.

DC motors had a limited range. The invention of alternating
current (AC) motors changed everything. This period is the most
critical phase that determined the energy of the modern world. In
1888, Nikola Tesla introduced the multi-phase alternating current
system and the induction motor (asynchronous motor). This
brushless motor was much more durable and efficient. The
competition between Thomas Edison (DC) and Nikola Tesla/George
Westinghouse (AC) ended with the victory of the AC system thanks
to Tesla's motor being more efficient. Galileo Ferraris independently
discovered the principle of rotating magnetic fields around the same
time as Tesla. Mikhail Dolivo-Dobrovolsky, in 1889, developed the
"Squirrel Cage" three-phase induction motor, the type most widely
used in industry today.

The electrification of the global transportation sector has kept

electric motor technologies at the centre of academic research over
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the last decade. Studies reveal that the period between 2015 and 2025
will be a "technological renaissance" focusing not only on
performance but also on raw material sustainability and
digitalization. In this context, G6kozan (2020) and Gokozan, H., &
Tastan, M. (2019) have presented a critical analysis of traction
motors and their corresponding drive topologies based on power
storage, highlighting technical specifications for different vehicle
segments.

The twentieth century was a period not only of motor growth
but also of the development of their controllability. From the 1970s
onwards, the development of semiconductors (transistors, drives),
which are power electronics materials, allowed for precise control of
motor speeds. Brushless DC (BLDC) motors, which reduce friction
and extend lifespan, became widespread, used everywhere from
computer fans to drones Ziemianski, D., Chwalik-Pilszyk, G., &
Dudzik, G. (2025) p: 4630. The discovery of neodymium magnets,
made from rare earth elements, in the 1980s enabled the creation of
very small but incredibly powerful motors used in electric vehicles
(like Tesla’s). Table 1 summarizes these developments below.

Table 1. Development of electric motors.

Period | Development Key Figure

1821 First major transformation Michael Faraday

1834 First industrial DC motor Moritz von Jacobi

1888 AC Induction Motor Nikola Tesla

1960+ Brushless (BLDC) motors Various Engineers

2010+ High-efficiency EV motors Modern Automotive Revolution

Source: https://www.telcointercon.com/the-evolution-of-motor

Electric Motors According to Their Application Areas

Electric motors can be classified in various ways according
to their structure and application areas.
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Industrial and General-Purpose Motors

These motors are the "workforce of factories" where high
power and durability are required. Asynchronous (Induction) Motors
are the most used type of motor. They are used in water pumps,
compressors, conveyor belts, fans, elevators, and general production
machinery. Synchronous Motors are used where the speed needs to
remain constant regardless of the load, such as in paper and cement
factories, large crushing machines, clock mechanisms, and time
relays.

Precision Control and Automation Motors

These are preferred in situations where speed, torque, or
position needs to be controlled with milimeter precision. Servo
motors move very precisely using position feedback (encoder). They
are used in robot arms, CNC machines, packaging machines, and
medical devices. Stepper motors convert electrical signals into
specific step angles. They are used in 3D printers, scanners,
photocopiers, and camera focusing systems.

Household and Portable Appliance Motors

These are generally smaller, high-speed, or battery-powered
motors. Universal motors are motors that can operate with both AC
and DC and can reach very high speeds. They are used in vacuum
cleaners, mixers, hair dryers, and hand drills. Brushless DC (BLDC)
motors offer high efficiency and quietness. They are used in
computer fans, drones, cordless screwdrivers, and new generation
washing machines.

Heavy Duty and Traction Motors

These are preferred in applications requiring very high
starting torque (starting power). Series DC Motors: Torque increases
enormously as the load increases. They are used as starter motors for

trains, trams, cranes, and automobiles. Modern electric vehicle
-4



motors are generally specially designed permanent magnet
synchronous motors or induction motors. They are used in electric
cars and electric buses such as Tesla and Togg.

Asynchronous motors (induction motors) are the most used
type of motor in industry. These motors are divided into various
groups according to their structure and power supply types.

Classification According to Rotor Structure

Asynchronous motors are divided into two types according
to the design of the rotating part (rotor) inside. This distinction is the
most important feature that determines the motor's characteristics.
Squirrel Cage Asynchronous Motors, the rotor consists of aluminium
or copper bars short-circuited at their ends (resembling a squirrel
wheel). They are easy to maintain, inexpensive, and durable. 90% of
motors in industry are of this type.

Slip Ring (Wound Rotor) Asynchronous Motors, the rotor
also has windings like the stator, and these windings are connected
to slip rings on the shaft. The starting torque can be increased by
adding an external resistor. They are ideal for lifting heavy loads
(breakers, large cranes).

Classification According to Number of Phases (Type of Power
Supply)

They are divided into two main groups according to the type
of electrical network used. Single-Phase Asynchronous Motors:
Generally used in homes and small businesses. They cannot start on
their own, so they need auxiliary elements such as "capacitors". They
are used in washing machines, refrigerators, fans, and small pumps.
Three-Phase Asynchronous Motors: Used in industry (380V). They
are very powerful and can start rotating on their own. They are used
in factory machines, conveyors, elevators, and heavy industrial
equipment.
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According to Construction Types and Protection Types

The physical structure of the motor may vary depending on
the environment in which it will operate. Open Type Motors: These
are motors where air flow passes directly through the windings,
providing very good cooling, but are not suitable for dusty
environments. Closed Type Motors: These are motors where the
windings are completely isolated from the external environment, and
cooling is provided by fins and a fan on the outer casing. Ex-Proof
Motors: These are special motors designed to prevent sparks in
places where there is a risk of gas or dust explosions (refineries,
mines).

According to Housing and Mounting Type

Floor-Mounted Motors are bolted to the ground or a platform.
Flanged Motors have a connecting ring on the front for direct
connection to a gearbox (reducer) or machine housing.

Types of Electric Motors

Electric motors basically operate on the principle of
electromagnetism and are divided into two main categories
according to the type of operating current. However, hybrid
operating modes also exist. The basic purpose of each motor is to
convert electrical energy into mechanical energy (motion), but the
ways they do this and their areas of application are quite different.

DC (Direct Current) Motors

Direct current motors (DC motors) are a well-known type of
electric motor that converts electrical energy into mechanical energy
(Kuczmann, M. (2024). DC motors are powered by direct current
sources (batteries, accumulators, adapters) where the current flows
in only one direction. They operate according to the principle of
repelling conductors out of a magnetic field due to the current

passing through them within a constant magnetic field (Lorentz
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Force). In traditional brushed models, mechanical parts called
brushes and commutator segments are used to constantly change the
direction of the current. Their speed changes proportionally with the
voltage. If the voltage increases, the motor speeds up. Therefore,
they are very successful in applications requiring precise speed
control. They have high starting torques (they start the movement
very strongly). However, brushes wear out over time due to friction
and require maintenance.

Brushed DC motors are simple in structure and inexpensive
(toys, small household appliances). Brushless (BLDC) motors are
more efficient, quieter, and longer-lasting, and are used in drones and
electric vehicles. They use an electronic controller (ESC) instead of
mechanical brushes. They are powered by DC power but manage the
current internally as if it were alternating, offering very high
efficiency and a long lifespan. Although direct current (DC) motors
may seem complex, they work through the perfect harmony of a few
basic parts. This structure is like a "magnetic bridge" that allows
electricity to be converted into a physical force. As with all motors,
the structure of a DC motor is basically divided into two parts:
stationary and rotating parts.

Stationary Part

The stationary part is called the stator (inductor) and is the
part that forms the outer casing of the motor and the stationary
magnetic field. The housing (frame) is the metal enclosure that holds
all the parts of the motor together and protects them from external
influences. The main poles are where the magnetic field is generated.
While permanent magnets are used in small motors, electromagnets
with wire wound around them are found in large, powerful motors.
The brushes are usually made of carbon (coal). This is because
carbon is both a good conductor and, with its soft structure, can
"slide" on the rotating commutator without abrading it. They provide
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the electrical connection between the stationary external circuit and
the rotating rotor. They transmit electricity by contacting the
commutator (commutator segments).

Rotating Part

This is called the Rotor (Armor). It is the internal part of the
motor that performs the rotational movement and from which
mechanical power is obtained. Armature windings are conductive
wires wound on grooves on the rotor. When current passes through
these wires, it interacts with the magnetic field of the stator, creating
rotational force. The Commutator (Commutator) consists of
insulated copper segments fixed to the rotor shaft. Its most critical
task is to change the direction of the current precisely when the rotor
rotates, ensuring that the rotation remains constantly in the same
direction. The Shaft is a steel rod that passes through the centre of
the rotor and transmits the generated motion to the external gears or
propellers. In addition to these, other complementary parts such as
bearings and covers ensure that the shaft rotates with minimum
friction. Ball bearings are generally used. The cooling fan is a small
propeller mounted behind the rotor that expels the heated air inside
the motor.

Based on their winding configuration, DC motors are
classified as Series Wound Motors, Shunt Wound Motors, and
Compound Motors. In Series Wound Motors, the field windings and
armature windings are connected in series, producing very high
starting torque (power). However, if run unchecked, their speed can
increase uncontrollably, damaging the motor. They are commonly
used in cranes, elevators, and trains (locomotives). In Shunt Wound
Motors, the field windings and armature windings are connected in
parallel. Even if the load changes, the speed remains almost constant
(constant speed motor). Therefore, they are commonly used in fans,
conveyor belts, and drilling machines. Compound Motors combine
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both series and shunt winding characteristics. Thus, they have both
high starting torque and controlled speed when running unchecked.
They are commonly used in heavy industrial machinery with
variable loads, such as press machines and rolling mills. Figure 1
shows a cross-section of a brushed DC motor.

Figure 1. Cross-section of a brushed DC motor

Source: https://www.elektrikrehberiniz.com/

Brushless DC Motors (BLDC)

BLDC motors are essentially an "inverted" version of classic DC
motors. Unlike brushed motors, the rotor (rotating part) does not
have windings. Instead, the rotor consists of permanent magnets with
high magnetic attraction Khan, M. A., at all (2025) p:8497. Instead
of magnets, coils (windings) are located on the outer fixed part of the
stator (stationary part). They generally have a three-phase winding
structure. Since the motor has no brushes, it needs an Electronic
Speed Controller (ESC) to change the direction of the current Park,
S. (2025), p: 481). The ESC acts as a "brain," determining when and
to which coil to supply current based on the rotor's position. Some
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BLDC motors have small Hall-Effect Sensors that detect the exact
position of the rotor and report it to the driver (ESC). This provides
high accuracy, especially at low speeds.

Brushless motors create a "rotating magnetic field". The
electronic driver sends current to the stator windings sequentially,
creating a magnetic attraction/repulsion force Tas, G., & Ozdamar,
M. (2025) p:140. The permanent magnets on the rotor follow this
moving field and begin to rotate. Because there are no brushes, no
electrical arc (spark) is formed, and friction loss is minimized.

Figure 2. Brushless DC motor

Source: (hitps://www.kontrolkalemi.com/fircasiz-dc-motor-brushless-motor/)
Special Purpose DC Motors

Special purpose DC motors are stepper and servo motors.

Stepper Motors

Stepper motors rotate step by step. They are used in 3D
printers where precise positioning is required. If a motor can perform
mechanical movement (i.e., rotation) when electrical pulses are
applied to it, these types of motors are called stepper motors. In short,
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they are motors that convert digital information into mechanical
movement, i.e., they act as transducers. When an electric motor is
energized, its rotors rotate continuously. For this rotation to stop, the
energy must be cut off. However, this is different in stepper motors.
The stator of a stepper motor has many poles (usually eight). Their
polarity is changed using electronic switches. As a result of
switching, the south and north poles of the stator are rotated. The
south pole of the rotor and the north pole of the stator are in
sequence.

The rotor's magnetism can be created using a permanent
magnet or external excitation methods. A permanent magnet will be
formed in this process. When an input pulse is applied to a stepper
motor, it rotates a certain amount and stops. This amount of rotation
is limited by a certain angle depending on the motor's design. In a
stepper motor, the rotor's rotation changes depending on the number
of pulses applied to the input. When a single pulse is applied, the
rotor moves one step and stops. When more pulses are applied, it
moves as many steps as the number of pulses. This is the working
principle of all stepper motors.

There are some terms used in stepper motors. These are:

e Step Angle (SA): This is an angular rotation in degrees,
where the shaft rotates with each change in winding polarity.
This is achieved with a single input pulse. It is expressed in
degrees/step or simply in degrees.

e Step Per Revolution (SPR): This indicates the total number
of steps required for a full 360° rotation. SPR = 360° / SA

e Step Per Second (SPS): The number of angular steps the
motor travels in 1 second, comparable to the rotational speed
per minute of A.C. and D.C. motors.

SpS = SPR (1/min)/60 or w = 2 Pi (SPS / SPR) rad/s.
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e Driver Circuit: This is a general term defined in electronics
for motor control. It usually consists of components such as
a power supply, sequential logic, and power switching.

Figure 3. Stepper motor and driver circuit

WP 7a101
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Source: https.//www.bozukdevre.net/

A wide variety of stepper motors have been manufactured,
including permanent magnet stepper motors (PM), variable
reluctance stepper motors (VR), hybrid stepper motors, hydraulic
stepper motors, and linear stepper motors. The simplest permanent
magnet stepper motor consists of a two-pole permanent magnet rotor
rotating inside a four-pole stator with slots. Variable reluctance (VR)
stepper motors, like permanent magnet stepper motors, have at least
a four-pole stator. The only difference from permanent magnet
stepper motors is that the rotor is made of non-residual magnetized,
non-permanent magnetized, and is made of toothed soft iron. The
teeth are formed in grooves parallel to the cylinder axis. They come
in single-piece and multi-piece versions.

Hybrid stepper motors are an improved version of permanent
magnet and variable reluctance stepper motors. Stepper motors that
control the pressure inlet path of a servo valve belonging to a
hydraulic motor with translators (rotary linear converters) are called
hydraulic stepper motors. In short, stepper motors that determine the

movement and direction of the shaft by controlling the pressurized
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oil path of the hydraulic motor are called hydraulic stepper motors.
Hydraulic stepper motors are also called electro-hydraulic stepper
motors. Motors whose mechanical motion is not circular but moves
along a horizontal axis (x or y axes) are called linear motors. That is,
linear motors move in the X and Y directions or in any vector
direction in the X and Y plane. These types of motors contain two
orthogonal electromagnetic fields on a housing. To complete this
field, the iron core is made square. Thus, a two-axis linear stepper
motor is created.

Stepper motors are used in conveyor belts, manufacturing
machines, printers, tape drives, memory processing, medical
devices, machine tools, sewing machines, cameras, taximeters, card
readers, adjustment and control technology, and remote-control
displays. In short, stepper motors act as transducers, converting
digital information into mechanical motion wherever controlled
movement or positioning is required.

DC Servo Motors

They are manufactured in two different ways that can operate
on both DC and AC voltages. DC servo motors are special types of
motors that operate with direct current (DC) and are used in
mechanisms requiring high-precision speed, position, and torque
control. The biggest difference from a standard DC motor is that it
operates in a "closed loop" system thanks to a feedback mechanism.
The basic characteristics of DC servo motors are precision, high
torque, fast response, size, and power. They are widely used in
robotics, CNC machines, aerospace, medical devices, and
automation systems.

DC servo motors are not only a motor, but a combination of
four main components. The DC motor converts electrical energy into
mechanical motion. The feedback sensor (encoder/potentiometer)
measures the current position or speed of the motor shaft. The gear
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mechanism (reducer) reduces speed to increase torque and improve
precision. The control circuit corrects the motor's movement by
calculating the difference (error signal) between the target position
and the actual position.

AC (Alternating Current) Motors

AC motors operate with alternating current, whose direction
and intensity are constantly changing. The alternating current
flowing into the windings in the stator (stationary part) creates a
rotating magnetic field. This field forces the rotor in the center to
rotate along with it. In the most common type, the "Asynchronous
(Induction) Motor," there is no physical contact between the rotor
and the magnetic field; the movement is entirely due to magnetic
induction. As with asynchronous motors, the speed in synchronous
motors depends on the frequency (Hz) of the current.

Additional devices such as frequency converters (inverters)
are required to change the speed. Alternating current motors are very
durable. Because they do not contain brushes like conventional DC
motors, they require almost no maintenance. Most of the giant
machines in industrial facilities are AC motor driven. In addition,
they are commonly used in household appliances (washing
machines, refrigerators).

Alternating current (AC) motors are simpler, more durable,
and easier to maintain than DC motors. They basically consist of two
main parts and supporting auxiliary parts.

Housing and Stator (Fixed Part)

The outermost fixed part of the motor is called the housing
and carries the entire motor. It is usually made of aluminum or cast
iron. The fins on it help cool the motor. The stator is formed by
pressing thin, silicon steel sheets together to reduce magnetic losses.
Stator windings are copper or aluminum wires placed in slots inside
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the stator. When alternating current passes through these windings,
magnetization occurs, and the poles constantly shift, creating a
rotating field.

Rotor (Rotating Part)

This is the part that rotates within the magnetic field created
by the stator. There are two main rotor structures depending on the
type of AC motor. The Squirrel Cage Rotor is the most common. It
consists of copper or aluminum rods placed in grooves opened on
sheet metal packages and short-circuited at their ends. It gets its
name because its structure resembles a "squirrel wheel". In the
Wound (Slip Ring) Rotor, there are also actual windings on the rotor.
These winding ends can be connected to external resistors, thus
adjusting the starting torque of the motor.

Auxiliary Components

The air gap is the very thin space between the stator and the
rotor. Magnetic fluxes pass through this gap. For efficiency, this gap
should be as narrow as possible. Bearings and roller bearings ensure
that the rotor shaft rotates with minimum friction.

The cooling fan is attached to the rear end of the shaft and
provides air circulation to dissipate internal heat while the motor is
running. The terminal box is the box where the cables from the mains
are connected to the motor. The motor connection adjustment is
made here.

They are manufactured in both single-phase and three-phase
versions. There is no difference in their structure, only in their
windings. Single-phase AC motors are the most common type of
motor we encounter in our homes and small workshops.
Refrigerators, washing machines, fans, and small pumps operate
with these motors. They are very similar to three-phase motors, but
their biggest difference is in the stator windings.
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Single-Phase AC Asynchronous Motors

Single-phase AC asynchronous motors have two types of
windings inside the stator: the main winding and the auxiliary
winding. The main winding consists of thick wires and is in
operation throughout. The auxiliary winding is made of thin wires.
It is placed at a 90° electrical angle to the main winding to enable the
motor to start. The rotor (rotating part) usually has a squirrel cage
structure. Instead of windings, there are aluminum bars short-
circuited together. The capacitor is connected in series with the
auxiliary winding. It creates a phase difference between the current
and voltage, generating the motor's starting torque. The centrifugal
switch is a mechanical switch that disconnects the auxiliary winding
when the motor reaches a certain speed (usually 75% of full speed).

The most interesting feature of single-phase asynchronous
motors is that they cannot start on their own. When AC current is
applied to a single-phase winding, only a pulsating magnetic field is
created, not a "rotating" magnetic field. This field tries to pull the
rotor from side to side, but since the rotor is stationary, no net
rotational force is generated. The auxiliary winding and its
connected capacitor shift the phase of the current from the mains. In
this way, an "artificial" rotating magnetic field is created in the stator.
The rotating magnetic field induces current in the rotor bars
(Faraday's Law). The rotor also creates its own magnetic field and
begins to follow the rotating field of the stator. Once the motor starts,
the auxiliary winding is no longer needed. The centrifugal switch
snaps, disconnecting the auxiliary winding and the starting capacitor.
The motor then continues to rotate with only the main winding.

The most common types are Motors with auxiliary windings,
where the auxiliary winding is used only at the start. Motors with
permanent capacitors have both the capacitor and auxiliary winding
continuously in the circuit (like in fans). Motors with dual capacitors

are advanced models that provide both high power at start and high
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efficiency during operation, using two capacitors (start and run).
Single-phase motors are not limited to capacitor-based asynchronous
motors. There are many different types of single-phase AC motors
depending on the application, torque requirement, and cost. Other
common types of single-phase motors include:

Universal Motors (AC/DC Motors)

These motors are called "universal" because they can operate
with both alternating current (AC) and direct current (DC).
Structurally, they are very similar to DC series motors (they are
brushed and commutated). They can reach very high speeds
(20,000+ RPM) and have very high starting torque. However,
because they are brushed, they operate noisily and require
maintenance. They are used in vacuum cleaners, drills, mixers, hair
dryers, etc.

Figure 4. Universal motor

Source: https://www.icanpares.com/cv

Shaded Pole Motors

This is the simplest and cheapest type of motor. Instead of an
auxiliary winding or capacitor, copper rings (shade coils) placed at
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one corner of the main poles are used. The copper ring creates a
"sliding" magnetic field by creating a delay in that part of the main
magnetic field. This weak field causes the rotor to rotate. Their
efficiency is very low, and their starting torque is weak. However,
they are very cheap and durable. They are commonly used in
applications requiring low power, such as small cooling fans, oven
interior lighting fans, and juicers.

Repulsion Motors

The stator has AC windings, and the rotor is wound and
commutated like a DC motor rotor. The brushes are short-circuited.
The starting torque is one of the highest among all 1-phase motors.
Speed and direction can be controlled by changing the angle of the
brushes. Today, it has largely been replaced by driver-controlled
motors.

Three-Phase AC Asynchronous Motors

Three-phase asynchronous motors are widely used in
industry. They are called "asynchronous" because when converting
electrical energy into mechanical energy, the rotor speed is always
slightly slower than the rotational magnetic field speed of the stator
(synchronous speed). The motor basically consists of two main parts,
as in single-phase asynchronous motors. The stator is the stationary
part and has three separate phase windings with an electrical angle
of 120° between them. When current is applied, this part creates the
rotating magnetic field.

The rotor (moving part) can have two different structures,
like the rotor of a single-phase asynchronous motor. The squirrel
cage rotor is formed by short-circuiting aluminium or copper bars at
the ends. It is the most common type, very durable and maintenance-
free. The slip ring (wound) rotor also has windings, and these
windings can be connected to external resistors. It is preferred where

high starting torque is required.
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Figure 5. Cross-section of a 3-phase asynchronous motor.

Source: https://www.automationtr.com/as

When 3-phase AC is applied to the stator windings, a
magnetic field is created within the stator that rotates at synchronous
speed (Ns). This rotating field cuts the stationary rotor bars, inducing
a voltage (EMF) there. The induced current creates its own magnetic
field. According to Lenz's Law, the rotor begins to rotate, trying to
catch up with the stator field that created it. The rotor can never reach
synchronous speed. If it did, the torque would drop to zero because
the magnetic field lines would not be cut. This speed difference is
called slip.

Ns =120x{/2p
(Here, f'is the frequency and 2P is the number of poles.)

The motor terminal box contains the winding ends (U-V-W
and X-Y-Z). There are two connection types depending on the
motor's mains voltage. Star (A) connection provides low voltage and
low current. It is generally used for starting the motor initially. Delta
(A) connection provides full power and torque. This connection is
used after the motor has reached its speed.
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Star-Delta Starting is large motors draw 5-7 times the normal
current from the mains during startup. To prevent this, the motor is
first started with a Star connection and then switched to Delta once
it has accelerated.

Three-phase asynchronous motors are preferred because they
are simple, economical, efficient, and their speed can be controlled
with various starters and frequency converters.

Figure 6. Asynchronous motor and terminal connection.

-~ o
.

Source: https://'www.electricistanbul.com/2023

Commonly Used Motors in Electric Vehicles

Motors used in electric vehicles (EVs) are technologies that
provide much higher efficiency (90%+) and instantaneous torque
compared to internal combustion engines. The motor unit (system
architecture) of an electric vehicle is not just the motor; a structure
called "3-in-1" is usually used. The inverter converts the DC (Direct
Current) electricity from the battery into AC (Alternating Current)
electricity that the motor can understand. This is where the motor's
speed and torque are controlled. The motor converts the electricity
into motion. The gearbox is a single stage fixed gearbox that reduces
the speed of electric motors, which can reach very high speeds such
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as 15,000-20,000 RPM, before transmitting it to the wheels. In
today's automotive industry, three main types of motors stand out.

Permanent Magnet Synchronous Motors (PMSM)

This is the most popular type of motor used in most modern
electric vehicles (e.g., the rear motor of the Tesla Model 3, Hyundai
Ioniq 5). It has very powerful magnets made of rare earth elements
in its rotor. It offers very high efficiency, compact size and light
weight. It provides high torque even at low speeds. However, the raw
materials required for magnet production (such as neodymium) are
costly and strategically difficult to obtain.

Three-Phase Asynchronous (Induction) Motors

These are the motors that started the electric vehicle
revolution. They were widely used in the first versions of the Tesla
Model S and Model X. There is no magnet in the rotor; the current
passes through the stator windings and induces a magnetic field on
the rotor. They are very durable, inexpensive, and do not require
magnets. They are quite efficient at high speeds (highway driving).
They can be slightly heavier and larger than Permanent Magnet
Synchronous Motors; also, their efficiency may decrease somewhat
at low speeds.

Brushless DC Motors (BLDC)

They are mostly preferred in small electric vehicles (electric
bicycles, scooters, and some microcars). They are like synchronous
motors but have a different control method (trapezoidal waveform).
They require no maintenance, have a long lifespan, and are relatively
easy to control. They may not provide as smooth a ride as
synchronous motors in passenger cars requiring high power.

The reason these motors are chosen for electric vehicles is
Regenerative Braking, Zero Emissions, and Acceleration. All these

motors act like a generator when you take your foot off the
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accelerator, converting the vehicle's kinetic energy into electricity
and charging the battery. This results in energy recovery. Traditional
brakes waste kinetic energy by converting it into heat. The
regenerative system converts this energy into electricity instead of
heat, preventing the system from overheating Ayhan D., Bakbak A.
(2025), p: 236. Traditional pad brakes are only used in emergencies.
Because normal deceleration is achieved by the "magnetic
resistance" created by the motor, brake pads last 3-4 times longer
than those in internal combustion vehicles. They do not release any
exhaust gases while operating and do not wait for revving like
internal combustion engines; they deliver maximum torque instantly
at the pedal.
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CHAPTER 2

ADVANCED ANTENNA TECHNOLOGIES FOR
MODERN RADAR SYSTEMS: ACTIVE
ELECTRONICALLY SCANNED ARRAYS (AESA)
AND METAMATERIAL-BASED SOLUTIONS

LEVENT SEYFi!

Introduction

The antenna subsystem remains the dominant performance-
limiting element in modern radar systems, particularly in
multifunctional and spectrum-contested operational environments.
Recent radar architectures increasingly rely on adaptive, software-
defined antenna apertures capable of real-time reconfiguration in
response to mission dynamics, interference, and platform constraints
(Skolnik, 2008; Mailloux, 2018; Aboelazm, 2025).

The classical radar range equation,

1
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explicitly highlights the quadratic dependence of detection
range on antenna gain (G). Consequently, even incremental
improvements in array efficiency, sidelobe suppression, or adaptive
beam control yield disproportionate system-level benefits (Mahafza,
2017).

In contemporary radar systems, antennas must
simultaneously satisfy stringent requirements on beam agility,
polarization diversity, instantaneous bandwidth, low probability of
intercept (LPI), and electromagnetic survivability. These demands
have accelerated the transition from mechanically scanned antennas
to Passive Electronically Scanned Arrays (PESAs), and ultimately to
fully Active Electronically Scanned Arrays (AESAs) with digital
beamforming capabilities (Brookner, 2017; Kwon & Park, 2025).

Parallel to these developments, metamaterial and
metasurface technologies have emerged as transformative enablers
for antenna miniaturization, low-RCS radome design, and compact
beam-steering solutions. Recent studies demonstrate that
metasurface-assisted AESA apertures can achieve simultaneous
improvements in bandwidth, angular stability, and electromagnetic
stealth (Caloz & Itoh, 2006; Glybovski et al., 2016; Mirzapour et al.,
2024).

Passive and Active Electronically Scanned Arrays
(PESA/AESA): A Comparative Analysis

Beam Steering Fundamentals: For a uniformly spaced
linear array, the progressive phase shift required to steer the main
beam toward angle (6,) is given by
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A¢p = —kdsin 6,

where (k = 27") and (d) denotes the inter-element spacing
(Balanis, 2016).

In PESA architectures, this phase progression is imposed via
centralized passive beamforming networks. While effective for rapid
beam steering, PESAs inherently lack element-level adaptability and
are constrained in terms of waveform agility and interference
suppression (Skolnik, 2008).

AESA Architecture and System-Level Advantages: Figure
1 conceptually contrasts PESA and AESA architectures. In AESAs,
each radiating element integrates a dedicated T/R module, enabling
distributed control of phase, amplitude, frequency, and polarization.

Figure 1. Conceptual comparison of PESA and AESA architectures

Passive Beamforming Network Element-Level Control
Central Transmitter Distributed T/R Modules
(PESA) (AESA)

Recent 2025-era AESA implementations increasingly adopt
tile-based digital subarrays, allowing scalable apertures with
enhanced maintainability and fault tolerance (Brandfass et al., 2019).
This distributed intelligence enables graceful degradation and
supports mission continuity under partial hardware failure.

Performance Comparison: Compared to PESAs, AESAs
offer:
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e Pulse-to-pulse frequency agility,

e Adaptive null steering against dynamic jammers,
e Multi-beam and multi-function operation,

e Improved LPI characteristics.

However, these benefits come at the cost of increased thermal
density, power consumption, and calibration complexity,
necessitating advanced thermal management and embedded health-
monitoring systems (Herd & Conway, 2015; Aboelazm, 2025).

AESA Radar Components: Phase Shifters, Signal Processors,
and T/R Modules

Phase Shifters and True-Time Delay Networks: Wideband
AESA radars increasingly employ true-time-delay (TTD) units to
mitigate beam squint effects inherent in frequency-dependent phase
shifters. The squint angle can be approximated by

A
A ~ tan™1( —ftan 0o)
0

highlighting the necessity of TTD architectures for ultra-
wideband radar applications (Mailloux, 2018).

T/R Modules and GaN MMIC Technologies: Modern T/R
modules integrate power amplifiers, low-noise amplifiers, variable
attenuators, phase shifters or TTD units, and digital control logic.
The widespread adoption of GaN-on-SiC MMIC technologies has
significantly enhanced power density, efficiency, and radiation
hardness.
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Recent experimental results reported in IEEE Transactions
on Microwave Theory and Techniques (2025) demonstrate GaN-
based T/R modules achieving >60% power-added efficiency at X-
and Ku-band frequencies (Hu et al., 2025).

Digital Beamforming and Signal Processing: Figure 2
illustrates a fully digital AESA radar block diagram, wherein each
antenna element is followed by an RF-to-digital conversion chain.

Figure 2. Block diagram of a fully digital AESA radar system

Antenna RF Front-End

Digital
Elements (T/R Modules)

ADC / DAC *| Beamformer

Beamforming is performed using complex weight vectors.

W = [Wl, Wz, ...,WN]T

enabling adaptive algorithms such as MVDR and STAP for
interference and clutter suppression (Van Trees, 2002; Ward, 1998).

Metamaterial-Based Radome and Beam-Steering Design: Low
RCS and Wideband Performance

Metamaterial Electromagnetic Properties: Metamaterials
exhibit engineered effective permittivity (&.57) and permeability
(Ueff), yielding a refractive index

n = ‘/(Sefflieff)
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Negative or anisotropic refractive indices enable
unconventional wave manipulation mechanisms such as backward
propagation and subwavelength focusing (Pendry, 2000; Veselago,
1967).

Metamaterial Radomes for AESA Systems: Figure 3
depicts a multilayer metamaterial radome designed for broadband
transmission and angular stability. Recent studies demonstrate that
metasurface-based radomes can simultaneously reduce in-band
insertion loss and out-of-band RCS by more than 40% (Mirzapour et
al., 2024).

Figure 3. Multilayer metamaterial-based radome structure

Outer Protective Layer

Metasurface Layer

Inner Matching Layer

Metasurface-Assisted Beam Steering: Metasurfaces
provide spatially varying phase discontinuities, enabling compact
beam-steering without bulky feed networks. Hybrid AESA-
metasurface architectures reported in 2025 show promising
reductions in system size, weight, and power (SWaP), particularly
for airborne radar platforms (Wang et al., 2025).
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Simultaneous Multi-Beam Formation in Multifunction AESA
Arrays

Multifunction AESA radars exploit digital beamforming to
generate multiple independent beams concurrently. The array output
can be expressed as

y(©) = ) whx®

where (M) denotes the number of simultaneous beams.

Figure 4 illustrates a conceptual multi-beam AESA
operational scenario supporting surveillance, tracking, and
communication functions simultaneously (Herd & Conway, 2015).

Figure 4. Simultaneous multi-beam operation in an AESA aperture
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Manufacturing Technologies and Test Methods (PCB, MMIC)

AESA fabrication relies on advanced multilayer RF PCBs,
low-loss substrates, and high-yield MMIC processes. Thermal
management is addressed using embedded heat spreaders, vapor
chambers, and liquid cooling solutions (Pozar, 2011).

Figure 5 presents a typical AESA tile integrating RF, digital,
and thermal subsystems.

Figure 5. Modular AESA tile architecture

Radiating Elements

MMIC T/R Modules

Thermal Management & Power

Advantages and Resilience of AESA in Electronic Warfare
Environments

AESAs provide inherent advantages in EW environments
through adaptive nulling, frequency agility, and waveform diversity.
The output jammer-to-signal ratio is given by

JSRoue = WHRw
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where R; is the jammer covariance matrix (Ward, 1998).

Recent studies indicate that Al-assisted adaptive nulling can
improve jammer suppression by more than 15 dB in dense EW
scenarios (Sfetcu, 2024).

Future Trends

Digital Phased Array Radar and Al-Assisted Beam
Management

The convergence of fully digital phased arrays and artificial
intelligence is shaping next-generation radar systems. Cognitive
radar frameworks leverage machine learning to adapt beam patterns,
waveforms, and resource allocation in real time (Haykin, 2006;
Guerci, 2014).

Figure 6 shows a high-level block diagram of an Al-assisted
cognitive AESA radar. Recent experimental demonstrations confirm
the feasibility of real-time Al-driven beam scheduling in operational
radar prototypes (Aboelazm, 2025).

Figure 6. Al-assisted cognitive AESA radar architecture
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CHAPTER 3

ELECTROMAGNETIC MODE ANALYSIS IN
MICROWAVE RESONATORS: A COORDINATE
SYSTEM-BASED APPROACH

Baran Aras'
Selcuk Alparslan Avci?

Introduction

From modern communication systems to sensing and
measurement applications, electromagnetic (EM) mode structures
operating in microwave frequency bands are utilized in many fields.
For the design and analysis of these structures, accurate modeling is
needed to describe the spatial behavior of the EM fields. The
microwave resonator is one of the fundamental building blocks in
this field because they can store the EM energy at certain
frequencies, thus controlling the fields. The modes which the
resonator supports decide directly the EM principle of the
microwave resonators and, consequently, the resonance frequencies
associated with them. Overall, to solve the problem of EM modes,
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Department of Electrical and Electronics Engineering, Orcid: 0000-0003-4918-
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Maxwell equations are applied along with suitable choice of the
coordinate system and appropriate choice of the boundary conditions
along with selection of resonator geometry. The coordinate system
chosen has a direct effect on the mathematical expression as well as
on the separability of the solution and on the complexity of the
resulting distributions of EM fields and on how resonance
frequencies are to be calculated. Mode analysis of microwave
resonators must, thus, be regarded in the context of geometry,
coordinate system and solution structure. In many microwave
resonator-related studies published in the literature, the decisive
influence of a coordinate system in analyzing modes is usually
discussed indirectly. No systematic comparison is pursued. In this
book chapter, the systematic inspection of the EM mode analysis is
realized using the coordinate system approach holistically:
Rectangular, cylindrical, and spherical cavity resonators are
considered as examples. Supported by analytical solutions,
numerical calculations, and limited visualizations, a clear
demonstration is performed regarding the effect that the selection of
coordinate system exerts on the EM behavior of microwave
resonators.

The Concept and Basic Principles of Microwave Resonators

Microwave resonators are EM structures with a specific
geometry that trap EM energy at microwave frequency levels within
a closed volume, allowing the formation of wave modes that remain
stable only at discrete resonance frequencies (Yang, Leon Bennett,
Calisir, Xiao, & Huang, 2024). EM structures of a particular
geometry that confines EM energy in microwave frequency levels in
a closed volume can support discrete electromagnetic wave modes,
which can only be maintained in discrete resonance frequencies
(Yang, Leon Bennett, Calisir, Xiao, and Huang, 2024). According to
Maxwell equations, a system that is able to operate only at specific
frequencies when the relevant boundary conditions are met is known
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as a microwave resonator. The basis of the resonator concept is that
an EM wave is reflected multiple times in a closed or semi-closed
space, reinforcing at some frequencies and attenuating unwanted
frequency components. This process of constructive and destructive
interference is referred to as resonance. Therefore, microwave
resonators are primarily used to achieve resonance. The performance
of microwave resonators depends on the geometry and applied
boundary conditions, as well as the dielectric and magnetic
permeability of the materials used (Sheng, Xiong, Hao, & Wang,
2020).

Microwave resonators can be broadly categorized into two
main groups: three-dimensional metal-walled cavity resonators and
two-dimensional planar (microstrip, ring, etc.) resonators (Collin,
2007; Pozar, 2012). Figure 1 shows the basic groups and their
operating principles. Cavity resonators generally have rectangular,
cylindrical, or spherical geometries and possess high energy storage
capabilities with high quality factor (Q) values (Jackson, 2021).
Planar resonators, on the other hand, are widely used in
communication circuits, sensing systems, and integrated RF
applications due to their more compact structure. One of the most
important performance parameters of a microwave resonator is the
quality factor (Q) (Alahnomi et al., 2021). The Q factor is a measure
of the ratio between the energy stored in the resonator and the energy
lost in one period, and it determines the sharpness of the resonance
curve. Resonators with high Q values operate in a narrow band and
are quite sensitive to frequency variations (Pozar, 2012). This feature
enables resonators to be widely used in sensor applications. As a
result, microwave resonators are one of the fundamental system
elements in many important applications such as frequency
selection, signal filtering, stable oscillator generation, EM field
concentration, and sensing (Pozar, 2012). Mode analysis, resonance
frequency calculations, and field distribution solutions are important
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for accurately modeling the EM behavior of resonators (Collin,
2007).

Figure 1. Basic Types and Operating Principles of Microwave
Resonators
Microwave Resonators (Principle)
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field
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Electromagnetic Mode Concept

EM waves do not propagate randomly in structures with
boundary conditions, such as a resonator, as they do in free space.
Depending on the geometry of the resonator system and the EM
boundary conditions, they can only take on specific field
distributions (Zou et al., 2023). These stable spatial distributions of
EM fields are called EM modes. Each mode is a solution within the
resonator where the electric and magnetic fields are distributed in a
specific spatial order, possessing its own resonance frequency. These
modes are commonly classified as TE (Transverse Electric) mode,
TM (Transverse Magnetic) mode, and TEM (Transverse
Electromagnetic) mode (Pozar, 2012). TEM modes do not occur in
closed-cavity resonators because there are no two separate
conductors in the cross-section of the system that could create a static
potential difference (Collin, 2007). Each mode is characterized by
its own resonance frequency, field distribution, and energy density
(Balanis, 2012).
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In TE modes, the propagation-directional component of the
electric field is zero (E;=0), while the longitudinal component of the
magnetic field is not zero (H,#0). In this case, the electric field is
entirely located in the transverse plane, while the longitudinal
component of the magnetic field is decisive in energy transfer. In TM
modes, the opposite of TE is true; the propagation-directional
component of the magnetic field is zero (H,=0), while the
longitudinal component of the electric field is not zero (E,#0). In this
mode, energy density is more predominantly represented by the
electric field (Figure 2). In TEM modes, both the propagation-
directional components of the electric and magnetic fields are zero
(E~=0, H,=0) (Pozar, 2012).

Figure 2. TE and TM Modes.
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Another distinguishing feature of EM modes is the spatial
behavior of the field components. Within a resonator, the electric and
magnetic field components exhibit sinusoidal distributions in three
directions of space, or distributions defined by various specific
functions (Balanis, 2012). While some regions of the field exhibit
maximum values, others experience points where the field drops to
zero. This spatial distribution directly determines the physical
character of the mode and the energy density within the resonator.
Different modes can produce different field distributions within the
same resonator. Modes are generally represented as TEmnp or TMmnp



(Marcuvitz, 1951). Here, the indices m, n, and p indicate how many
half-waves the EM field contains in the respective spatial directions
(Collin, 2007). Modes with lower indices generally have lower
resonance frequencies, and in most applications, these lower-index
modes are the first to be excited, referred to as the fundamental
mode. Consequently, the concept of EM modes is the most
fundamental physical component determining the operating
principle of microwave resonators. The frequency at which the
resonator operates, where the field will be concentrated, and how
energy will be stored are directly dependent on the modes used.
Therefore, the correct definition and analysis of the modes form the
basis of microwave resonator design and performance evaluation.
This is because the EM modes supported in a microwave resonator
cannot be directly and arbitrarily selected by the system user. These
modes are determined by the geometric structure of the resonator,
the EM boundary conditions, and the applied feeding mechanism.
However, the designer can practically guide which mode will be
effectively and dominantly excited by designing the resonator
dimensions, excitation frequency, and excitation type to suit the
target mode.

The Relationship Between The Coordinate System and the
Resonator Maxwell Equations

This section examines in detail why EM field solutions in
microwave resonators are directly dependent on the choice of
coordinate system, how this choice is necessarily determined by
geometry, and how Maxwell's equations are transformed into
different mathematical structures in different coordinate systems.
This relationship, which forms the analytical basis of mode analysis,
is critical for the accurate modeling of resonators (Tang, Li, Chen,
Wang, & Jiang, 2024). EM field analysis in resonators begins with
Maxwell's equations formulated in the appropriate coordinate
system; here, the choice of coordinates fundamentally determines
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the complexity of solving boundary value problems (Naji & Warr,
2019).

EM fields are vector quantities that carry information about
direction and magnitude at every point in space. The electric field E
and the magnetic field H can have components in different spatial
directions, and the mathematical expression of these components
varies depending on the coordinate system used. Therefore, although
Maxwell's equations are physically universal laws independent of
the coordinate system (Jackson, 2021), the explicit mathematical
form of these equations takes different forms depending on the
coordinate system used (Collin, 2007).

In the Cartesian coordinate system, field components are
expressed as Ex, Ey, E; and Hx, Hy, H;, while in the cylindrical
coordinate system there are different component definitions such as
E:, Ey, E; and in the spherical coordinate system E:, Eo, E¢. This
situation directly leads to mathematical differences in the modeling
of EM fields through differential operators (Balanis, 2012).

In microwave resonators, fields are generally analyzed by
assuming time harmonics. In this approach, it is assumed that all
field magnitudes change sinusoidally with respect to time, and the
fields are expressed using complex amplitudes as shown in (1) and

2).

E(r)=R{E(1)e"} &)

H(n)=R{H(r)e"} ()

Thanks to this acceptance, Maxwell's equations are reduced

to a time-independent frequency domain form, and the problem

ceases to be a time-dependent differential equation problem and

becomes a spatial boundary value problem. This transformation

forms the basis for performing mode analysis and resonance
frequency calculations analytically (Collin, 2007).
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Maxwell's equations under the assumption of time harmonics
are shown in equations (3) and (4).

VXE = —jouH 3)
VxH = joeE 4)
If wave equations for electric and magnetic fields are derived

separately from equations (3) and (4), equations (5) and (6) are
obtained.

PE +IPE =0 (5)
PH + IkPH =0 (6)

Here, k=w\ue represents the wave number. These wave
equations are fundamental differential equations that determine the
spatial distribution of fields within the resonator. However, writing
these equations in a solvable form directly depends on the coordinate
system used (Balanis, 2012).

The Effect of Boundary Conditions on the Modal Structure

In closed metal-walled microwave cavity resonators,
boundary surfaces are generally modeled as perfect conductors
(PEC). In this case, the tangential components of the electric field on
the metal surfaces must be zero (E=0) (Pozar, 2012).

This boundary condition allows only certain spatial field
patterns to form within the resonator. The formation of random field
distributions is physically impossible. When boundary conditions
are considered together with the wave equations, an eigenvalue
problem arises. These eigenvalues represent the resonance
frequencies, and the eigenfunctions represent the field distributions
of the modes.



Geometry-Coordinate System Compatibility and Separability

For the analytical solution of resonator modes, it is essential
that the coordinate system used is compatible with the resonator
geometry. This compatibility allows the wave equations to be written
in a separable form (Pozar, 2012).

e Inrectangular cavity resonators: the Cartesian coordinate
system is used. Field solutions are expressed with sine
and cosine functions. Separable solutions are obtained
directly (Pozar, 2012).

e In cylindrical cavity resonators: A cylindrical coordinate
system is used. Bessel functions are derived in field
solutions. Angular and radial dependencies are separated
from each other (Pozar, 2012).

e In spherical cavity resonators: A spherical coordinate
system is used. Spherical harmonic functions are
included in the solution. The fields exhibit three-
dimensional angular dependence (Harrington, 2001).

Even though the coordinate system is not a direct physical
quantity in itself, it indirectly generates a strong influence on the
resonant behavior in that it defines the mathematical terms through
which mode frequencies are derived. In rectangular resonators, mode
frequencies can be expressed in terms of algebraic roots, in
cylindrical resonators the roots of Bessel functions can be used to
give mode frequencies, and in spherical resonators roots of the
spherical harmonics eigenvalues can be used to give mode
frequencies. This clearly explains why resonators with different
geometries exhibit completely different frequency spectra and why
mode densities vary from structure to structure.
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Mode Analysis in A Rectangular Cavity Resonator

Microwave resonators are rectangular cavity resonators,
which are the most basic and widely used structure (Pozar, 2012).
Rectangular cavity resonators are widely used in the literature as
instructive and reference structures for mode analysis due to their
geometric simplicity and the mathematically separable solutions
they offer.

The rectangular cavity resonator is a closed volume with
edge lengths a, b and d respectively, filled with a homogeneous
medium and all surfaces considered to be perfect conductors (PEC).
The boundary conditions for the dimensions of the resonator are
shown in (7) using the Cartesian coordinate system.

0<x<a 0<y<b 0<z<d (7)

This structure, due to its symmetry properties, allows EM
fields to be expressed in a separable manner along the x, y, and z
directions.

Since all walls of the rectangular cavity resonator are
considered perfect conductors, the tangential components of the
electric field on the metal surfaces must be zero (E=0).

This boundary condition severely restricts the EM field
distributions that can occur within the resonator, allowing only
modes with specific spatial patterns to form. When the boundary
conditions are solved together with the wave equations, an
eigenvalue problem arises for the resonator.

The field is expressed by the scalar Helmholtz equation
obtained for the longitudinal component of the electric or magnetic
field under harmonic assumption (8), (9) (Pozar, 2012).

PP+i2P=0 ®)

Y(x..2)=X()Y(y)Z(z) ©)
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The solutions to these equations are expressed in terms of
sine and cosine functions.

In TE modes, the component of the electric field in the
direction of propagation is zero (E=0).

In this case, the solution is realized in terms of the
longitudinal component of the magnetic field in H,. Considering the
boundary conditions, the H, component is expressed as in (10).

H =H,.cos (@j.cos (@J sin [Ej (10)
a b d

In Equation (10), m, n and p are integers greater than or equal
to zero and cannot be zero at the same time. These indices represent
the spatial mode number of the field distribution inside the resonator.

In TM modes, the longitudinal component of the magnetic
field is zero (H,=0).

In this case, the solution is realized through the longitudinal
component of the electric field, E;. Considering the boundary
conditions, the E; component is expressed as in (11).

E=F, sin (@j.sin (@) sin (%] (11
a b d )

In TM modes, the indices m, n, and p must all be non-zero.
This is a direct consequence of the boundary conditions.

The resonance frequencies of the TE and TM modes for the
rectangular cavity resonator are given by a common expression. This
expression is shown in Equation (12).

Fo= (%)\/(m/a)2+(n/b)2+(p/d)2 (12)

In equation (12) ¢ stands to denote the phase velocity of the

EM wave within the resonator. This formula makes it obvious that
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the dimensions and mode indices of the resonator help in
determining the resonance frequencies.

With a rectangular cavity resonator, the mode with the lowest
resonance frequency is the fundamental mode. In most applications,
depending on the geometric dimensions, the basic mode is either
TE101 or TEoi1. The first mode is especially popular in real-life
engineering practice due to the low loss and constant distribution of
the field.

Here the Cartesian coordinates system in finding the
analytical solution of EM modes of rectangular cavity resonators has
been provided. The results of the obtained expressions demonstrate
unambiguously the direct correlation between the resonator
geometry and the mode structure and give a strong theoretical
foundation on which the numerical and comparative analysis will be
presented in the subsequent sections.

Mode Analysis in Cylindrical Cavity Resonator

Cylindrical cavity resonators are preferred in many
microwave applications due to their rotational symmetry, although
their mode structures exhibit different mathematical properties
compared to rectangular cavities. This difference is fundamentally
based on the change in the coordinate system used.

A cylindrical cavity resonator is a closed metal volume with
radius a and height d. The interior of the resonator is filled with a
homogeneous medium and all surfaces are considered to be perfect
conductors (PEC). Boundary conditions for the dimensions of the
resonator using a cylindrical coordinate system are shown in (13).

0<r<a 0<¢p<2m 0<z<d (13)

This geometry allows EM fields to be expressed in separate
radial, angular, and longitudinal directions.

--47--



The scalar Helmholtz equation obtained under the
assumption of time harmonics is represented by equation (14) and
takes the form of equation (15) in the cylindrical coordinate system.

PV+E¥P=0 (14)

(1)(8)( 611’)+ (1) 0%y +621P+ w0 (15)
7 )\ar)\" ar r2) \ 0¢p? 0z2 B

In cylindrical cavity resonators, the longitudinal component
of the electric field is zero in TE modes (E,=0).

In this case, the solution is made in terms of the longitudinal
component of the magnetic field H,. For TE modes, the H,
component is generally written as: Jm(-) is the m-th order Bessel
function and is shown in equation (16).

X{mn}r

H, = HyJ, ( ) cos(mey) sin (?) (16)

In TM modes, the longitudinal component of the magnetic
field is zero (H,=0). In this case, the solution is made via the
longitudinal component of the electric field E,, and the general
expression is shown in equation (17).

E, =EyJn ()’{r;n}r) cos(me) sin (%) (17)

For TE and TM modes, the values ymn and xmn represent the
roots of the Bessel Function.

The resonance frequencies of TE and TM modes in
cylindrical cavity resonators are given by the following general
expression equation (18) (Harrington, 2001).

fonnpy = (%) \/ (%)2 + (I%T)Z (18)




Comparison of Rectangular and Cylindrical Cavity Resonators

The fundamental differences between cylindrical cavity
resonators and rectangular cavity resonators are: In a rectangular
cavity, modes are expressed using trigonometric functions. In a
cylindrical cavity, the mode structure is determined by Bessel
functions. Angular symmetry in a cylindrical cavity significantly
affects the field distribution of the modes. The resonance spectrum
can be denser and more complex in a cylindrical cavity. All these
differences stem from the direct relationship between the resonator
geometry and the coordinate system used (Collin, 2007; Harrington,
2001; Pozar, 2012).

In this section, EM modes in cylindrical cavity resonators are
analytically investigated using a cylindrical coordinate system. The
existing literature shows that the mode structure is directly
dependent not only on the resonator dimensions but also on the
mathematical nature of the coordinate system.

Mode Analysis in A Spherical Cavity Resonator

When considering cavity resonators with spherical symmetry
and examining their EM mode structures using a spherical
coordinate system, it is seen that spherical cavity resonators,
although having a more limited range of applications compared to
rectangular and cylindrical cavities in practical applications, are the
structures that most clearly reveal the relationship between mode
analysis and the coordinate system. Therefore, spherical resonators
constitute an important reference example in theoretical EM field
analyses (Jackson, 2021). A spherical cavity resonator is a closed
sphere with radius a, filled with a homogeneous medium, and its
surface is considered a PEC. Boundary conditions for resonator
dimensions using a spherical coordinate system are shown in (19).

0<r<aq 0<0<rm 0<¢p<2r (19)
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Spherical geometry reveals a more complex spatial behavior
in which EM fields vary in both radial and angular directions. The
geometry allows for the expression of EM fields in a separable
manner in radial, angular, and longitudinal directions. The scalar
Helmholtz equation obtained under the time harmonic assumption is
shown by (20). In the spherical coordinate system, it becomes a
rather long expression due to the complex nature of the Laplace
operator. The separable solution approximation is expressed by
equation (21).

PY+iPY=0 (20)

¥ (1 0, 9) = R ()O0)D(p) 1)
Angular equations are solved in terms of spherical harmonic
functions, and radial equation in terms of spherical Bessel functions
(Jackson, 2021).

In spherical cavity resonators, unlike in previous sections,
TEM modes do not occur, and only TE and TM modes are supported.
In TE modes, the radial component of the electric field is zero, and
in TM modes, the radial component of the magnetic field is zero.
These modes exhibit complex patterns where the fields are
distributed in accordance with spherical symmetry. Mode structures
in spherical resonators create a denser spectrum compared to
rectangular and cylindrical cavities. The main reason for this is the
increase in degrees of freedom in the angular direction (Jackson,
2021).

In the case of spherical cavity resonators resonant
frequencies are calculated with eigenvalues of spherical Bessel
functions and spherical harmonics. Such eigenvalues are not
expressible in close form as the product of simple algebraic numbers,
and are typically obtained either from tabulated values or through
numerical methods. This scenario easily illustrates the reason why

--50--



the mode frequencies of spherical resonators must be of more
complicated mathematical nature than the other geometries.

Theoretical EM analysis Spherical cavity resonators are of
greater importance to theoretical analysis than to practical
engineering. They provide one of the most general and symmetrical
examples of the solution of the Maxwell equations and best illustrate
the choice of coordinate system on mode analysis.

Spherical cavity resonators are more important in theoretical
EM analysis than in practical engineering applications. These
structures offer one of the most general and symmetrical solution
examples of Maxwell's equations and most clearly demonstrate the
effect of coordinate system selection on mode analysis.

In this respect, spherical resonators can be viewed as the
complementary example of the method of describing the coordinate
system that is presented in this study. Here, the spherical cavity
resonators are explored with the help of a spherical coordinate
system where EM modes are analyzed. The mathematical
representation of mode analysis needs to increase in complexity with
the increase of complexity in the resonator geometry. This again
shows how the choice of a coordinate system is decisive to solutions
of EM fields.

Numerical Computation-Visualization Approach

This section aims to visualize the EM mode expressions
obtained analytically in previous sections by transferring them to a
digital environment and calculating resonance frequencies and field
distributions. The main goal of this approach is to demonstrate that
coordinate system-based mode analysis is not only theoretical but
also numerically verifiable and visually interpretable. Most current
studies in the literature involve full-wave numerical methods
(Biskin, Saydam, & Aksoy, 2025; Di Vora et al., 2024; Lee, Kim,

Rim, Kwon, & Choi, 2024; Zadeh et al., 2024). In this study,
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however, numerical calculations are performed using an approach
that directly utilizes analytical solutions and does not involve any
full-wave numerical methods (FEM, FDTD, etc.). Thus, the results
obtained are a direct extension of the theoretical expressions
presented in previous sections.

Numerical calculations were performed for three main
purposes: numerical calculation of the analytically obtained
resonance frequencies for the rectangular cavity resonator,
numerical verification of the fundamental mode (the lowest
frequency mode), and visualization of the EM field distribution for
a selected mode. For these purposes, all calculations were performed
in the MATLAB environment; MATLAB was only used for the
numerical evaluation of analytical expressions and the visual
presentation of the obtained results.

The values given in Table 1. are the data outputs of the system
prepared in the MATLAB simulation environment for the
rectangular cavity resonator with dimensions a = 0.10m, b = 0.05m,
d = 0.08m based on equation (12).

In closed rectangular cavity resonators, since the fields must
satisfy the standing wave condition in the longitudinal direction,
modes corresponding to the p=0 condition are not physically
accepted. Therefore, although the TEi00 mode is defined as the
fundamental mode in waveguide structures, the physical mode with
the lowest resonance frequency in closed cavity resonators is the
TE101 mode. As a result of the numerical calculations performed in
this study, it was seen that the (m,n,p) = (1,0,1) mode has an
approximate resonance frequency of 2.4 GHz and can be defined as
the fundamental mode for the rectangular cavity resonator. The
obtained results are in full agreement with the theoretical
expectations regarding closed cavity resonators.
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Table 1. Example Numerical Calculation of Resonance Frequency
in a Rectangular Cavity Resonator

m n P Resonance Frequency (GHz)
1 0 0 1.50
0 1 0 3.00
0 0 1 1.88
1 1 0 3.35
1 0 1 2.40
0 1 1 3.55
1 1 1 3.86

Since the mode examined in this section is the TE mode, the
longitudinal component of the electric field is zero. Therefore, the
longitudinal component of the magnetic field, which most clearly
represents the mode structure and spatial field distribution, was
chosen to visualize the field distribution. This section's work can be
detailed in another study, including examples within the TM mode.
The relevant field distribution visualization is shown in Figure 3.

Figure 3. Magnetic Field Distribution in TE 101 Mode
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A cross-section in the middle of the resonator was visualized
in a two-dimensional cross-section. Looking at the field distribution,
the H, component will be seen to have a cosinusoidal variation in the
x-direction and homogeneous in the y-direction. It implies that
during the TE 101 mode the field varies in both x and z directions only
and no node is formed in the y-direction. These transitions between
the positive and negative field regions clearly reveal the nodal and
antinodal regions of the resonator. This calculated field distribution
agrees with the field behavior of TE modes and points to the
numerical results of the analytically derived mode expression. The
visual interpretation of the coordinate-dependent mode structure of
rectangular cavity resonators is possible by this result.

When the Bessel function structure is analyzed in MATLAB,
the resonance frequency for the cylindrical cavity resonator is found
to be 2.57 GHz. Figure 4. shows the MATLAB analysis command
line for this function structure.

Figure 4. MATLAB Analysis Commands for Bessel Function in
Cylindrical Cavity Resonators

1

yl = (c/(2*pi))*sqrt((x_11/a)"2 + (p*pi/d)"2);
intf('Cylindrical cavity TE_11 mode frequency: %.2f GHz\n',
f_cyl/1led);

p

hHhT xn oo
Soon oo
[

The analytical expressions of EM field distributions in
cylindrical and spherical cavity resonators involve special functions
such as Bessel functions and spherical harmonics, depending on the
coordinate system used. This makes the visualization of field
distributions mathematically more complex and relegates the
comparison of the coordinate system-based solution structure, which
is the main objective of this study, to a secondary role. Therefore,
while a detailed visualization of the field distribution is presented for

the rectangular cavity resonator, the field distributions for cylindrical
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and spherical cavity resonators are not presented graphically;
instead, the focus is on the numerical calculation of the resonance
frequencies that characterize the mode behavior of these structures.
In this context, the resonance frequencies of the selected modes for
the cylindrical cavity resonator, along with the roots of the Bessel
function used, are shown in Table 2. below.

Table 2. Resonance frequencies of selected modes for cylindrical
cavity resonator (p = 1)

Mode Root used Root Value Resonance
Frequency
TE1s IW'(=0 1.841 2.57 GHz
TMo1; IW'(=0 2.405 2.96 GHz
TEon L'(pn=0 3.054 3.47 GHz
TEo L'(pn=0 3.832 4.11 GHz
TMii Jf'(=0 3.832 4.11 GHz

Table 2. displays the resonance frequencies of various TE and
TM modes of the cylindrical cavity resonator. The y 2 values which
are obtained in the calculations are just the zero points of the Bessel
functions and their derivatives which are determined as part of the
radial solution of the field equations in the cylindrical coordinate
system. The primary motivation behind such use of such roots is that
the metal-walled cavity boundary conditions demand that the electric
or magnetic field components in the radial direction are zero at some
radius values. The terms of TE mode imply that the derivative
conditions apply to the magnetic field, so the roots of the Bessel
functions are taken, whereas in TM mode the roots of the Bessel
functions are taken, as it is the case that the electric field is zeroed.
The acquired resonance frequencies indicate that the frequency rises
with the increase in the root value given that a clear indication of the
mode order and frequency spectrums is determined based on the
coordinate system within the cylindrical cavity resonators.
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Approach Comparisons

By using a Cartesian coordinate system in rectangular cavity
resonators, Maxwell equations can be solved as a product of sine and
cosine decoupled equations. This allows getting resonance
frequencies in closed form and visualizing field distributions in a
relatively simple manner.

However, in cylindrical cavity resonators, a cylindrical
coordinate system is used and solutions are represented in terms of
Bessel functions and resonance frequencies are calculated in terms
of the roots of these functions. This adds mathematical complexity
to the structure of the solution and complicates field distributions
visualization.

The use of the spherical coordinate system of spherical cavity
resonators simplifies the computations of solutions to spherical
harmonics and spherical Bessel functions, and typically does not
permit the resonance frequencies to be expressed in closed form.
Thus, the significance of the coordinate system-based approach is
shown by the fact that the spherical cavity resonators are essentially
important in revealing the mathematical constraints of this method.

Whilst resonance frequencies in rectangular cavity
resonators can be directly determined in terms of geometric
dimensions and mode indices, resonance frequencies in cylindrical
cavity resonators are determined to be based on the roots of the
Bessel function. In sphere cavities resonant systems, resonance
frequencies are primarily determined by numbers.

In this regard, the frequency expression derived in the
rectangular cavity resonators provide the simplest form of solution,
whereas the expression of the cylindrical and the spherical cavity
resonators are characteristic of their respective increasing
complexity in math. It proves that the selection of a coordinate
system is not a matter of preference that is geometrically inclined,
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but a core component that directly defines how the solution will be
represented.

Compared to all other field distribution structures, the
rectangular cavity resonators are the most beneficial structure when
assessed in terms of visualizing field distribution. Field distributions
using a Cartesian coordinate system have made possible solutions to
be the clear and intuitive presentation of field distributions on two-
dimensional cross-sections. Thus, the visualization of the field
distribution of a rectangular cavity resonator has been conducted.

This is not true in cylindrical and spherical cavity resonators
however because the field expressions require the addition of special
functions that complicate the visualization process. In the present
work, as the primary aim of the given work is to demonstrate how
the coordinate system influences the structure of the solution, field
distributions of these resonators have not been represented
graphically, rather an analysis has been conducted in accordance
with their frequency behavior.

In terms of numerical values, rectangular cavity resonators
are the most acceptable structure in directing the transfer of the
analytical expressions to the numerical context. Although numerical
analysis of the cylindrical cavity resonator involves the application
of Bessel function roots, numerical methods cannot be avoided in the
spherical cavity resonators. This scenario proves the fact that the
coordinate system based approach is not only decisive in the
methods of computation but also in practical methods of the
computation. These differences have been concretely demonstrated
by calculations done in the MATLAB environment.

Conclusion And Evaluation

The paper examines the EM mode behaviour in microwave
resonators in the context of a coordinate system-based approach. The

cavity resonators are taken as rectangular, cylindrical, and spherical
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cavity resonators and the influence of resonator geometry and the
adopted coordinate system on the EM field solutions is shown on
analytical, numerical and visual levels. It is revealed that the mode
patterns, which result in a solution of Maxwell equations in with
respect to different coordinate systems, are marked by major
differences not only due to geometric differences but also as a direct
result of the mathematical structure of the solution. In the case of
rectangular cavity resonators, it was found that the solutions found
in the Cartesian coordinate system can be used to express resonance
frequencies in closed form and explicitly visualize field
distributions. This framework provides the most convenient method
of analytical checks by numbers and physical clarity of field
patterns. It has been demonstrated that in the cylindrical cavity
resonators, passing to the cylindrical coordinate system the solutions
can be represented in the form of Bessel functions and the resonance
frequencies can be found using roots of Bessel functions. The most
complicated form of the solution structure is the spherical cavity
resonators in the form of spherical coordinate system, and resonance
frequencies have often been found not to have a closed form.
Mathematical calculations conducted in the research made it
possible to check the mode expressions obtained analytically in the
MATLAB program; it became possible to solidify the theoretical
findings by calculating the resonance frequencies, estimating the
fundamental mode, and plotting the field distribution of a chosen
mode. The correspondence between the numerical and analytical
values is confirmation of credibility of coordinate system-based
method. The results evidently demonstrate that the EM mode
analysis of microwave resonators can vary not only with the
geometry of the resonators but also with a coordinate system. This
research paper is a systematic approach to the relationship between
coordinate system, geometry, and mode analysis and gives the
information which is usually widely distributed in the literature in a

comprehensive structure.
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CHAPTER 4

THE ROLE OF FPGAS IN THE PHYSICAL LAYER
OF NEXT-GENERATION MOBILE
COMMUNICATION SYSTEMS

1. SELMAN KULAC'

Introduction

The  development  of  next-generation  wireless
communication technologies such as 5G and 6G has further
increased the importance of hardware architectures used at the
physical layer (PHL) to enhance network capacity, speed, and
reliability. The fundamental goals of 5G and 6G networks include
high data rates, low latency, wide coverage, and energy efficiency.
Achieving these goals relies heavily on computationally intensive

! Prof. Dr., Duzce University, Electrical-Electronics Engineering Dept., Orcid:
0000-0002-7737-1569
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signal processing algorithms and high bandwidth at the physical
layer. Therefore, comparing different hardware platforms such as
FPGA (Field Programmable Gate Array), ASIC (Application
Specific Integrated Circuit), CPU (Central Processing Unit), and
GPU (Graphics Processing Unit) in terms of performance, energy
efficiency, and flexibility has become a critical research area for
both academic and industrial applications.

The fundamental processes used in the physical layer of 5G
and 6G technologies include channel coding (e.g., LDPC and Turbo
coding), multiple antenna systems (MIMO),
modulation/demodulation,  signal  filtering, =~ mathematical
transformations such as FFT/IFFT, and Al-based optimizations.
Performing these processes at high speed and low latency directly
impacts the overall network performance. The high data speeds and
low latency requirements of 5G and 6G, in particular, push the
limits of traditional CPU-based solutions. At this point, alternative
hardware architectures such as GPUs, FPGAs, and ASICs are
coming to the forefront.

Comparison of Processor Hardware Plaforms

Comparative studies on the performance of physical layer
operations on hardware platforms reveal the unique advantages and
disadvantages of each platform. For example, FPGAs can offer
both higher performance and better energy efficiency compared to
CPUs and GPUs in basic linear algebra operations such as BLAS
(Basic Linear Algebra Subroutines). One study showed that a
matrix-multiplication core developed on an FPGA was 18.7-22.0
times faster than a CPU and 3.8-6.0 times faster than a GPU (Xiong
& Xu, 2020:5). Similarly, an FPGA-based Mersenne Twister
random number generator operated approximately 25 times faster
than a CPU and 9 times faster than a GPU (Tian & Benkrid,
2009:5). Furthermore, from an energy efficiency perspective, it has
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been reported that FPGAs can generate 37 and 35 times more
random numbers than CPUs and GPUs, respectively, with the same
amount of energy (Tian & Benkrid, 2009:5).

However, GPUs excel particularly in applications requiring
high parallelism, such as deep learning and image processing. For
example, in the training and inference of deep neural networks
(DNNs), GPUs provide significant speedups compared to CPUs
due to their multi-core architecture (Kokkinis et al., 2024).
However, the high power consumption and data transfer latencies
of GPUs can be a disadvantage, especially in embedded and
energy-constrained applications (Hu et al., 2022:8). Furthermore,
while GPUs offer high programmability and flexibility, hardware-
level customization options are more limited compared to FPGAs.

ASICs offer the highest performance and energy efficiency
at the physical layer. Especially in use cases where high data rates
and minimal delay are critical, such as 5G and 6G, ASIC-based
solutions are preferred. For example, a 192 Mbps MIMO-OFDM
transceiver ASIC design can successfully manage the high
computational load and hardware complexity brought by multi-
antenna systems (Perels et al., 2005:4). However, the lack of
flexibility and high development costs of ASICs pose a
disadvantage during periods when new standards and algorithms
change rapidly (Hu et al., 2022:8).

A study presented information stating that the architecture
of FPGAs makes them an efficient solution for hardware
acceleration, and offered the following: Devices like ASICs and
GPUs use an outdated method for switching between programming
and memory. Furthermore, the high amount of power required for
storage and retrieval tasks causes performance latency, making
them unsuitable for applications where real-time information is
needed. The reconfigurable nature of FPGAs grants them greater

flexibility compared to ASICs, but this comes at the cost of higher
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power consumption and larger physical footprint. They are also
more efficient than general-purpose processors, but require more
complex programming and lower flexibility costs. Unlike ASICs
and GPUs, FPGAs do not need to switch between memory and
programming, making the data storage and retrieval process more
efficient. Because the FPGA architecture is more flexible, the
amount of power an FPGA uses for a particular task can be
customized to the desired level. Unlike GPUs, which contain
processing cores that must receive and execute instructions, FPGAs
have a flexible architecture that maps code to physical logic
circuits. However, similar to GPU programming, a fundamental
understanding of the underlying principles is necessary to write
code that achieves optimal performance (Amato, 2023:84).

Another study focuses on algorithms and non-binary low-
density parity control (NB-LDPC) decoder designs targeting GPU,
FPGA, and ASIC-based architectures. The former is noted for
providing high energy efficiency due to its high core count (i.e.,
data parallelism) and memory bandwidth, while requiring twice as
much power as the latter. FPGAs, as shown in later sections of the
study, require low power (ASICs even lower) and high-efficiency
performance (ASICs even higher). They offer a high degree of
customization and can lead to superior energy efficiency. However,
it is emphasized that both present limitations in terms of coding and
development effort, parallelization complexity, and cost compared
to GPUs (Ferraz et al., 2021:33).

In their 2021 study, Chundi et al.2022:11 presented a
model-based neural network algorithm for channel estimation in
5G mmWave communication systems, along with hardware peer
optimization and a matched FPGA subsystem implementation.
Several neural network structures and methods leveraging sparsity
to reduce computational complexity were examined. A key finding
was that quantizing weights and activations to lower bit precisions,
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together with implementing a purpose-built cache, effectively
lowered off-chip memory traffic. The FPGA prototype was
highlighted as providing up to a 10-fold improvement in latency
compared to Intel Xeon processors and Nvidia 2080 Ti GPUs. The
improved latency and lower resource usage resulted in a 300-fold
reduction in the subsystem's energy consumption compared to CPU
and GPU-based systems.

The first part of Shah's 2023:148 study proposes an efficient
and reconfigurable implementation of the 3rd Generation
Partnership Project (3GPP) 3D-SCM (Spatial Channel Model) for
5G-NR on Xilinx and Intel FPGA platforms using a high-level
synthesis (HLS) oriented approach flow. The impact of various
HLS optimization techniques on total latency and hardware
resource utilization on the target acceleration platforms is
investigated. Using the proposed methodologies, accelerated
designs on Xilinx Alveo U280 and Intel Arria 10 FPGAs achieved
speed increases of 65x and 95x, respectively, compared to the base
CPU implementation. This speed increase was further enhanced to
173x by optimizing the design to utilize specialized resources such
as UltraRAM (URAM) and High Bandwidth Memory (HBM)
found on the Xilinx FPGA. The latter segment of this paper focuses
on accelerating the 3GPP channel model using GPU platforms.
This study examines different optimization techniques to leverage
the parallelism and memory hierarchy of GPUs, focusing
particularly on CUDA-based solutions. Empirical findings reveal
that the implemented solution operates at about 240 times faster
than the CPU-based implementation. The GPU design exhibits a
33.3% increase in single-precision performance compared to an
accelerated design on a data center-class FPGA. However, it also
consumes 7.5% more energy.

In summary, the comparison of hardware
architectures deployed in  the 5G  and  6G physical
--65--



layers holds significant  importance with  respect  to network
performance, powerefficiency, adaptability,and scalability. Existing
research demonstrates  that  each hardware  solution performs
best in particular use cases, and the optimal platform must
be chosen based on the specific application demands. For example,
FPGAs are preferred in applications requiring low latency,
flexibility, and energy efficiency; GPUs in high parallelism, dense
matrix operations, and deep learning applications; and ASICs in
situations requiring maximum performance and energy efficiency
in the final products (Kestur et al., 2010:6) (Xiong & Xu, 2020:5)
(Hu et al., 2022:8) (Tian & Benkrid, 2009:5) (Perels et al., 2005:4).
CPUs, conversely, stand out with their flexibility and ease of
software-based development. In this context, comparing hardware
platforms in the 5G and 6G physical layers stands out as a
fundamental research area for the design and optimization of future
communication networks.

Examples of FPGA Hardware Plaform Use Cases for 5G and
6G Physical Layers

Fifth and sixth generation (5G and 6G) wireless
communication technologies play a fundamental role in today's
digital transformation. These technologies are designed to meet
critical requirements such as high data rates, low latency, wide
coverage, and reliability. Field Programmable Gate Arrays
(FPGAs) stand out as a key hardware solution in meeting the
complex algorithms and high-performance requirements that arise
in the physical layer (PHY) of 5G and 6G. The use of FPGAs in the
physical layer is critical in meeting the requirements of next-
generation communication systems due to both their
reconfigurability and hardware acceleration advantages.

To understand the use cases of FPGAs in the 5G and 6G
physical layer, it is first necessary to examine the fundamental
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requirements of these technologies and the challenges encountered
in the physical layer. 5G is designed to support different use cases
such as ultra-reliable low-latency communication (URLLC),
enhanced mobile broadband (eMBB), and massive machine-type
communication (mMTC). 6G, on the other hand, is shaped by
advanced goals such as even higher data rates, near-zero latency,
artificial intelligence integration, and global coverage (Nakamura,
2020:5). These goals necessitate the development of more complex
algorithms and hardware solutions in the physical layer.

One of the key technologies that stands out in the 5G and
6G physical layer is multiple-input multiple-output (MIMO) and
OFDM-based systems. Park and Ogunfunmi addressed the efficient
implementation of the MIMO-OFDM physical layer on FPGAs and
demonstrated that fundamental operations such as the fast Fourier
transform can be optimized with shared architectures to save
hardware resources. The proposed architecture saves at least 40%
of hardware resources while providing the same data rate as known
MIMO-OFDM implementations (Park & Ogunfunmi, 2012:25).
This work reveals how effective the parallel processing capabilities
of FPGAs are in implementing complex signal processing
algorithms in real-time at the physical layer.

New modulation techniques used in 5G systems are also
important areas requiring the use of FPGAs. Keerthana and
Rajaram investigated the implementation of a Filter Banked Multi-
Carrier Modulation (FBMC) based baseband modulator, proposed
as an alternative to OFDM in 5G systems, on an FPGA. FBMC
offers advantages such as better spectral efficiency and lower out-
of-band propagation. In this study, the FBMC baseband modulator
was modeled on an FPGA and evaluated in terms of performance,
resource utilization, and power consumption. The results show that
the FPGA architecture offers an efficient solution in digital signal
processing applications thanks to its reconfigurability, compact
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size, and high computational power (Keerthana & Rajaram,
2019:6). These findings demonstrate that new waveforms in 5G
and 6G can be rapidly prototyped at the physical layer using
FPGA:s.

Another important issue at the physical layer of 5G is error
correction coding. Specifically, low-density parity check codes
(LDPC) and polarity codes are used as fundamental error
correction mechanisms in the 5G NR (New Radio) standard. Nadal
and Baghdadi addressed the implementation of Quasi-Cyclic (QC)
LDPC, the key channel coding code for 5G, on an FPGA with an
efficient and flexible hardware architecture. The proposed
architecture offers high parallelism to support all 5G configurations
and maximizes processing unit utilization, increasing processing
speed. Compared to a marketable 5G LDPC decoder, the
introduced FPGA prototype provides higher processing speeds in
most configurations (Nadal & Baghdadi, 2020:7). This work
demonstrates that FPGAs are an ideal platform for flexible and
high-performance error correction solutions at the physical layer of
5G.

Similarly, the implementation of polar codes used in 5G
control channels on FPGAs is also an important research area.
Mohammed and Abdullah  investigated the combined
implementation of polar coding and chaotic modulation used for
control channels in 5G wireless systems on an FPGA. Leveraging
its parallel processing architecture, the FPGA can execute encoding
and decoding tasks more rapidly and with lower resource
utilization. The research demonstrated that the framework
developed using Xilinx System Generator was effectively deployed
on FPGA hardware and consumed fewer resources relative to prior
works. (Mohammed & Abdullah, 2022:6). These findings reveal
that complex encoding techniques in 5G and 6G can be effectively
developed at the physical layer with FPGAs.
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In the study by Rudramuniyappa and Harsha, a novel
architecture is presented for the FPGA implementation of an end-
to-end PDCCH (Physical Downlink Control Channel) chain
compliant with 3GPP standards for 5G-NR. The proposed end-to-
end implementation is stated to consume 30705 resources (1.98%)
with a latency of 1.5 ps. The novel design demonstrates superior
performance compared to the prior solution and its simpler
implementation in terms of latency, resource utilization,
throughput, and power efficiency (Rudramuniyappa & Harsha et al.
2025:14).

In another study, heuristic tree-search-based approaches
were proposed to overcome this challenge as a way to meet the
real-time decoding requirements for large MIMO configurations.
FPGAs offer an ideal platform for accelerating MIMO signal
decoding due to their potential for integration into the signal
processing chain with low latency and low power consumption.
This study presents a software/hardware collaborative design for a
multi-level tree-search approach integrating the computation of
multiple tree levels. The proposed heuristic method is stated to
transform the tree-search process into a stream operation suitable
for FPGA architecture. A series of hardware designs and
algorithmic optimizations that significantly improve scalability and
decoding time are demonstrated. As a result, a design capable of
decoding 64x64 64-QAM MIMO code within 10 ms real-time
requirements is obtained (Hassan, et al, 2025:11).

In conclusion, the application areas of FPGAs in the
physical layer of 5G and 6G encompass a wide range of fields,
including the implementation of advanced modulation techniques
such as MIMO-OFDM and FBMC, hardware acceleration of error
correction algorithms such as LDPC and polar codes, high-
throughput implementation of security protocols, real-time
processing of base station hardware, optimization of control
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channels, prototyping of next-generation waveforms, and satellite
communications. Current research in these areas clearly
demonstrates that FPGAs are an indispensable hardware platform
in the 5G and 6G physical layer.
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CHAPTER 5

DEEP REINFORCEMENT LEARNING APPROACH
FOR PRIORITY-CONSTRAINED DYNAMIC MULTI-
STOP VEHICLE ROUTING PROBLEM

1. Mert Sami SENERLER!
2. Hasan TIRYAKI?

Introduction

The exponential growth of e-commerce volume and the
proliferation of "on-demand" service models in recent years have
necessitated a fundamental paradigm shift in urban logistics operations.
Traditional Vehicle Routing Problem (VRP) approaches used in
logistics planning, wherein all demands are known a priori (static),
prove insufficient in meeting today’s dynamic, uncertain, and speed-
centric logistics requirements (Simoni and Winkenbach, 2023).

Modern logistics operations exhibit a stochastic nature
characterized by the real-time arrival of orders, continuously fluctuating
traffic conditions, and differentiating customer expectations. In this
context, the problem evolves beyond merely finding the shortest path
for vehicles; it transforms into a complex challenge regarding which
orders to group (batching), which deliveries require urgency (priority),
and how to optimize multi-stop routes under capacity constraints
(Maleki and Asadi, 2024). In particular, the concurrent management of
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orders requiring urgent delivery within the same pool as standard orders
gives rise to an optimization problem in the "NP-Hard" class, thereby
intensifying operational complexity.

Heuristic methods such as Genetic Algorithms, Tabu Search, or
Nearest Neighbor (Greedy) are frequently employed in the literature to
solve such dynamic problems (Wang et al., 2025). However, these
methods often exhibit a "myopic" nature and neglect long-term reward
maximization. For instance, Zhang and Van Woensel (2023)
emphasized the necessity for methods capable of anticipating the
stochastic nature of dynamic events, stating that heuristic-based
approaches prove inadequate during periods of peak demand and create
bottlenecks that diminish overall system efficiency.

Deep Reinforcement Learning (DRL) stands out as a robust
alternative to surmount these limitations. DRL enables an agent to learn
the optimal "policy" through trial-and-error by interacting with its
environment. In this study, the Proximal Policy Optimization (PPO)
algorithm was selected, as it is increasingly regarded as the "gold
standard" in the literature for dynamic routing problems, particularly
due to its stability and sample efficiency (Deineko and Kehrt, 2024;
Argoubi and Mili, 2024).

The primary objective of this study is to develop a priority-
aware PPO model possessing end-to-end learning capabilities to
address the Dynamic Order Assignment and Routing problem
encountered in urban delivery operations.

The primary objective of this study is to develop a priority-
aware PPO model possessing end-to-end learning capabilities to
address the Dynamic Order Assignment and Routing problem
encountered in urban delivery operations.

The principal objectives of the model addressed within the
scope of this study are as follows:

e Dynamic Batching: Enabling the agent to form efficient
groups by making strategic waiting decisions rather than
processing orders individually (Cals et al., 2021).
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e Priority Management: Ensuring that high-urgency orders
(High Priority) are autonomously recognized by the system
and prioritized during delivery processes (Colak and
Fescioglu-Unver, 2024).

e Robustness: Ensuring the system can maintain operations
without failure under conditions of excessive demand load
and uncertainty.

An examination of the existing literature reveals that current
studies generally treat assignment and routing as decoupled problems
(Maleki and Asadi, 2024). These studies typically utilize PPO for
assignment while delegating routing tasks to heuristic (greedy)
methods.

By addressing these gaps in the literature, this study presents the
following original contributions:

o Integrated Decision Mechanism: An integrated approach
is presented that optimizes assignment and routing decisions
within a hierarchical structure and is capable of making
"one-shot" decisions.

e Reward-Based Priority Learning: Urgency constraints are
taught to the agent through the reward function rather than
rule-based systems; it has been experimentally proven that
the agent processes high-priority orders faster than standard
ones, similar to the "Attention Score Amplifier" logic
proposed by Deineko and Kehrt (2024).

e Robustness Under Stress: The developed model has
demonstrated its operational robustness by maintaining its
success rate compared to the traditional Greedy method in
stress tests where demand density was increased by 50%.

Literature Review

In this section, the evolution within the literature of the Dynamic
Vehicle Routing Problem (DVRP), Deep Reinforcement Learning
(DRL) algorithms, and the constraints forming the foundation of this
study (priority, batching, multi-stop) is reviewed. By focusing on recent
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studies between 2021 and 2025, this review aims to identify the
limitations of existing methods and highlight the research gaps that this
study intends to bridge.

Whereas the Traditional Vehicle Routing Problem (VRP)
possesses a deterministic structure in which all demands are known a
priori (before operation), modern logistics has evolved into Dynamic
VRP (DVRP), a stochastic process where the information set is updated
over time. In their comprehensive literature review on DVRP, Zhang
and Van Woensel (2023) attribute this shift to the increase in "speed and
uncertainty" factors in logistics and classify the problem as "DVRP with
Random Requests" (DVRPRR).

Traditional solution methods, namely Exact Methods and Meta-
heuristics (e.g., Genetic Algorithms, Tabu Search), prove insufficient in
dynamic environments requiring real-time decision-making due to their
high computational burdens. This limitation has steered researchers
towards "Data-Driven" approaches, which are capable of being trained
offline and generating decisions in the order of milliseconds during
online operations (Shahbazian et al., 2024).

Deep Reinforcement Learning (DRL) demonstrates superior
generalization  capabilities compared to traditional methods,
particularly in combinatorial optimization problems characterized by
high-dimensional state spaces (Zhang et al., 2025). An examination of
the studies in the literature reveals a distinct divergence in algorithmic
preferences:

e Deep Q-Network (DQN): Although preferred in some early
studies, its applicability to large-scale problems has been
scrutinized, as the computational power required—
particularly in large action and observation spaces—
becomes a bottleneck (Cals et al., 2021). Furthermore, it has
been reported in the literature that DQN tends to
overestimate action values, which negatively impacts
training stability and convergence (Colak and Fescioglu-
Unver, 2024; Wu et al., 2025). The risk of "suboptimal
convergence" in vast state-action spaces limits its success in
complex constrained problems (Deineko et al., 2024).
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e Proximal Policy Optimization (PPO): Recent studies
highlight PPO for DVRP and order assignment solutions due
to its stability (Deineko and Kehrt, 2024; Maleki and Asadi,
2024). The primary reason for selecting PPO is its use of a
"clipped objective function," which prevents drastic shifts in
policy updates, thereby minimizing the risk of training
collapse and offering a more stable learning process
(Argoubi and Mili, 2024). Additionally, unlike value-based
methods, it is computationally more efficient as it updates
the policy without the necessity of calculating every single
state-action pair (Cals et al., 2021). Specifically in problems
requiring constraint satisfaction, PPO produces more
reliable results compared to other methods thanks to this
stable structure (Argoubi and Mili, 2024).

In the realm of dynamic logistics, urgency is predominantly
modeled using hard time windows. However, in their study on electric
vehicle charging stations, Colak and Fescioglu-Unver (2024) argue that
urgency should be managed not solely through temporal constraints but
also via "priority classes" (e.g., Express vs. Normal). Furthermore, they
assert that Deep Reinforcement Learning (DRL) outperforms classical
methods in maintaining the equilibrium between these classes. In the
literature, urgency management is generally addressed under two main
categories:

e Dynamic State Features: Deineko and Kehrt (2024)
defined an "Urgency Factor" (f,,) based on the remaining
time and distance for each request in their PPO-based
models, thereby ensuring that the network's attention
mechanism focuses on this input.

e Reward Shaping: Beeks et al. (2022) employed Bayesian
optimization to dynamically shape the reward function in
multi-objective optimization problems (e.g., minimizing
late orders). Similarly, Colak and Fescioglu-Unver (2024)
proposed a reward mechanism that imposes a penalty on the
agent in the event of delays for high-priority services.
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The processing of orders in groups rather than individually
(known as batching) is a critical strategy for enhancing operational
efficiency. In the literature, this subject is examined through concepts
such as "Virtual Batching" and "Strategic Waiting."

Strategic Waiting: The capability of an agent to select a
"wait" action to construct a more efficient route in the future,
rather than pursuing an immediate but minor reward, was
successfully implemented by Cals et al. (2021) in e-
commerce warehouses.

Matching Degree: Maleki and Asadi (2024) proposed a
"Matching Degree" (MD) function that measures the
compatibility of orders with one another and with the
courier. However, the aforementioned study utilized the
batching process solely during the assignment phase, while
adhering to a dynamic greedy method during the routing
phase.

The Vehicle Routing Problem with Pickup and Delivery
(VRPPD) mandates that the vehicle must visit the pickup point (P;)
before the delivery point (D;). In DRL models, this precedence
constraint is typically enforced via the "Action Masking" method
(Pathan and Shrivastava, 2024). Zhang et al. (2025) demonstrated the
superiority of learning-based methods in dynamic insertion problems
using Transformer-based architectures and Rotary Positional

Embeddings (RoPE) in their model named "Neuro-Ins."

Studies from the 20242026 period (including pre-prints) that
are directly related to the subject of this study are summarized below:

Zou et al. (2025)-Multi-Agent Pointer Transformer
(MAPT): They proposed the "Multi-Agent Pointer
Transformer" model for multi-vehicle dynamic problems.
Although this study addresses the concept of batching
through vehicle coordination and utilizes relation-aware
attention, it models priority constraints as a stochastic
variable, focusing on joint action distribution rather than
explicit priority management.
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Maleki and Asadi (2024)-MDRL: These authors adopted a
two-stage approach termed "Multi-step DRL" (MDRL). In
the first stage, order assignment (determining the proportion
of orders to assign) is performed using PPO, while a
dynamic heuristic method is employed for routing in the
second stage. This "decoupled" structure may lead to
assignment decisions failing to fully predict the subsequent
routing costs.

Argoubi and Mili (2024)-Hybrid PPO-GNN: In their
study on fuel distribution, they combined PPO with Graph
Neural Networks (GNN) and incorporated a deterministic
constraint verification layer. While the study focuses on time
windows and feasibility, it does not cover dynamically
changing customer priority levels (express/normal) as
proposed in this study.

The conducted literature review indicates that existing studies
remain insufficient in three fundamental aspects:

Decoupling of Assignment and Routing: Even recent
studies, such as Maleki and Asadi (2024), decouple the
problem into assignment (learning-based) and routing
(heuristic-based) phases. This separation leads to missed
opportunities for integrated (end-to-end) optimization.

Dynamic Priority Integration: Neural solutions
addressing how an incoming urgent order should
dynamically alter the existing route in multi-stop scenarios
are limited. While Deineko and Kehrt (2024) approached
this issue via attention mechanisms, there is a scarcity of
studies combining this approach with multi-vehicle settings
and dynamic batching.

Learning of Constraints: The autonomous learning of PDP
constraints and urgency levels via the reward function-as
opposed to strictly rule-based methods, similar to the work
of Colak and Fescioglu-Unver (2024)- remains an open
research area.
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This study aims to bridge these gaps in the literature by unifying
assignment and routing within a single hierarchical structure using the
PPO algorithm and by training the model on priority constraints via a
reward mechanism.

Material and Method

In this section, the mathematical model (Markov Decision
Process) of the addressed Dynamic Vehicle Routing Problem (DVRP),
the proposed solution architecture (Centralized PPO Agent), and the
technical details of the simulation environment where the experiments
were conducted are presented. Going beyond a purely theoretical
optimization model, the study is constructed within a realistic "Digital
Twin" environment built upon real geographical data (OpenStreetMap)
belonging to the Kirklareli Central District and stochastic variables
(traffic, weather conditions, preparation times).

Rather than a Multi-Agent structure where each courier acts as
an independent decision-maker, the proposed architecture is built upon
a Centralized PPO Agent (Centralized Dispatcher) that manages the
entire fleet from a single center. The simulation environment comprises
a total of 60 couriers directed by the agent. To reflect real-world
dynamics, the fleet structure consists of heterogeneous vehicle types:

e Motorcycle: 45 km/h speed and a carrying capacity of 2
packages.

e Light Commercial Vehicle: 35 km/h speed and a carrying
capacity of 4 packages.

e Bicycle: 20 km/h speed and a carrying capacity of 1
package.

The problem is modeled as a Markov Decision Process (MDP).
At each time step t, the agent receives a state observation (S;) from the
environment, selects an action (4;), and consequently obtains a reward
(R¢) and a new state (S;4q)-

The agent's perception of the environment is structured as a
flattened architecture consisting of normalized vectors. The state vector
S¢ comprises three main components:
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St = {0, Ct, 14} (1)
Where:

e 0, (Order State): A 6-dimensional feature vector generated
for each active order.

— rem rest rest cust cust
0; = [pitsia x5y xi = yi et (2)

Here, p; represents the order's priority coefficient, ti)* the
remaining delivery time, and the (x,y) coordinates represent the
restaurant/customer locations.

e (,; (Courier State): A 5-dimensional state vector for each
courier in the fleet.

6 = [lavaiv Lewr %™, Y77, Capimax] 3)

Here, 1,,4i; indicates the courier's availability status (binary
value), and L, denotes the instantaneous load.

e 17, (Global Time): Normalized time information used to
learn traffic density and order patterns.

A Multi-Discrete action space is utilized in the study. This
structure allows the agent to make an independent decision for every
order in the assignment pool. The dimension of the action space is as
follows:

A€ {01,.., K}V “4)

Here, N represents the maximum number of active orders, and
K represents the number of couriers. The action K + 1 corresponds to
the "No-Op" (No Operation or Do Not Assign) action. This structure
allows the agent to decide to strategically wait when a suitable match is
not yet available.

The reward function R;, which guides the agent's learning
process, is designed to maximize on-time delivery while penalizing
constraint violations and the delay of urgent orders.

The total reward consists of the following components:

Riotar = Rdelivery + Rpenalty )
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On-Time Delivery Reward (Rgeiivery): A scaled reward is given

to encourage early delivery when the order is delivered within its SLA
(Service Level Agreement) duration:

te apse
Raetivery = @ (1.0 — 0.5 - “elezsed ) (6)

tsrA

(Here, a is the scaling coefficient.)

Penalties (Rpenaity):

Delay Penalty: A fixed penalty (-0.2) is applied in the event
that the SLA duration is exceeded.

Cancellation Penalty: A large penalty (-1.0) is applied if the
order cannot be delivered and results in cancellation.

Priority Penalty: An additional penalty (-0.02) is applied
for each time step when the waiting time of high-priority
orders exceeds a critical level (90% of SLA). This term
serves as the fundamental mechanism ensuring the agent
focuses on priority orders.

The Proximal Policy Optimization (PPO) algorithm was utilized
for the training of the model. PPO ensures the stable progress of training
by limiting policy updates within a trust region (clip range).

The model possesses a non-shared Multi-Layer Perceptron
(MLP) architecture for both the Policy (Actor) and Value (Critic)

functions.

Input Layer: Flattened State Vector (S;).

Hidden Layers: 2 hidden layers, each consisting of 64
neurons.

Activation Function: Tanh or ReLU.

Output Layer: Action probability distribution (Logits).

During the 1 million-step training process, the hyperparameters
specified in the table below were used to optimize stability.
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Table 1 PPO Model Training Hyperparameters

Parametre Value Description

Learning Rate 5 % 10~ | Low learning rate for stable convergence.

(a)

n_steps 4096 Data steps collected in each update cycle.

Batch Size 1024 Sample group used in gradient calculation.

Gamma (y) 0.99 Importance coefficient assigned to future
rewards.

Entropy Coef. 0.1 High entropy to maintain exploration ability.

Clip Range (€) 0.05 Conservative limit in policy updates.

In order to enhance the validity of the study, a comprehensive
simulation environment reflecting real-world dynamics was developed
instead of a simple grid-world. This "Digital Twin," built upon
geographical data belonging to Kirklareli Central District, possesses a
stochastic rather than a deterministic (fixed) structure:

e Order Generation: Poisson siirecine benzer sekilde, giiniin
saatine gore degisen talep yogunluklariyla rastgele siparis
tiretimi yapilmaktadir.

e Traffic and Weather: The developed "Traffic Management
Subsystem" and "Weather Profile" dynamically adjust
vehicle speeds based on the time of day and weather
conditions (rain, snow).

e Uncertainties: Restaurant preparation times and order
cancellation probabilities are modeled using a Gaussian
distribution.

The general operation of the simulation environment and the agent's
decision-making process is summarized in Figure 1.
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Figure 1 Flow Diagram of the Simulation Model and Hierarchical
Control Architecture.
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The diagram in Figure 1 illustrates the loop between the
stochastic environment and the PPO Agent. The system generates the
state (S;) through a Poisson process and uncertainties (Traffic,
Weather). While the PPO Agent makes assignment decisions (4, ), these
decisions are passed through a batching window and optimized by a
heuristic solver under strict capacity constraints.

As seen in the flow diagram, the proposed system utilizes a
hierarchical structure containing a combination of "End-to-End"
assignment and "Heuristic" routing:
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e Batching Window: Orders are presented to the agent in 5-
minute time windows. This allows the agent to optimize
orders in the pool rather than acting reactively to individual
orders.

e Capacity and Multi-Stop: The physical capacity of the
vehicles is defined as a "Hard Constraint". When multiple
orders are assigned to a courier, the multi-stop routing
algorithm generates the shortest route by observing the
"Pickup before Delivery" rule.

Results and Discussion

In this section, the performance of the developed PPO-based
dynamic vehicle routing model is evaluated considering the concepts of
"Overall Efficiency," "Priority Sensitivity," and "Operational
Robustness." The obtained results are presented in comparison with the
"Greedy" (Nearest Neighbor) algorithm, which was selected as the
Baseline. The experiments were conducted on 24-hour operational
datasets within the Kirklareli city center simulation environment shown
in Figure 2.

Figure 2 Kirklareli City Center
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The primary performance of the model was evaluated based on
the order fulfillment rate (Success Rate) and total work volume
(Throughput). The comparative analyses presented in Figure 3 and
Figure 4 demonstrate that the PPO agent provides a significant
advantage in operational efficiency.

Figure 3 Comparison of Success Rates of PPO and Greedy Algorithms

Success Rate Comparison (PPO vs. Greedy)
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Success Rate (%)

Greedy

Agent Strategy
According to the simulation results;

e Greedy Algorithm: Could only deliver 44.9% of the orders
on time. Focusing on local (myopic) decisions, this approach
caused couriers to fill their capacity on inefficient routes and
led to system congestion during peak hours.

e PPO Agent: Achieved a 79.0% success rate under the same
conditions. Learning to maximize long-term gain through
the reward function, the agent managed the courier fleet
more effectively, approximately doubling the Service Level.
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Figure 4 Total Delivered Order Volume (24-Hour)
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When analyzed in terms of work volume, the PPO agent
completed a total of 1435 deliveries, whereas the Greedy method
remained at 820. This demonstrates that the proposed model can meet
75% more demand with existing resources and proves that it maximizes
operational capacity usage (Fleet Utilization).

It was observed that the "Strategic Waiting" behavior,
mentioned in the literature by Cals et al. (2021), emerged autonomously
in our developed model. Figure 5 shows the average delivery times.

Figure 5 Average Delivery Times of the Algorithms
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As seen in Figure 5, the average delivery time of the PPO agent
(11.2 min) is marginally higher than that of the Greedy method (10.6
min). This situation is not a performance loss; rather, it represents a
conscious strategy. While the Greedy algorithm tends to transport
incoming orders instantly and individually, the PPO agent preferred to
perform grouping (Batching) by holding orders in the pool for a short
period. This slight sacrifice in delivery time enabled a massive increase
in the total number of transported packages (Figure 4).

One of the fundamental hypotheses of the study is whether the
PPO agent can distinguish "High Priority" orders. In this analysis
(Figure 6), in order to eliminate the bias created by restaurant
preparation times (Hot: 15 min, Normal: 10 min), the data was
examined using the "Normalized Pickup Delay" metric.

Figure 6 Courier Response Times According to Order Priorities
(Pickup Delay)

Courier Responsiveness: Pickup Delay by Priority

10 High Priority picked up
3.9% faster

Average Pickup Delay (min)
(Wait Time - Prep Time)

High (Hot) Normal (Cold)
Priority Level

The findings in Figure 6 prove that the PPO agent is sensitive to
urgency levels (Priority Levels).

e High Priority Orders: Were picked up with an average
delay of 5.5 minutes.

e Normal Orders: ere picked up with an average delay of 5.7
minutes.
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Statistically, the agent responded 3.9% faster to urgent orders.
This finding confirms that the "delay penalties" integrated into the
reward function (Rpenqity) Within the MDP model were autonomously
learned by the agent. The agent discovered that the cost of delaying
urgent orders is high without any rule-based coding.

In order to test the scalability of the developed model, a "Chaos
Scenario" was created by increasing the Order Generation Rate by 50%.
The analyses of this situation are presented in Figure 7.

Figure 7 Robustness Test Under 50% Increased Demand Load
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The results presented in Figure 7 constitute the most striking
finding of the study:

e System Collapse (Greedy): Under increased load, the
success rate of the Greedy algorithm dropped dramatically
to the 33.7% level. Simple heuristic methods failed to
manage the increasing combinatorial complexity, leading to
system congestion.

¢ Robustness (PPO): he PPO agent exhibited high resilience
(Robustness) by maintaining a 79.9% success rate even in
the chaos environment. As intensity increased, the agent
adopted a more aggressive grouping (batching) strategy and
successfully delivered 2163 orders.

This result demonstrates that the proposed "Hierarchical PPO"
architecture offers a reliable solution not only under normal conditions
but also during unforeseen demand fluctuations.
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Conclusion

In this study, an integrated solution architecture based on Deep
Reinforcement Learning (PPO) was developed for the "Priority-
Constrained Dynamic Vehicle Routing Problem" (Priority-Constrained
DVRP), one of the most complex problems of modern urban logistics.
Extensive simulations conducted under stochastic demand and traffic

conditions within a simulation environment created using real

geographical location data of Kirklareli province and urban detour

factors have proven the superiority of the proposed model over

traditional methods.

Key inferences obtained from the study are as follows:

Operational Superiority: he developed PPO agent
generated 75% more work volume (throughput) with the
same resources compared to the standard "Nearest
Neighbor" (Greedy) algorithm and increased the success
rate from 44.9% to 79.0%. This result indicates that artificial
intelligence optimizes not only the route but also the fleet
capacity.

Autonomous Strategy Development: It was revealed that
the agent autonomously learned the "strategic waiting"
behavior, which increases total efficiency by briefly holding
and grouping (Batching) orders instead of delivering them
instantly.

Priority Sensitivity: Without any rule-based coding, the
model successfully distinguished "High Priority" orders
solely through the penalty mechanism in the reward
function. In analyses adjusted for preparation times, it was
determined that urgent orders were processed statistically
faster than normal orders.

Robustness: The most critical finding of the study was
obtained in stress tests. In the chaos scenario where the
demand load was increased by 50%, while traditional
methods collapsed (33% success), the proposed model
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maintained the 80% level, proving that the system possesses
high resilience against uncertainties.

While this study reveals the potential of "End-to-End" learning
approaches in dynamic routing problems, it also opens new doors for
future research:

e Multi-Agent Collaboration (Multi-Agent RL): In the
current study, a centralized agent makes the decisions. In
future studies, distributed architectures (MARL) where each
courier makes their own decisions and communicates with
each other can be examined.

e Graph Neural Networks (GNN): Representing the state
space with Graph Neural Networks instead of vectors may
enable better learning of relationships in the map topology.

¢ Real-World Integration (Sim2Real): It is suggested to
transfer the developed model from the simulation
environment to real logistics operations (Transfer Learning)
and to test it on drone-supported hybrid delivery scenarios.

In summary, it is expected that increasing studies aimed at the
optimization of modern urban logistics, as in this study, will be
beneficial in reducing traffic density and carbon emissions.

--91--



References

Argoubi, M., & Mili, K. (2025). A Hybrid PPO-GNN Framework for
Adaptive Vehicle Routing under Uncertainty: Application to
Fuel Delivery Logistics. IEEE  Access, 1-1.
https://doi.org/10.1109/access.2025.3635886

Beeks, M., Afshar, R. R., Zhang, Y., Dijkman, R., Van Dorst, C., & De
Looijer, S. (2022, June). Deep reinforcement learning for a
multi-objective online order batching problem. In Proceedings
of the International Conference on Automated Planning and
Scheduling (Vol. 32, pp- 435-443).
https://doi.org/10.1609/icaps.v3211.19829

Cals, B., Zhang, Y., Dijkman, R., & Van Dorst, C. (2021). Solving the
online batching problem wusing deep reinforcement
learning. Computers & Industrial Engineering, 156, 107221.
https://doi.org/10.1016/j.cie.2021.107221

Colak, A., & Fescioglu-Unver, N. (2024). Deep reinforcement learning
based resource allocation for electric vehicle charging stations
with priority service. Energy, 313, 133637.
https://doi.org/10.1016/j.energy.2024.133637

Deineko, E., & Kehrt, C. (2024). Learn to solve vehicle routing
problems asap: A neural optimization approach for time-
constrained vehicle routing problems with finite vehicle
fleet. arXiv preprint arXiv:2411.04777.
https://doi.org/10.2139/ssrn.4975275

Maleki, A., & Asadi, A. OPTIMIZING ON-DEMAND FOOD
DELIVERY USING A MULTI-STEP DECISION-MAKING
FRAMEWORK INCORPORATING DEEP
REINFORCEMENT LEARNING.

Shahbazian, R., Pugliese, L. D. P., Guerriero, F., & Macrina, G. (2024).
Integrating Machine Learning Into Vehicle Routing Problem:
Methods and Applications. IEEE Access, 12, 93087-93115.
https://doi.org/10.1109/access.2024.3422479

--02--



Simoni, M. D., & Winkenbach, M. (2023). Crowdsourced on-demand
food delivery: An order batching and assignment
algorithm. Transportation Research Part C: Emerging
Technologies, 149, 104055.
https://doi.org/10.1016/j.trc.2023.104055

Wang, X., Ji, C., Xu, H., & Guo, K. (2025). Research on Dynamic
Optimization of Takeout Delivery Routes Considering Food
Preparation Time. Sustainability, 17(6), 2771.
https://doi.org/10.3390/sul7062771

Wu, Q., Han, J., Yan, Y., Kuo, Y. H.,, & Shen, Z. J. M. (2025).
Reinforcement learning for healthcare operations management:
methodological framework, recent developments, and future
research directions. Health Care Management Science, 28(2),

298. https://doi.org/10.1007/s10729-025-09699-6

Zhang, J., & Van Woensel, T. (2023). Dynamic vehicle routing with
random requests: A literature review. International Journal of
Production Economics, 256, 108751.
https://doi.org/10.1016/j.ijpe.2022.108751

Zhang, Z., Yang, J., Cao, Z., & Lau, H. C. (2025). Neuro-Ins: A
Learning-Based One-Shot Node Insertion for Dynamic Routing
Problems. IEEE Transactions on Knowledge and Data
Engineering. https://doi.org/10.1109/tkde.2025.3580640

Zou, Z., Wang, J., Huang, Y., & Wu, J. (2025). Multi-Agent Pointer
Transformer: Seq-to-Seq Reinforcement Learning for Multi-
Vehicle Dynamic Pickup-Delivery Problems. arXiv preprint
arXiv:2511.17435.

--03--



CHAPTER 6

DECOUPLING COMPENSATION EFFECT ON
CURRENT CONTROL PERFORMANCE OF
SYNCHRONOUS RELUCTANCE MACHINES

Osman Emre Ozciflikci’

Introduction

Synchronous reluctance machines (SynRMs) are used as an
alternative to permanent magnet synchronous machines (PMSMs)
(Rigon, Haus, Mercorelli, & Zigliotto, 2025) in applications such as
electric vehicles, fans, and pumps (Tang et al., 2025). The absence
of magnets in their structure provides a low-cost advantage for
SynRMs (Babu, Krishna, & Seshadrinath, 2025). Therefore,
SynRMs are a popular type of electrical machine in industry and
academia (Niewiara, Gierczynski, Tarczewski, & Grzesiak, 2025; V
& A, 2025).

As with other types of electrical machines, field-oriented
control (FOC) is widely used in the vector control of SynRMs (Kilig,
2025; Li, Wang, Zhang, Zhao, & Xu, 2021; Paulraj & Obulesu,

! Dr., Kirsehir Ahi Evran University, Electrical-Electronic Engineering, Orcid:

0000-0001-8770-020X
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2025). In FOC, Clark and Park transforms are used to model the
machine on the -dq axis, and control is achieved via -dq axis
currents. The most basic feedback structure of the FOC technique is
a closed-loop current control system where the -dq axis currents are
controlled. The -dq axis currents measured from the machine are
compared with the desired -dq axis currents from the system, and the
necessary reference voltages are obtained using PI regulators. The
obtained reference voltages and pulse width modulation (PWM)
technique are used to generate the necessary switching signals for
the inverter (Ozgiflik¢i, Kog, & Bahgeci, 2025).

When examining the mathematical equations of SynRMs, it
can be observed that there are cross-coupling terms where the -dq
axes interact with each other. In FOC-based SynRM drives, it is
necessary to improve of controller performance by applying
decoupling compensation to the cross-coupling terms (Chen, Lin,
Liang, & Liao, 2021; Ilioudis, 2025; Zhong, Su, Yang, Sun, & Tan,
2025). The high saliency ratio, especially in SynRM, increases the
magnetic coupling between the -dq axes, making decoupling
compensation terms more pronounced. This causes decoupling
compensation to play an important role in maintaining current
control quality.

The purpose of this chapter is to emphasize the importance
of applying decoupling compensation in FOC structures for SynRM
machines and to comprehensively evaluate the effects of applying or
not applying compensation on current control, torque output, and
overall dynamic performance. Furthermore, using the parameters of
a 1.5 kW SynRM experimentally verified in the literature (Lee, Joo,
& Yoon, 2024), simulation studies conducted at different mechanical
speed values have comparatively revealed the effects of
compensation application on performance.
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Mathematical Expressions

By using Clark and Park transformations in electrical
machine control systems, the machine equations in the abc frame can
be converted to the -dq axis and modeled as in SynRM (1-3) (Boztas
& Aydogmus, 2022).

Vy=R*l4+ Ly —2 L, %1 (1)

dlg 2)
Vq:R*Iq-i_Lq*E-I_We*Ld*Id

3xp (3)
Te=— % (Lg —Lg) * Iq *Ig

Vq and V; are the —dq axis voltages (V), Iq and I are the —dq
axis currents (A), w, are the electrical speed (rad/s), p pole pairs, Lg
and Lg are the —dq axis inductance values (H) and R is the stator
resistance (€2).

As can be seen from (1,2), the term dependent on the g-axis
appears in the V4 equation, while the terms dependent on the d-axis
appear on the V, equation. In the FOC schematic given in Figure 1
as decoupling compensation, (4,5) is applied to compensate for the

coupling on the -dq axes, and the voltage values to be modulated are
determined (Chen et al., 2021).

Vd*:Vd_We*Lq*Iq 4)

Vq*=Vq+We*Ld*Id (5)
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Figure 1 Schematic of proposed FOC based SynRM drive.
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In Figure 1, the other components of the conventionally used
FOC-based SynRM drive (space vector PWM (SVPWM), Clark and
Park transformations, PI controllers, and Voltage Source Inverter
(VSI)) are indicated in gold, while the decoupling compensation
block is highlighted in green. The main objective of the chapter is to
compare of the drive response with and without the green section to
emphasize the importance of implementing decoupling
compensation in the SynRM drive.

Simulation Results

Table 1 shows the parameters of the 1.5 kW prototype
SynRM and information about the control system (Lee et al., 2024).
As can be seen in Table 1, a switching frequency of 10 kHz has been
determined for the SVPWM technique in this chapter. Furthermore,
I3 and I§ values have been determined based on the rated current
value of 7.5 A5 provided in Table 1. The expected behavior of the
SynRM drive is to accurately track the Ij and I references
demanded by the system. In this chapter, investigations have been
carried out on the behavior of SynRM in the constant torque region.

Therefore, as can be seen in Table 1, the SynRM, which has a rated
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speed of 3000 rpm, has been operated at mechanical speeds below
this value.

In simulation studies, the effects of the decoupling
compensation structure are examined when the mechanical speed
value is changed using a step function while the 14 and I currents
are constant, and as a result of step changes in the Iq and I currents.
The response of the drive is analyzed in cases where decoupling
compensation is applied and not applied. First, the step function has
been used to change the Iq and I currents at different time intervals
to analyze both their rise and fall. Accordingly, the 14 and I current
changes have been compared both at low speed levels (200 rpm) and
at high speed levels (2000 rpm) in the constant torque region, with
and without compensation applied.

Table 1 Parameters of SynRM and control system (Lee et al., 2024).

Motor Type SynRM

Rated Power 1.5 kW

DC Link Voltage 311V

Rated Current 7.5 Arms

Rated Speed 3000 rpm

Rated Torque 4 Nm

Pole Pair 2

Stator resistance 1.3Q

d and q axis inductances Ly =783mH, L; =20.1 mH
Switching Frequency 10 kHz
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Figure 2 shows the effects of decoupling compensation at
low speed values by determining the mechanical speed value well
below the rated speed (200 rpm) using the SynRM parameters given
in Table 1. Figure 2 shows the electromagnetic torque, reference
Iq and actual 14 currents, reference Iq and actual I, values, and
mechanical speed values. The left column of Figure 2 shows the
results for the drive without decoupling compensation applied, while
the right column shows the results for the drive with decoupling
compensation applied. To examine the effect of I3 and I currents on
each other at a constant speed, the 14 current changes from 5 A to 3
A in 0.3 seconds and then from 3 A back to 5 A in 0.6 seconds.
Similarly, the 14 current changes at 0.2 seconds and 0.5 seconds. In
this way, the effects of both axis currents on the drive are analyzed.
Interpreting the results obtained from Figure 2, even though there is
a delay in the settling time of the I current at the start in the drive
without decoupling compensation, it generally gives similar results
to the drive with decoupling compensation. Accordingly, it can be
concluded that the effect of decoupling compensation is not
dominant at low speed levels.
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Figure 2 Decoupling compensation effect at low speed.
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Figure 3 Decoupling compensation effect at high speed.
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Figure 3 shows that the simulation scenario performed in
Figure 2 is applied at a mechanical speed level of 2000 rpm instead
of 200 rpm. According to Figure 3, when decoupling compensation
is not applied, the drive settles to the reference value much later and
the drive performance is significantly lower. Interpreting Figure 3, it
can be concluded that applying decoupling compensation at high
speed levels is much more important and performance-enhancing for
the drive.

Figure 4 Effect of decoupling compensation on speed variation.
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In Figure 4, the reference values for the 14 and I currents are
set to 3A, and the mechanical speed value is increased from 500 rpm
to 3000 rpm in 0.5 seconds using a step function. As can be clearly
seen in Figure 4, the control performance of the drive without
decoupling compensation is quite low. In quantitative analysis, the
actual electromagnetic torque deviated by ~22.5% after the speed
change and took time to stabilize at the required torque value.
Similarly, the I current has deviated by ~20% from the reference
value, and the settling time to the reference value has been

significantly delayed compared to the drive with decoupling
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compensation applied. Examining the I3 current, an overshoot of
~4.8% occurred after the speed change, and the actual I3 value
settled to the reference later.

Conclusion

The high performance of SynRM drives, widely used in
industry and academia, is an important area of research today. Since
SynRMs operate on the principle of generating reluctance torque,
their saliency ratios are high. Therefore, it can be anticipated that the
application of decoupling compensation is also important. In this
book chapter, the performance of drives with and without decoupling
compensation applied to SynRMs is compared and evaluated.
According to the results, while the application of decoupling
compensation does not provide a significant improvement in the
drive at low speed levels, it significantly increases the controller
performance at high speed levels, both when the currents change and
when the speed changes. The results obtained from the simulation
studies show that in the drive without decoupling compensation, the
electromagnetic torque, Iy and I, deviated by ~22.5%, ~4.8%, and
~20%, respectively, with the instantaneous change in speed and took
longer to settle to the reference values. Since SynRM directly
provides torque generation through saliency ratio, the importance of
decoupling compensation becomes apparent. Further studies could
comparatively investigate the importance and effects of decoupling
compensation in PMSMs and SynRM. Additionally, because
decoupling compensation terms are dependent on machine
parameters, they can cause a decrease in control performance during
operation. Therefore, parameter-independent strategies can be
improved.
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CHAPTER 7

BEHAVIOR OF LED DRIVERS AGAINST
VOLTAGE DIPS: A SIMULATION-BASED STUDY

MURAT DEMIiR!

1. Introduction

LED-based lighting systems have become a dominant
technology in modern power electronics applications and the general
lighting industry due to their fundamental advantages such as high
efficiency, long lifetime, and low energy consumption [1, 2].
Compliance with international standards such as IEEE 519-2014 [3]
and IEC 61000-3-2 [4] is mandatory to ensure these systems operate
in harmony with the grid and to limit harmonic current emissions.
However, the presence of sensitive semiconductor components and
complex driver circuits in these systems increases their vulnerability
to short-term voltage dips and other power quality disturbances on
the grid [5]. Such transient grid events can cause sudden dips in the
DC-link voltage of LED drivers, leading to visible flickering or
instantaneous complete blackouts, depending on the immunity level
of the driver [6]. The adverse effects of low-frequency flicker on
human health and safe modulation limits are defined in IEEE Std

' Dr. Ogr. Uyesi, Izmir Bakirgay University, Electrical and Electronics
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1789-2015 [7]. In this context, the IEC 61000-4-11 standard defines
internationally recognized reference test scenarios to standardize the
immunity of grid-connected equipment against such disturbances

18],

In this study, voltage dip depths of 40%, 70%, and 80% were
used as references to examine driver behavior at critical and
internationally accepted levels. These levels are the preferred test
profiles of the standard and directly correspond to the demanding
test conditions specified for equipment in industrial environments
where frequent switching events occur, particularly with the
introduction of large loads [9, 10]. The selection of these levels
ensures that the results obtained are directly comparable with other
academic studies in the literature and industrial test reports [1].

There are comprehensive studies in the literature examining
the behavior of LED drivers against power quality disturbances. X.
Xie and colleagues provided detailed analyses on power factor
correction techniques and grid interactions of LED drivers [11]; B.
Singh and his team emphasized the system-level importance of the
subject by examining the power quality performance of single-stage
converters [12]. In the field of experimental studies, S.K. Ronnberg
and A. Gil-de-Castro have detailed the immunity differences of
different lighting loads against voltage dips and short interruptions
[13]. S. Uddin and colleagues evaluated the response of LED lamps
to harmonic and power quality events, discussing transient
performance criteria [ 14].

The common conclusion of these studies is that the DC-link
capacitor plays a key role in system stability and current regulation,
particularly due to its ability to store energy during voltage dips [15].
However, the high costs of experimental testing, difficulties in
reproducibility, and the need for specialized test equipment have
brought simulation-based approaches to the forefront of power
electronics research in recent years [16]. S. Buso and G. Spiazzi

--108--



demonstrated the accuracy of digital control and modeling
techniques in power electronics [17]; Y. Hu and his team worked on
the dynamic modeling of universal input drivers, showing that
immunity analysis can be practically performed in a simulation
environment [18].

This study aims to advance the current simulation-based
approach by analyzing the response of the LED driver based on IEC
test profiles without using physical hardware. During the modeling
process, a simplified equivalent circuit model based on average
values was used, as the effect of microsecond-level switching
dynamics on millisecond-level voltage dip events is negligible [17].
This approach reduces simulation complexity, allowing direct focus
on the energy balance of the DC-link capacitor and the stability role
of the PI controller. The main contribution of the study is to clearly
demonstrate the physical limits of controller optimization: despite
the PI controller's Anti-windup (AW) strategy, the excessive voltage
spike reaching 400 V levels, which occurred in the most challenging
80% dips scenario, could not be prevented by the controller
dynamics. This risk was mitigated to manageable levels only by
integrating a virtual voltage clamping mechanism (250 V) that
models the overvoltage protection (OVP) function into the system.
The results obtained provide a solid scientific basis for conducting
IEC compliance analyses of LED drivers in a virtual environment
and for understanding the necessity of hardware protection structures
beyond controller-based solutions, especially during critical
transition moments.

2. System Model and Methodology

This section mathematically defines the simplified
equivalent circuit of the LED driver, DC-link dynamics, Buck
converter model, LED load model, and PI + Anti-windup control
structure. The models are created to be suitable for the simplified
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system and are used with dip profiles compliant with IEC 61000-4-
11.

2.1. LED Driver Equivalent Circuit

The LED driver examined in this study is represented by an
“Average Value Model” free from switching frequency dynamics in
order to analyze its dynamic behavior under voltage dip scenarios
compliant with the IEC 61000-4-11 standard. A standard commercial
LED driver consists of PFC (Power Factor Correction), EMI filter,
rectifier, DC-link capacitor, and a DC-DC converter stages.
However, as shown in similar dip analyses in the literature, during
short-term (0—200 ms) voltage dips, the effect of microsecond-level
switching dynamics and input filters on the overall energy balance
of the system is negligible [18, 19]. Therefore, during the modeling
process, the focus was on the system's low-frequency envelope
behavior, and switching harmonics were isolated.

The simplified system block diagram is shown in Figure 1,
and the basic circuit parameters are summarized in Table 1.

Table 1 Basic components and operating parameters

Parameter | Description Value | Unit
Vac Nominal Input Voltage 230 Vims
Vb ref Target DC-Link Voltage 210 \Y

C DC-Link Capacitor 100 uF
L Buck Converter Inductor 100 uH
ILED rer Target LED Current 2 A

P Proportional Gain 0.1 —

I Integral Gain 10 —
AW Anti-windup Feedback Gain | 3 —
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Figure 1 Simplified equivalent circuit model of the LED driver
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The model consists of an AC-DC full-bridge rectifier, a DC-
link capacitor (C) as the main energy storage, a DC-DC converter
(Buck converter), and an LED load. In this model, the DC-link
capacitor is responsible for supplying energy to the system during
voltage dips, and even the slightest change in voltage directly affects
the DC-link voltage (Vbc).

The rectifier is modeled ideally. The input AC voltage is
obtained at the rectifier output as shown in Equation 1. Since the IEC
61000-4-11 test profile directly affects the input signal, this
expression changes dynamically during the dip.

Va = V2 .Vsc(0) (1)

The DC-link voltage is the most critical variable in the
system, and the power balance equation on the capacitor is given in
Equation 2.

dVpe _ . .

Cd_? = iq(t) = ipuck(t) (2)

Here, i4 represents the rectifier current drawn from the grid,
while ipuck represents the average current drawn by the LED driver
stage from the DC-link. The rectifier current flows only when the
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instantaneous grid voltage is greater than the DC-link voltage (V4 >
Vbc) (Equation 3):

L = TR Va® > Voe(® G
0, Va(®) < Vpc(®

For the buck converter stage, due to the large difference
between the time constant of voltage dips (Taip =200 ms) and the
time constant of the converter inductor (t = L/R), the inductor current
dynamics are considered quasi-steady. With this approach, an
algebraic transfer function is used instead of differential current
equations. The voltage across the LED load (ViLep) depends on the
relationship between the converter duty cycle (D) and the DC-link
voltage (Equation 4):

Viea(t) = D(t).Vpc(t) 4
The LED string is modeled with an equivalent circuit
containing a fixed forward voltage (Vr) and dynamic resistance (rq).
Accordingly, the driver output current (iLep) is obtained using
Equation 5:
D(t).Vpc(t) =Vy

l1eq(t) = rd

)

With this modeling approach, the energy discharge
characteristic of the DC-link capacitor and the controller's attempt to
regulate the current by changing the duty cycle (D) have been
efficiently transferred to the simulation environment. The 100 pF
DC-link capacitance used in the simulation was deliberately chosen
at the limit to clearly observe the rate of energy depletion at IEC dip
levels.

2.2. PI Controller Design and Settings

To ensure stable operation of the LED driver both during
voltage dips and when the grid recovers, the duty cycle (D(t)) of the
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Buck converter is dynamically adjusted by a PI (Proportional—
Integral) controller. PI controllers are a standard solution in power
electronics applications because they offer zero static error and
adjustable transient response [20].

The control scheme used in this study aims to regulate the
output current around the reference value (Iier) by minimizing the
LED current error (e(t)). The block diagram of the control structure
is shown in Figure 1. The error signal is defined by Equation 6:

e(t) = Iref — lgea(t) (6)

The unsaturated raw output signal (u(t)) of the PI controller
is as shown in Equation 7:

u(t) = er(t) + f(Kie(t) + Kaweaw(t))dt (7

Here, K, is the proportional gain, K; is the integral gain, and
Kaw 1s the Anti-Windup feedback gain. Due to the physical operating
limits of the buck converter, the duty cycle must be in the 0-1 range.
Therefore, the controller output is passed through a saturation block
(Equation 8):

1, u(t) >1
D(t) = sat(u(t)) =qu(t), 0<u(t) <1 (8)
0, u(t) <0

In field applications, especially when the DC-link voltage
collapses during a voltage dip, the controller rapidly increases the
output (u(t)) to maintain the current, exceeding the physical limit of
1. In the saturation state, the integrator continues to accumulate error,
leading to the “wind-up” problem. This situation causes a large
overshoot when the grid voltage returns. The AW correction term
(eaw) used to prevent this is given in Equation 9:

eqw = D(t) —u(t) ©
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Thanks to this feedback structure, when the controller
reaches saturation, the integrator's overload (wind-up) is
dynamically braked, and the system's recovery performance is
improved. The controller parameters used are given in Table 1.

2.3.1IEC 61000-4-11 Test Profile

The IEC 61000-4-11 standard defines internationally
accepted test procedures for evaluating the immunity of equipment
connected to low-voltage AC power supplies to short-term voltage
dips, interruptions, and voltage fluctuations [8]. The standard
classifies test levels in terms of dip depth (%), duration (ms), and
phase angle.

In this study, the ideal mains voltage (Vac) is modeled as a
function of time as shown in Equation 10.

Vac () = Vaom sin(wt) (10)

Here, Viom 1s the peak value of the nominal network voltage
(311 V). According to IEC 61000-4-11, a voltage dip event is created
by reducing the signal amplitude by a factor of k over a specific time
interval (Equation 11).

Viom Sin(wt), t<t0
Vac(t) = { k. Vhom sin(wt), t0<t<tl (11)
Viom Sin(wt), t>tl

The parameters used in the simulation scenarios are as
follows:

® Viom : Nominal input voltage (311 V),

e k: Voltage dip depth (0.6 for 40% dip, 0.3 for 70%, 0.2
for 80%,),

e to: Start of dip (0.5 s),
e t;: End of dip (0.7 s),
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The dip duration was kept constant at 200 ms in all scenarios,
and three different dip levels, as specified by the IEC standard, were
tested: 40%, 70%, and 80%. These tests formed the basis for a
comprehensive analysis of the LED driver's dynamic immunity
response to power grid disturbances of varying severity [8, 13].

3. Simulation Results and Discussion

This section presents the simulation results obtained for the
critical 40%, 70%, and 80% voltage dip levels of the IEC 61000-4-
11 standard using the methodology and parameters defined in
Section 2. The recovery performance of the PI controller and the
critical role of DC-link capacitance in the system were evaluated.

3.1. Voltage Sag Response Analysis

Simulations were performed to examine the system response
to sag events starting at t=0.5 s and lasting 200 ms (ending at t=0.7

s).
3.1.1. 40% Voltage Dip

This scenario, where the input voltage dips by 40%,
represents the least severe impact on the system. As shown in Figure
2, the DC-link voltage (Vpc) dipped to approximately 125 V due to
the capacitor discharge characteristic. Thanks to the average value
model, the net envelope change, free from switching noise, can be
observed. At this voltage level, the PI controller increased the duty
cycle (D(t)) to minimize the error, but since D(t) remained below the
saturation limit of 1, the control loop continued to operate in the
linear region. As a result, the deviation in the LED output current
was kept at only 11% [21]. This demonstrates that the 100 pF DC-
link capacitance and the current controller provide full functional
protection against 40% dips. The anti-windup mechanism was not
active in this scenario because the controller did not reach saturation
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Figure 2 DC-link voltage (Vbc) and LED output current (ILep) for a
40% voltage dip

3.1.2. 70% Voltage Dip

In the 70% scenario, where the dip depth increases, the
system's energy balance is strained. Figure 3 shows that Vpc rapidly
dips below the 100 V level. Faced with this deep dip, the PI
controller enters saturation by increasing the duty cycle to the
physical limit D(t) approximately 1 (D = 1) to maintain the LED
current at the reference value. Due to the insufficient DC-link
voltage and the converter reaching saturation, a 44% deviation
occurred in the LED current [22]. Although this deviation resulted in
noticeable flickering in terms of lighting quality, the system did not
lose stability and recovered without entering oscillation after the dip.
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Figure 3. DC-link voltage (Vpc) and LED output current (ILep) for
a 70% voltage dip

3.1.3. 80% Voltage Dip

In the 80% dip scenario, one of the most demanding tests of
the IEC 61000-4-11 standard, the DC-link energy is completely
depleted and Vpc reaches zero because the input voltage falls below
the rectifier conduction threshold (Figure 4). With the interruption of
energy flow, the LED current also dips to zero, showing a 100%
deviation [23]. This situation is defined in the literature as a critical
functional interruption indicating that the device has failed the
immunity test [13]. The most critical phase of this scenario is the
recovery phase, where the grid voltage returns to its nominal value
at t=0.7 s. The high charging current (inrush) drawn from the grid by
the discharged capacitor tends to create a dangerous voltage spike
approaching 400 V on the DC-link if left uncontrolled. However, the
Virtual Overvoltage Protection (OVP) mechanism integrated into the
simulation model intervened at this point. As seen in the Vpc graph
in Figure 4, the voltage rise was successfully clamped at the 250 V
level, preventing damage to the driver components.
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Figure 4. DC-link voltage (VDC) and LED output current (ILep) for
an 80% voltage dip

3.2. Immunity Performance Evaluation

The results obtained from three different scenarios are
summarized in Table 3. The data in Table 3 confirms the critical role
of DC-link capacitance (100 pF) in system immunity [15]. A small
increase in dip between 70% and 80% has shifted the system from a
partially functional state (44% deviation) to a completely non-
functional state (100% deviation). This result scientifically proves
that the simplified driver model with a low-capacity DC-link is
inadequate for the most demanding conditions of IEC Class 3 [24].

Table 3: LED Driver Response According to Voltage Dip Levels

Dips level | Vpc (During Dip) LED Current Deviation
%40 125 11

%70 100 44

%380 0 100
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The most important finding of the analyses is the
identification of situations where the controller strategy alone is not
sufficient. In the 80% dip scenario, although the PI controller's Anti-
Windup feature limited integral accumulation, it could not
compensate for the physical lack of energy (DC-link collapse).
Furthermore, voltage spikes during recovery are a phenomenon that
develops much faster than the bandwidth of the control loop.
Therefore, the 250 V active clamping strategy applied in this study
has proven the necessity of hardware protection measures (varistors,
active OVP circuits, etc.) in the simulation environment. The
theoretical peaks produced by an ideal rectifier model have been
brought within realistic and safe limits thanks to this protection
mechanism [25].

4. Conclusions and Future Work

This study comprehensively examined the behavior of a
typical LED driver power stage against 40%, 70%, and 80% voltage
dip scenarios defined in the IEC 61000-4-11 standard. The analyses
employed an average-value-based circuit model, free from switching
dynamics, and a PI + Anti-Windup-based current control structure.
This approach reduced simulation complexity while clearly
revealing the energy buffering capacity of the DC-link capacitor and
the stability limits of the control loop.

Simulation results show that the driver exhibited three
different response regions depending on the depth of voltage dip:

Full Functionality (40% Dip): The DC-link voltage
remained within safe limits and the controller was able to regulate
the current without reaching saturation.

Partial Functionality/Flicker (70% Dip): Energy balance
was disrupted, the controller reached saturation, and noticeable
fluctuations occurred in the light output; however, the system
maintained its stability.
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Functional Interruption and Overvoltage Risk (80%
Dip): In this most critical scenario, where DC-link energy was
completely depleted, the system temporarily lost its functionality.

The most important finding of the study emerged during the
grid recovery phase after the 80% dip. Sudden voltage surges
(reaching 400 V levels) that threaten hardware safety when left
uncontrolled were observed. Simulation results proved that this risk
cannot be prevented by controller parameters (PI+AW) alone; it is
imperative to integrate a 250 V clamping mechanism that models an
active overvoltage protection function into the system. This finding
confirms that not only steady-state performance but also hardware
protection measures against grid transition events are critical in LED
driver design.

In light of the results obtained and within the scope of the
study, the following recommendations are made for future research:

Comparison with Detailed Switching Model: Verification
of transient regime accuracy by comparing the average value model
used in this study with full-switching models that include high-
frequency switching dynamics.

Design of Physical Protection Circuits: Design and test the
clamping structure idealized in the simulation at the physical circuit
level using an inrush current limiter (NTC/Relay), varistor (MOV),
or active semiconductor switches.

Advanced Control Strategies: Investigation of the effect of
model-based predictive control (MPC) or nonlinear control methods
on recovery performance for deep dip scenarios where the PI + AW
structure is insufficient [26].

DC-Link Optimization: Optimization of the DC-link
capacitance value or investigation of hybrid energy storage (e.g.,
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supercapacitor-assisted) architectures to increase energy continuity
during critical dip durations.

Photometric Analysis: Detailed experimental
measurements of the effect of electrical deviations on light quality
as perceived by the human eye (e.g., flicker index).

In conclusion, this study provides a comprehensive
evaluation of LED drivers in terms of both control theory and circuit
protection requirements in response to IEC voltage dips, establishing
an academic reference for reliable driver design.
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CHAPTER 8

COMPREHENSIVE DESIGN AND FEA-BASED
EVALUATION OF V-SHAPED INTERIOR PMSM
FOR SUSTAINABLE E-MOBILITY

CELALETDIN AKGUL!
YUCEL CETINCEViZ?

Introduction

The widespread consumption of fossil fuels in the
transportation, industrial, and energy sectors has led to severe air
pollution and climate change, creating a global environmental
problem (Helmers ve Marx, 2012: 14). This situation is closely
related to increasing energy expenditures and excessive dependence
on fossil fuels. As a solution to these issues, electric vehicle (EV)
technology has emerged. EVs offer a significant opportunity for a
sustainable future due to their potential to reduce emissions, increase
energy efficiency, and minimize environmental impact (Alanazi,
2023: 6016).
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The widespread adoption of EVs is primarily determined by
their low-emission and high-efficiency characteristics (Alanazi,
2023; Gobbi vd., 2024). Within the powertrain system, battery
systems and traction inverters are essential components, while the
electric motor represents a critical element in the EV ecosystem. One
of the primary advantages of electric motors over internal
combustion engines (ICEs) is the simplification of the power
transmission system (Gobbi vd., 2024). Unlike ICEs, which require
complex differentials and multi-speed gearboxes, electric motors can
operate efficiently over a wide range of torque and speed, often
eliminating the need for such mechanical systems. This significantly
reduces mechanical losses caused by friction, thereby improving
overall energy efficiency. EVs, with fewer moving parts, provide
lighter, more compact, and low-maintenance drive systems, thereby
enhancing both performance and reliability (Un-Noor vd., 2017:
1217).

A wide variety of electric motors are used in EVs and
industrial applications. These include Induction Motors, Brushed
and Brushless DC Motors, Switched Reluctance Motors, and
Synchronous Motors (Zeraoulia, Benbouzid ve Diallo, 2006: 1756).
Although each type offers distinct advantages and disadvantages, in
recent years, Permanent Magnet Synchronous Motor (PMSM)
technology has gained significant attention for integration into EV
applications. PMSM design is a multidisciplinary and complex
process that requires optimization of electromagnetic performance,
as well as dimensional and structural parameters. Due to their ease
of manufacturing, advantages such as low cost, high durability, and
efficiency have made them the preferred traction motor type for
many manufacturers; however, PMSMs have gradually replaced
them to a large extent (Rimpas vd., 2023; Sieklucki, 2021).

PMSMs are divided into two main categories: inner-rotor and
outer-rotor types (Quoc ve Huu, 2024). The selection of rotor type
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depends on several factors, including vehicle speed, torque, size,
weight, and cooling requirements (Gobbi vd., 2024). For
applications requiring high speed and rapid dynamic response,
interior-rotor designs are preferred. Based on the rotor configuration,
permanent magnets can be mounted on the surface or embedded
inside the rotor. Interior Permanent Magnet Synchronous Motors
(IPMSMs) are widely preferred in electric vehicle applications due
to the mechanical durability of the magnets embedded within the
rotor, which counteracts centrifugal force at high speeds. The
embedded magnets provide mechanical robustness, efficiency, and
high speed capability in motors (Du et al., 2022). IPMSMs
additionally generate reluctance torque. The output torque achieved
by IPMs is higher than that of SPMs (Dwivedi vd., 2010).

In the design of internally rotor-mounted PMSMs, the
geometric shape and position of the magnets within the rotor directly
and effectively influence the motor's performance. Various types of
magnets are available in this field. Various magnets have been
developed, including V-shaped, U-shaped, flat block, spoke-type,
and multi-layered configurations (Murali and Ushakumari, 2020;
Hwang et al., 2018; Ying et al., 2017). Comparative analyses of
IPMSMs show that V-shaped magnets exhibit superior performance
compared to other magnet types (Balta et al., 2023; Liu et al., 2016;
Yan et al., 2017).

One of the most commonly used permanent magnets in
electric motors is NdFeB magnets, due to their high coercivity (Hc),
high magnetization (Br), and high maximum energy product
(Hirosawa et al., 2017; Vlachou et al., 2024; Geng et al., 2025). The
magnetic properties of NdFeB magnets increase motor efficiency,
minimize energy losses, and extend the range of electric vehicles due
to the energy savings they provide (Desai et al., 2023). The strong
magnetic field produced by NdFeB magnets enables compact and
lightweight designs in the motor section of electric vehicles,
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providing high power and torque density (Desai et al., 2023). The
magnetic stability of NdFeB magnets, high temperature resistance,
and reliability increase the reliability and lifespan of motor systems,
ensuring consistent performance over time (Geng, Todd, & Mumtaz,
2025). All these features make NdFeB magnets an important
component in electric vehicle drive systems in terms of efficiency,
compactness, and performance.

This study presents an internally rotor-mounted PMSM
design operating at a nominal speed of 1100 rpm, featuring 94%
efficiency and a nominal output power of 1.4 kW. The magnet
placement embedded in the rotor adopts a structure that is
mechanically robust and capable of stable operation. During the
design process, numerous criteria such as electromagnetic
performance, torque, structural integrity, and cost were addressed
using a holistic approach. To evaluate the accuracy of the motor
design, finite element analysis (FEA) data was used for verification.

Design Requirements and Analytical Sizing

Motor design for electric motors requires specific design
criteria in terms of operating conditions, expected performance
levels, and efficiency requirements. Among these criteria, high
starting torque, compact physical structure, high power density, wide
speed-torque range, and high efficiency are paramount. The design
parameters determined according to the design criteria are presented
in detail in Table 1.

Table 1. Initial Design Parameters of the PMSM

DC Supply Voltage 48V
Motor Output Power 1400 W
Motor Torque 12.15 Nm
Motor Speed 1100 RPM
Efficiency %85
Current Density <6
Slot Fill Factor % 40 - % 60
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In the PMSM design process, the initial step is to calculate
the output gear ratio. This ratio determines the motor's design
dimensions and performance parameters. The basic formulas and
methods of PMSM design are discussed in detail in the equations.
The connection between the motor's power, performance
characteristics, and rotor diameter and length parameters (D;s’)) is
the calculation of the air gap power (Sgqp). This calculation forms the
basis for the subsequent stages of the design process (Giirdal, 2001).

Sgap =mx* Eph *Ipp (1

The input apparent power (S) is expressed in Equation (2)
(Giirdal, 2001).

= — _ Pour
S=mxVph* on = 3 osi@) @
In addition, considering an m-phase machine with one circuit
per phase, the developed kVA (S) from the armature design is
obtained from the induced electromotive force (Ep:) and the phase
current (/,») in the armature (Gtirdal, 2001).

S=m(V2* f * ¢ * Typ * Ky, ) (Ipn)x1073kVA (3)

By noting that /= pny/2, I.= I, (since there is only one circuit
per phase), and Z = 2mT,; Equation (4) can be rearranged as follows
(Giirdal, 2001).

S = % (pp) (U, Z)ng * wa10_3 4)

The total magnetic flux in the air gap of the machine is
referred to as the total magnetic loading. The average flux density in
the air gap of the machine is known as the specific magnetic loading
(Bavg). Accordingly, it is expressed in Equations (5) and (6) (Giirdal,
2001).

Total Magnetic Loading = p¢p Wb %)
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and

p$
Bavg = DL T (6)

The total ampere-conductors distributed around the armature
(or stator) periphery are referred to as the total electric loading. The
number of armature (or stator) ampere-conductors per meter of the
air-gap periphery is known as the specific electric loading (ac).
Accordingly, it is expressed in Equations (7) and (8) (Gtirdal, 2001).

specific electric loading = I,Z amper —Conductor (7)

and

I,xZ
T*xD

ac = amper —Conductor/m (8)

By substituting the values of (p®) and (I.Z) from Equations
(6) and (8) into Equation (4), the following equation is obtained
(Giirdal, 2001).

S = % (7 % D * L % By ) (1w * D * ac)nsK,,x1073 (9)
S = (1.11 % % * By, * ac * K, x1073)D2Lng (10)
S=C,*D?x*Lx*ng (11)

Equation (11) represents the output equation of an AC
machine, while Equation (12), denoted as C,, is known as the output
coefficient (Giirdal, 2001).

Co, = 1.11 * % % By, * ac * K,,x1073 (12)

The value of D?L for AC machines is obtained from Equation
(11). The next step in the calculation involves decomposing it into
the D and L components.

The pole pitch (z,) is the physical distance between two
adjacent poles corresponding to 180 electrical degrees. For the stator
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or rotor, the pole pitch is related to the machine diameter (D) and the
number of pole pairs (p) and is expressed by Equation (12) below
(Boldea ve Tutelea, 2009; Boldea ve Nasar, 2010; Gieras, 2009;
Pyrhonen vd., 2013; Lipo, 2017; Izanlo vd., 2020).

T*D

T = (13)

The aspect ratio (1) is an important parameter that must fall
within a specific range to achieve an optimal motor design. For a
PMSM with two pole pairs, the aspect ratio should be between 0.6
and 3 to ensure efficient operation and the desired motor
characteristics. The relationship between the aspect ratio and the
pole pitch is given in Equation (13) (Boldea ve Nasar, 2010).

L xL,
1==="2

Tp TxD

06<1<3 (14)

When the aspect ratio is assigned a value between 0.6 and 3,
the proportional relationship between D and L can be determined
(Boldea ve Nasar, 2010). From the value of D’L, the individual
values of D and L are then obtained. In Equation (14), the inner
diameter of the stator is expressed as follows.

*L,
D=2

(15)

The induced phase voltage expressed in Equation (15) is

A*TT

determined by the number of turns per phase (w.), the frequency (f),
and the magnetic flux per pole (®). Furthermore, Equation (16)
states that the magnetic flux per pole depends on the average air-gap
flux density (By), the pole pitch (7,), and the stack (core) length. By
combining these two equations, the number of turns per phase can
be calculated (Kartal ve Arabul, 2022).

E:%*kw*wa*f*d) (16)
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The flux per pole is calculated as shown in Equation (17)
(Kartal ve Arabul, 2022).

2
d) = ; * Bg*Tp (17)

The number of turns per phase is calculated as shown in
Equation (18) (Soleimani ve Gholamian, 2013).

E

wa =——
4.44xf*pxk,,

(18)
The total number of conductors is calculated as shown in
Equation (19) (Pyrhonen vd., 2013; Soleimani ve Gholamian, 2013).

Z=2+xm=x*a (19)

The number of conductors per slot is calculated as shown in
Equation (20) (Pyrhonen vd., 2013; Soleimani ve Gholamian, 2013).

Z
Zo =1 (20)
Here, Zo is the number of conductors per slot, Z is the total

number of conductors, and N; is the number of stator slots.

The phase current is obtained as shown in Equation (21)
(Giirdal, 2001).

S
3xVpp*cospxn

Iph = (21)

Copper losses are proportional to the square of the current
density, and the temperature rise is dependent on these losses. The
stator current density is selected within the range of 3—6.5 A/mm? to
ensure efficiency without exceeding the permissible temperature
limits (Pyrhonen vd., 2013). The conductor cross-sectional area is
calculated according to these values, as shown in Equation (22)
(Soleimani ve Gholamian, 2013).
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Apor == 22
con ] ( )

The slot fill factor varies depending on the design
requirements and constraints of the electrical machine. Generally, a
slot fill factor between 0.4 and 0.6 is considered suitable for most
applications (Meier, 2008). The calculation of the slot area is given
in Equation (23).

A, = Acon*Zo

= 23
sl Kfin ( )

The detailed design of the stator slot can be developed based
on the slot pitch. The structure of the stator slot is shown in Figure
1.

Figure I Stator Slot

As shown in Equations (24-29), variations in slot dimensions
affect motor performance parameters, including efficiency, air-gap
flux density, cogging torque, flux path, and machine weight (Liu,
2015).
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ts = (0.4 —0.6)T, (24)

ds = (3 —7)ts (25)
bs = T, — t; (26)
b, = (0.1 — 0.5)b, 27)
dso ~ (0.1 — 0.5)b, (28)
ds; = (0.1 —0.5)b, (29)

To determine the stator tooth width, the total air-gap flux
must first be calculated. This calculation is given in Equation (30)
(Ammar, 2023).

Protar = Bg * T x D ox L (30)

The flux under the pole is determined as shown in Equation
(31) (Ammar, 2023).

¢p — ¢t;tal (31)

The stator tooth flux is given in Equation (32) (Ammar,
2023).

st = Bst * W x L x k; (32)

The stator tooth width is calculated as shown in Equation (33)
(Ammar, 2023).

_ st
Wee = BegrLoky (33)

The stacking factor (k;) in motor design varies between 0.8
and 0.99 (Yulianto vd., 2021).

The width of the stator yoke is expressed as follows (Yulianto
vd., 2021).
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$p

W,, = —L—
sy 2*xBge*xLxk;

(34)
In electric motors, the air gap is a critical design parameter
that directly affects the passage of magnetic flux. The accurate
determination of the air gap significantly influences the motor’s
efficiency, torque, manufacturability, and overall performance.

g= 3.10-3< 27’”) T (35)

The air-gap estimation based on the pole pitch approach is
calculated as a function of geometric parameters such as the number
of poles and the pole pitch, as given in Equation (35) (Cetinceviz,
2025).

Rationale and Characteristics of the Designed Motor

The pole-slot configuration has a direct impact on the
electromagnetic performance in electric motor design. As the
number of poles increases, significant variations occur in the
electromagnetic torque and output voltage frequency. It has been
observed that a higher pole count increases magnetic saturation
between the stator and rotor, thereby reducing efficiency. For this
reason, a 10-pole configuration was selected within the 6- to 12-pole
range.

In PMSM designs intended for EV applications, the topology
defined by the direction of magnetic flux plays a crucial role in motor
performance. Depending on the orientation of the magnetic flux with
respect to the rotation axis, the flux topology is classified into two
categories: axial flux and radial flux. Radial-switched PMSM is
widely used in low and medium power systems due to its high
efficiency, torque-to-weight ratio, and robust reliability. With its
compact size and robust construction, it is widely used in electric
vehicles, pumps, and industrial drives (Samanta et al. 2025). In this
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motor topology, the magnetic flux passes perpendicular to the axis
of rotation through the air gap between the rotor and stator to achieve
energy conversion.

Radial flux motors offer efficient acceleration and high
traction performance in electric vehicles due to their high torque
density (El Hadraoui et al., 2022; Nye et al., 2025). These motors
stand out for their consistent performance characteristics and
generally provide effective cooling in heat distribution due to their
cylindrical geometry (Zadorozhniuk et al., 2024). Production
processes have been standardised and assembly operations
simplified due to the long-standing use of radial flux topology.
Electric vehicle manufacturers prefer them because they are suitable
in terms of production and cost.

PMSMs are divided into two different designs: internal rotor
and outer rotor. The determination of the rotor type in electric motor
design depends on various factor parameters such as speed, torque,
size, cooling system, and weight. In applications requiring high
speed and dynamic response, internal rotor configurations are found
to be more suitable.

There are two types of rotors in PM machines: surface-
mounted (SM) and interior- mounted (IM). In high-speed operations,
PMs must be fixed in the rotor against high centrifugal forces. In
IPM topology, magnet strength, which remains constant in the motor
and ensures stable operation, is frequently used in high-speed
applications (Xing et al., 2010; Dong et al., 2016).

The V-shaped magnet arrangement in PMSM design offers
various performance advantages such as high torque density, low
torque ripple, and a wide speed range (Lin et al., 2025). The V-
shaped magnet structure concentrates the magnetic flux within the
rotor, achieving a high magnetic flux density in the air gap and
demonstrating high starting torque and rapid acceleration
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performance. The V-shaped magnet placement improves the
demagnetization resistance capability by increasing the magnetic
salience ratio and ensures the motor's operation in the constant power
region (Zadorozhniuk et al., 2024). The embedding of magnets
within the motor provides resistance to centrifugal forces and
demagnetization, while the combined use of magnetic torque and
reluctance torque optimizes torque efficiency (Hahlbeck and
Gerling, 2008).

Figure 2 a) Surface-Mounted PMSM (SPMSM) and b) Interior
PMSM (IPMSM) (Kilmartin, 2016)

Rotor Rotor

TR Miknatis

Source: (Kilmartin, 2016)

One of the factors affecting efficiency in electric motor
design is core losses. To reduce these losses, silicon steel sheets with
low core loss (W/kg) properties are widely used. In this study, JFE
35JN270 grade silicon steel was used in the motor laminations for
the rotor and stator cores in the PMSM design. This material is
highly suitable for PMSM designs in terms of efficiency due to its
high magnetic permeability and low hysteresis loss. The B-H
characteristic curve shown in Figure 3 demonstrates that this
material provides low magnetic field strength (H) and high magnetic
flux density (B).
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Figure 3 B—H Curve of 35JN270
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The core material in PMSM demonstrates effective magnetic
performance without reaching magnetic saturation in applications
requiring high efficiency. The JFE 35JN270 core material
contributes to the motor's efficiency through its saturation
characteristics and low core loss.

Figure 4 B—H Curve of 35JN270
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Due to the high power density, NAOUH grade neodymium
magnet material has been preferred in the PMSM design within the
rotor. The B—H characteristics of the magnet and core materials are

presented in Figure 4.
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Table 2 Final Design Parameters of the Model

Parameter Value Unit
% Number of Poles, p 10 -
% g Motor Output Power, P 1.4 kW
8 3 Frequency, f 91.67 Hz
g Voltage, V 48 \'%
% Rated Speed, om 1100 rpm
e =z Rated Current, / 19.7 A
g S Rated Torque 12.15 Nm
g7 Motor Stack Length, L, 30.49 mm
2 Number of Slots, N 39 -
= Rotor Outer Diameter, Dro 111.19 mm
% Rotor Inner Diameter, Dri 75.02 mm
- Air-Gap Length, g 1 -
Magnet Thickness, im 2.92 mm
§ Magnet Length, /m 27.74 mm
a Type of Magnet N40UH -
Relative Permeability of Magnet, ur 1.03 -
Connection Type Star -
= Winding Type Distributed -
g Number of Winding Layers 2 -
E" Wire Diameter, Dtel 1.94 mm
o Number of Turns per Stator Phase, NVt 8 -
Number of Parallel Wires, ntel 3 -
Number of Slots per Pole per Phase, g 1.3 -
Stator Inner Diameter, Dsi 112.2 mm
Stator Outer Diameter, Dso 191 mm
Lamination Thickness 0.35 mm
v Stacking Factor, kyf 0.95 -
% Winding Factor, ksf 0.954 -
. Tooth Tip Thickness, 4s0 1.1 mm
Slot Tooth Tip Radius, As/ 1.21 mm
Slot Height, As2 26.7 mm
Oluk agiklig1, Bs0 2 mm
Stator Tooth Width, wst 5.9 mm
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The general geometric dimensions of the designed motor, the
core material, the materials used for the magnet construction, and the
details of the stator winding connections are presented in Table 2.

2D Magnetic and Performance Analysis Using Finite Element
Analysis

FEA is a numerical method used to solve complex
electromagnetic field problems and circuit parameters. The primary
purpose of employing FEA in analyzing electric motors is to evaluate
magnetic saturation levels in various regions, such as the stator and
rotor cores, teeth, and slots, and to verify the accuracy of the motor
design model.

Before performing the motor analysis, the model is divided
into small mesh elements, a process known as meshing. The key
consideration in this step is to refine the model into smaller, more
precise elements to improve the accuracy of the analysis results.

Figure 5 Motor Modelling Process
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Electromagnetic problems in electrical machines are
typically solved in either two or three dimensions, depending on the
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nature of the problem. Two-dimensional models generally represent
radial-flux PMSMs, and under typical conditions, simulations can be
completed within a few minutes. To date, numerous two-
dimensional analytical methods with varying levels of accuracy have
been proposed and integrated into motor design and performance
analysis processes.

In this study, ANSYS Maxwell software was utilized for the
motor design and electromagnetic analysis processes. Initially, the
basic parameters of the motor were defined through the RMxprt
interface, and then the model was transferred to the 2D analysis
environment. After the model transfer, a meshing process was
applied to the geometry, enabling detailed electromagnetic analyses.
During this process, the model was divided into small mesh elements
and solved, thereby increasing the accuracy of the analysis results.
Once the excitation conditions, mesh density, and analysis settings
were finalized, the results were visualized and reported. All these
steps were carried out in a systematic workflow to ensure a reliable
evaluation of the motor’s electromagnetic performance.

Figure 6 presents the results of the magnetic flux density
distribution obtained after the Multi-Objective Genetic Algorithm
(MOGA) optimization. In the two-dimensional finite element
analysis, at a simulation time of 20.52478 ms, the motor speed was
1100 rpm, and the rotor position was determined to be 146.078946°.
According to the analysis results obtained at this time step, the
average flux density in the stator was 1.608 T, the flux density in the
stator teeth was 1.629 T, and 1.9 T at the tooth tips. The flux density
in the magnet region was measured as 0.931 T, while it was 1.37 T
in the stator yoke and between 0.6 and 0.8 T in the rotor region.
Additionally, the flux density between the magnets was determined
to be 2.2 T and 2.157 T at the magnet edges.

--142--



Figure 6 Magnetic Flux Density Distribution of the Motor After
Optimization
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It was observed that the flux densities in the stator teeth
remained below the magnetic saturation level of the silicon steel
sheets used. Localized high flux densities were observed at the tooth
tips, especially at corner transitions; however, these values were
found to be insignificant (Soyaslan, 2020).

The magnetic flux paths of the 39-slot, 10-pole model
obtained after MOGA optimization are examined in Figure 7. Post-
optimization analysis revealed that the maximum magnetic vector
potential in the magnets was 0.016 Wb/m.
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Figure 7 Magnetic Vector Potential Distribution of the Motor After
Optimization
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Figure 8 shows the average magnetic flux density
distribution in the air gap of the motor under full-load conditions.
The figure depicts the magnetic flux distribution resulting from the
interaction between the rotor and stator. Based on the obtained data,
the magnetic flux density in the air gap varies between
approximately 0.25 T and 1.8 T, with an average value of 0.7901 T.
This distribution indicates that the air gap flux density of the motor
using Nd-based permanent magnets falls within the typical range of
0.7 T to 1.0 T. The average value obtained within this range indicates
that the motor's magnet configuration and electromagnetic circuit
design have been properly optimized.
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Figure 8 Average Magnetic Flux Density Distribution in the Air
Gap Under Full Load
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Figure 9 shows the change in stator currents over time. The
phase current waveforms obtained after MOGA optimization show
significant phase shift and amplitude imbalance between phases. The
current waveforms exhibit sharp transitions resembling square
waves and amplitude irregularities.

Figure 9 Variation of Stator Current Over Time
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The calculated RMS current values for each phase were
determined as 36.79 A for Phase A, 38.53 A for Phase B, and 35.95
A for Phase C. This graph indicates that sudden changes and
fluctuations occur in the phase currents during the system's transient
operating conditions. These fluctuations are attributed to sudden
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variations in load conditions or the dynamic response characteristics
of the system.

Figure 10 Torque—Time Graph
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Figure 10 presents the torque—time graph obtained from the
FEA. In the design optimized using the MOGA, the torque exhibits
an increase and then stabilizes through periodic oscillations after
approximately 5 ms. The smaller amplitude of these oscillations
indicates that the motor shows a more stable performance. The
average torque value was calculated as 14.5091 Nm.

Conclusion

In this study, the electromagnetic performance of the PMSM
design developed for EV applications was comprehensively
evaluated through analytical calculations and FEA. The developed
model was optimized to achieve an output power of 1.4 kW, a
nominal torque of 12.15 Nm, and an efficiency target of 94%. By
employing NdFeB-based N40UH magnets and low-loss JFE Steel
35JN270 silicon steel sheets, high energy density and low core losses
were achieved.

In the two-dimensional electromagnetic analyses conducted
using ANSYS Maxwell, the average flux density on the stator teeth
was measured as 1.629 T, 1.37 T in the yoke region, and between

0.6-0.8 T in the rotor core. The average torque value was obtained
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as 14.5091 Nm, while the average air-gap flux density between the
rotor and stator was determined to be 0.7901 T. In the three-phase
system current analysis, the RMS current per phase was found to be
approximately within the range of 36-38 A.

The PMSM design demonstrated excellent electromagnetic
performance characterized by high torque density, well-distributed
magnetic flux, and low losses. It was concluded that the proposed
design can provide stable and efficient driving performance under
varying load and speed conditions typically encountered in EV
applications.
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CHAPTER 9

ARTIFICIAL INTELLIGENCE APPLIED TO
ELECTRIC VEHICLE BATTERY TECHNOLOGY

MUHAMMED TAN!

Introduction

The Software-Defined or Al-Defined Vehicle presents a new
ecosystem for Battery Intelligence. The electric vehicle (EV)
represents not one, but two, technological revolutions running in
parallel: the profound shift in energy storage and propulsion
(electrification) and the wholesale reinvention of a wvehicle's
intelligence and architecture (digitalization) (Cavus, Dissanayake, &
Bell, 2025; H. Lin, Yan, & Cheng, 2023). The catalyst that fuses
these two streams by transforming a piece of hardware into a
dynamic, intelligent, and interconnected platform is artificial
intelligence (AI). This convergence, underpinned by machine
learning, deep learning, and reinforcement learning, is creating a
fundamental paradigm shift from a mechanically-centric design to
that of a Software-Defined Vehicle (SDV) (W. A. Ali, Fanti,
Roccotelli, & Ranieri, 2023; Cavus et al., 2025; Naseri et al., 2023).

! Assist. Prof., Kastamonu University, Faculty of Engineering and Architecture,
Dept. of Electrical and Electronics Engineering, Orcid: 0000-0003-0825-1325
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In this new paradigm, the vehicle's functions are
progressively decoupled from their underlying physical hardware,
enabling intelligent, adaptive, and evolutionary vehicle systems. Al-
driven data-centric architectures allow for real-time analytics,
continuous feature deployment, and evolutionary capabilities, often
delivered via over-the-air (OTA) updates (Babaei, Riahinia, Ebadati
E, & Azimi, 2025; Che, Wang, Yao, & Gu, 2025; Chougule,
Chaudhari, Ghorpade, & Zennaro, 2024). This transition is not
merely semantic; it provides the essential tools to tackle the most
persistent challenges that have historically hindered EV adoption:
range anxiety, battery degradation, and grid instability (Ahmed,
Zheng, Amine, Fathiannasab, & Chen, 2021; Arévalo, Ochoa-
Correa, & Villa-Avila, 2024; Sumanasena et al., 2023; Venkatesh
Kumar et al., 2024).

The Al impact is highly perceptible and quantifiable. Across
the literature, the application of Al-driven strategies is already linked
to significant performance and lifecycle improvements, including
approximately 20% increases in battery lifespan (Afzal et al., 2023;
Sudhapriya & Jaisiva, 2025), significant improvements in state-of-
charge (SOC) estimation accuracy (less than 1% errors) (Arévalo et
al., 2024; Zafar et al., 2023), and reductions in unplanned downtime
owing to early fault detection and proactive interventions (Bahheti
et al., 2024; Cavus et al., 2025). Furthermore, Al-powered energy
management and smart charging optimization have shown that it is
capable of 10-30% gains in energy efficiency and 13-70% reductions
in charging costs depending on the system and scenario, with the
highest savings reported based on dynamic pricing and optimal
scheduling (Arévalo et al., 2024; S. Li et al., 2022; Mishra, Choubey,
Devarasetty, Sharma, & Misra, 2024; Shern et al., 2024; Udeogu &
Lim, 2022; Zhong, Liu, Liu, Fan, & Tang, 2025). This book chapter
explores the application of Al in the heart of the modern EV: the
battery.
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The Intelligent BMS: From Static Rules to Digital Twins

As the primary enabler of the Software-Defined Vehicle
ecosystem described previously, the Battery Management System
(BMS) acts as the vehicle's electronic brain responsible for the
safety, longevity, and performance of its most expensive and
complex component. This task is extraordinarily difficult due to the
complex, non-linear, and time-varying electrochemical physics of
lithium-ion batteries. The Al-driven solutions for BMS are not just
models; they are often deployed within a Digital Twin framework,
which serves as the core architecture for unifying sensor data, Al
prognostics, and real-time control (Wu, Widanage, Yang, & Liu,
2020).

This integration is illustrated in Figure 1, which depicts the
Digital Twin framework where real-time sensor data informs a
virtual replica for continuous optimization.

Figure 1. Digital Twin framework for Battery Management Systems
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Source: Created with our descriptive prompt by a generative Al (GenAl) tool.

Beyond Rule-Based Limitations

Traditional BMS architectures, which have dominated the

industry, are fundamentally static. They rely on fixed algorithms,
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such as Coulomb counting for state-of-charge (SOC) estimation or
predefined lookup tables for operational limits (Krishna et al., 2024;
Sancarlos et al., 2021; Yilmaz, Cinar, & Yazici, 2025). These
methods lack robustness as they struggle to adapt to the realities of
battery aging, environmental changes, and the stochastic nature of
real-world driving scenarios (Cavus et al., 2025; Ghalkhani &
Habibi, 2023; Lipu et al., 2024). Such conventional methods struggle
because they attempt to apply linear rules to the complex, non-linear
electrochemical physics of a lithium-ion battery. Coulomb counting,
for instance, is notoriously susceptible to sensor drift, accumulating
significant errors over time, while lookup tables simply cannot
capture the dynamic behavior of a cell under load (Krishna et al.,
2024; Sancarlos et al., 2021).

Figure 2. Synthetic SOC Estimation Error: Rule-Based Drift vs.
Deep Learning Precision
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The qualitative magnitude of this limitation is visualized in
Figure 2, which hypothetically contrasts the accumulated error drift
of a traditional rule-based approach against the sustained stability of
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an Al-driven estimation model over 500 cycles using a characteristic
synthetic data for demonstration purposes only.

Al transforms the BMS from this static, rule-based guardian
into a predictive, self-learning platform. By leveraging machine
learning (ML), deep learning (DL), and reinforcement learning (RL),
an intelligent BMS can dynamically adjust its control strategies in
real-time, adapting to battery degradation, unique usage patterns,
and external conditions to improve safety, reliability, and lifespan
(Cavus et al., 2025; Ghalkhani & Habibi, 2023; Wu et al., 2020).

High-Fidelity State Estimation: The Core of Intelligent BMS

The most critical task of any BMS is to answer three
fundamental questions: How much energy is left (State of Charge,
SOC)? What is the battery's current condition (State of Health,
SOH)? And how long will it last (Remaining Useful Life, RUL)? AI-
driven estimation provides a profound leap in the accuracy of these
vital metrics.

Deep learning models, particularly Long Short-Term
Memory (LSTM) networks, hybrid Convolutional Neural Networks
(CNNs), and Gaussian Process Regression (GPR), have proven
exceptionally adept at this task (M. K. Khan et al., 2024; Sultan,
Eladl, Hassan, & Gamel, 2025; Tripp-Barba, Aguilar-Calderon,
Urquiza-Aguiar, Zaldivar-Colado, & Ramirez-Noriega, 2025).
Unlike their conventional counterparts, these models are designed to
capture the complex, non-linear, and time-dependent relationships
within battery data (voltage, current, temperature) that are opaque to
traditional physics-based models (M. K. Khan et al., 2024; S. L. Lin,
2024; Obuli Pranav et al., 2024).

The performance gains are definitive. Multiple studies
focusing on LSTM-based and hybrid models report low estimation
errors for SOC, SOH, and RUL often achieving percentage errors as

low as 1% (Cheng, Wang, & He, 2021; Fasahat & Manthouri, 2020;
--158--



U. Khan, Kirmani, Rafat, Rehman, & Alam, 2024; P. Li et al., 2020;
Zhao, Liu, Zhou, Ming, & Wu, 2025). This high-fidelity estimation
is often operationalized within a Digital Twin framework. This
approach uses Al models (such as TCN-LSTM) to power a real-time,
adaptive virtual replica of the physical battery, enabling continuous
model updates and system-wide optimization with reported RMSEs
as low as 0.8-1.1% (Zhao et al., 2025). This leap in estimation
accuracy is not merely a speculative exercise; it translates directly

into concrete economic and operational value:

Higher Vehicle Residual Value: Accurate, verifiable SOH
and RUL data effectively create a de facto "battery health
certificate." This reduces the uncertainty and risk for a
second-hand EV buyer, directly supporting higher resale
value (X. Chen et al., 2023; Sylvestrin et al., 2025).

Enhanced Second-Life Viability: The trillion-dollar
market for second-life batteries (e.g., for stationary grid
storage) depends entirely on the ability to reliably assess
the SOH and RUL of retired EV packs. Precise ML-based
predictions are the key enabler for this circular economy,
maximizing the battery's lifecycle value (X. Chen et al.,
2023; Sultan et al., 2025; Sylvestrin et al., 2025).

New Business Models: High-fidelity, real-time state
estimation 1is the technological backbone for new
mobility concepts like Battery-as-a-Service (BaaS). Such
predictive models could make dynamic leasing, battery
swapping, and pay-per-use schemes for EVs
technologically and financially viable (Cavus et al., 2025;
Sylvestrin et al., 2025; Zhao et al., 2025).

Predictive Thermal Management and Safety

Beyond estimation, the primary directive of a BMS is to
ensure safety. Al is shifting this function from reactive damage
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control to proactive, predictive thermal management. The goal is to
prevent thermal runaway (TR) before it occurs.

Deep learning models, including hybrid LSTM-CNNs and
Graph Neural Networks (GNNs), are being used to create
spatiotemporal forecasts of a battery's temperature profile (Das
Goswami, Abdisobbouhi, et al., 2024; Das Goswami, Mastrogiorgio,
et al., 2024). By analyzing real-time voltage, current, and
temperature data, these models can identify abnormal heat
generation and predict the onset of thermal runaway with remarkable
foresight, in some cases providing early warnings up to 27 minutes
before a critical TR event (D. Li et al., 2022; Ma, Huo, Wang, &
Zhang, 2023). Figure 3 theoretically illustrates this predictive
warning scenario with typical battery operation, decomposition and
breakdown temperatures.

Figure 3. Al Early Warning vs. Physical Breakdown Stages
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Source: Generated with an iterative GenAl prompt descriptive of the TR process.

A synthetic representation of this capability (see Fig. 3)
exemplifies how a prediction or forecast-based Al risk score can
detect anomalies significantly earlier than traditional physical
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thresholds such as the Solid Electrolyte Interphase (SEI) layer
decomposition or the separator melting temperatures offering a
crucial time window for proactive intervention. This predictive
window is transformative, enabling proactive interventions such as
targeted cooling, isolating faulty cells, or optimizing charging
protocols that have been shown to reduce TR occurrence and

severity by as much as 78% and 93%, respectively (Hemakumar et
al., 2024).

Other ML models, such as Random Forests, are used to
pinpoint the exact location of faulty cells from optimized sensor
data, while Generative Adversarial Networks (GANs) can detect
subtle charging anomalies that signal a cell at risk (Daniels, Kumar,
& Prabhakar, 2025; H. Li et al., 2024; Tran et al., 2022).

Adaptive Charging and Lifespan Extension

Finally, the intelligent BMS optimizes how the battery is
charged, moving from a static "dumb" charger to a dynamic,
personalized strategy. Reinforcement Learning (RL) is the primary
tool for this application (Yal¢in & Herdem, 2024).

RL models excel at developing adaptive, real-time charging
policies that learn from users' usage patterns, the battery's current
SOH, and dynamic grid pricing (Cavus et al., 2025; Gu, Qian, &
Yang, 2025; Sultanuddin et al., 2023). The result is a personalized
strategy that navigates the complex trade-off between user
convenience, charging speed, and battery health.

The consensus from recent studies shows this approach
yields a dual benefit. First, it directly minimizes battery degradation
by avoiding harmful charging patterns, leading to measurable
reductions in capacity fade (Hu, Yuan, Su, & Ou, 2023; Liu et al.,
2025; Wang, Wang, & Fu, 2025; Yal¢in & Herdem, 2024). Second,
it optimizes the economic and environmental impact of charging. By

intelligently shifting charging to off-peak or renewable-rich periods,
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RL-based strategies would reduce user costs by up to 70% while
simultaneously flattening grid load, a critical function for grid
stability (Lee, Lee, & Kim, 2020; S. Li et al., 2022; Sultanuddin et
al., 2023; Tuchnitz, Ebell, Schlund, & Pruckner, 2021).

Future Frontiers: Generative Al, Privacy, and Trust

While the intelligent BMS architectures described in the
previous section demonstrate the immense potential of Al to
optimize performance and safety, their widespread deployment
within the Software-Defined Vehicle ecosystem faces grand
challenges that define the future research agenda (Ghalkhani &
Habibi, 2023).

The Data Challenge and Generative Al: A critical hurdle is
the scarcity of real-world fault data. Generative AI (GANSs) has
revolutionized fault diagnosis for motors and gearboxes (M. Chen,
Shao, Dou, Li, & Liu, 2023; Lang et al., 2022), and holds immense
promise for battery systems as well. These models can create high-
fidelity, synthetic fault data to train robust diagnostic models without
waiting for catastrophic failures to occur in the field (Shaker, Pietro
Rosati Papini, Saveriano, & Liang, 2024; Zhang et al., 2025).

Privacy and Federated Learning: As BMSs become cloud-
connected within the Internet of Electric Vehicles (IoEV), data
privacy is paramount. Federated Learning (FL) is emerging as the
standard for fleet-wide intelligence. FL allows vehicles to
collaboratively train improved SOC/SOH models without sharing
sensitive raw data, ensuring privacy while leveraging the collective
wisdom of the fleet (Yan et al., 2024; Yilmaz et al., 2025). This
decentralized architecture is visualized in Figure 4, which
demonstrates how individual vehicles compute local model updates
(gradients) and share only these mathematical parameters with the
central cloud, keeping the sensitive raw user data securely locked
within the vehicle.
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Figure 4. Privacy-Preserving Federated Learning Architecture
FEDERATED LEARNING: PRIVACY-PRESERVING FLEET INTELLIGENCE

Vehicles independently compute local updates on private data and share only mathematical gradients with the
Cloud. The Cloud aggregates these to update the Global Model, which is then sent back to all vehicles.

Source: Generated with a GenAl tool to illustrate the Federated Learning concept.

Trust and XAI: While the predictive safety measures
discussed in the predictive thermal safety section offer immense
value, the 'black box' nature of deep learning remains a barrier to
safety certification. The integration of Explainable Al (XAI) is
essential to provide engineers and regulators with interpretable
insights into why a BMS makes a specific prediction, bridging the
gap between high-accuracy Al and verifiable safety (S. Ali et al.,
2023; Nkechinyere Njoku, Ifeanyi Nwakanma, & Kim, 2024).

Conclusion

The battery is the heart of the electric vehicle, and Al has
become its pacemaker. By moving from static rules to predictive
intelligence, Al-driven BMSs are extending lifespans, enhancing
safety, and unlocking new economic value. As the industry moves
from Software Defined Vehicle toward the Al-Defined Vehicle, the
intelligent battery stands as the most mature and impactful
application of this technological revolution.

The key takeaways of this book chapter on Al applied to
Electric Vehicle Battery Technology are as follows:
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Paradigm Shift: The transition from Software-Defined
Vehicles (SDVs) to Al-Defined Vehicles has potential to
transform the battery from a simple stationary chemical
component into an intelligent, data-generating platform
managed by Al

Precision Estimation: Deep Learning models (e.g.,
LSTMs) and Digital Twin frameworks have reduced
State-of-Charge (SOC) and State-of-Health (SOH)
estimation errors to nearly 1%, potentially paving the
way to novel business models that can rely on such
accurate forecasts.

Proactive Safety: Al enables a shift from reactive
protection to predictive safety, capable of forecasting
thermal runaway events minutes before they occur by
analyzing non-linear voltage and temperature anomalies.

Fleet Intelligence: Federated Learning allows EV fleets
to collaboratively train robust AI models without sharing
sensitive user data, solving the dual challenge of data
privacy and model scalability.
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CHAPTER 10

EV SAFETY AND MAINTENANCE PROCESSES

YUCEL CETINCEVIZ!
MUHAMMED TAN?

Introduction

The global automotive industry is undergoing its most
significant transformation in a century, shifting from vehicles
powered by internal combustion engines (ICEVs) to electric vehicles
(EVs). This transition, driven by environmental and technological
imperatives, extends far beyond the consumer experience; it
fundamentally redefines the occupational risk landscape for the
millions of technicians who diagnose, service, and repair these
machines. For decades, automotive safety protocols have been built
around the well-understood physicochemical hazards of ICEVs:
managing flammable liquid fuels, mitigating exposure to toxic
exhaust emissions, and handling high-temperature mechanical
components (da Costa et al., 2025; Krzyzewska & Chruzik, 2023; Y.
Liu et al., 2021). While these risks remain, the advent of the EVs
introduces a new and distinct set of hazards rooted in high-potential
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electrical energy and the volatile chemistry of advanced battery
systems. Figure 1 illustrates the key structural differences between
ICEV and Battery EV (BEV) powertrains, emphasizing the presence
of high-voltage components such as inverters, battery packs, and
electric motors that replace combustion-based systems.

Figure 1 Comparison between Traditional Internal Combustion
Engine Vehicle (ICEV) and Battery Electric Vehicle (BEV)
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The New Hazard Landscape of Electric Vehicles

The primary occupational hazards unique to EV maintenance
include the risk of severe electrical shock from high-voltage DC
systems, the potential for thermal runaway and subsequent fire or
explosion in lithium-ion batteries, and exposure to hazardous gases
like hydrogen fluoride (HF) during battery incidents (Di Liberto,
Borchiellini, Fruhwirt, & Papurello, 2025), (Dorsz & Lewandowski,
2021), (Jia et al., 2024). These dangers stand in stark contrast to the
fuel-related fires and combustion byproducts characteristic of
ICEVs. Concurrently, other, more subtle risks have emerged. The
near-silent operation of EVs at low speeds, for example, presents a
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novel acoustic hazard in busy workshop environments, increasing
the risk of collisions between personnel and moving vehicles (M. del
C. Pardo-Ferreira, Rubio-Romero, Galindo-Reyes, & Lopez-
Arquillos, 2020), (M. C. Pardo-Ferreira, Torrecilla-Garcia, de las
Heras-Rosas, & Rubio-Romero, 2020). Furthermore, the increased
mass of EVs, largely due to their battery packs, may lead to higher
generation of non-exhaust particulate matter from tire and brake
wear, impacting air quality within service centers (Y. Liu et al.,
2021), (da Costa et al., 2025). As illustrated in Figure 2, these
evolving occupational hazards demonstrate a paradigm shift from
traditional fire and exhaust risks to high-voltage, chemical, and
environmental exposures unique to electric vehicle technologies.

Figure 2 Occupational hazard transition in the automotive industry
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This chapter provides a comprehensive, science-based

overview of the key safety challenges and hazard management
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protocols essential for the modern automotive service industry. It
moves from the foundational principles of high-voltage electrical
safety and battery chemistry to the practical application of safe work
processes, specialized equipment, and emergency response. By
synthesizing the latest research and international standards, this
chapter aims to provide a universally applicable guide for
technicians, safety managers, first responders, and engineers
operating in this rapidly evolving field.

High-Voltage Systems: The Electrical Hazard and Its Human
Impact

The defining feature of an EV's powertrain is its high-voltage
(HV) direct current (DC) architecture, typically operating between
400 and 800 volts, with future systems poised to exceed 1,000 volts.
This level of electrical potential presents a lethal hazard that
demands a complete paradigm shift from the 12V DC systems of
traditional vehicles. Managing this risk requires a dual
understanding: first, of the robust engineering controls and safety
protocols designed to isolate this energy, and second, of the severe
physiological consequences should these defenses be breached.

Engineering Controls and Safety Protocols for HV Systems

To ensure technician safety, a multi-layered system of
engineering controls and procedural protocols is mandated by
international standards, including UNECE R100, FMVSS 305, and
the functional safety standard ISO 26262 (Grebtsov et al., 2024;
Kurian & Abbasian, 2025; Lian, Zeng, Ye, Zhao, & Wei, 2018;
Wohrl, Geisbauer, Nebl, Lott, & Schweiger, 2021). The fundamental
principle of this framework is to ensure that the HV system can be
rapidly and reliably isolated and de-energized before any service
work commences. These standards mandate that, in the event of a
crash or manual service disconnect, the voltage at any accessible

point must be reduced to below 60V DC within five seconds (Kurian
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& Abbasian, 2025), (Wohrl et al., 2021). Figure 3 provides a concise
overview of the multi-layered high-voltage safety architecture in
EVs, highlighting Lockout/Tagout (LOTO) procedures, main
contactors, capacitor discharge circuits, and insulation monitoring as
the core engineering barriers that protect technicians from electrical
hazards.

Figure 3 A visual summary of the multi-layered safety system for
HV EV systems
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HV insulation to prevent
energizing the chassis

This is achieved through several key engineering controls
integrated into the vehicle's design:

e Main Contactors: These are high-power relays that
physically disconnect the battery pack from the rest of the
HV circuit, acting as the primary line of defense
(Chandran, Hennen, Arkkio, & Belahcen, 2022; Muram,
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Pop, & Javed, 2024), (Jiang, Diao, Zhang, Zhang, & Li,
2021).

e Capacitor Discharge Circuits: HV systems contain
capacitors that can store a dangerous charge even after
the battery is disconnected. Pre-charge and discharge
circuits are designed to safely bleed this residual energy,
often by routing it through motor windings or dedicated
resistors (Chandran et al., 2022; Kurian & Abbasian,
2025), (Yang, Yang, & Zhang, 2021).

e Insulation Monitoring and Galvanic Isolation: The
vehicle's Battery Management System (BMS)
continuously monitors the insulation resistance between
the HV circuit and the vehicle chassis. A drop in
resistance triggers a fault condition, isolating the system
to prevent the chassis from becoming energized
(Chandran et al., 2022; Jiang et al., 2021; Woéhrl et al.,
2021)

e Interlock Loops and Physical Barriers: A low-voltage
interlock circuit runs through all HV components. If any
component is disconnected without following the proper
procedure, this loop is broken, and the main contactors
open automatically. This is supplemented by physical
barriers, such as distinctively colored orange conduits
and warning labels, to prevent inadvertent contact
(Grebtsov et al., 2024; Muram et al., 2024).

Building upon these engineering controls is the procedural
cornerstone of HV safety: the Lockout/Tagout (LOTO) process.
Adapted from industrial electrical safety, LOTO ensures that the
vehicle cannot be accidentally re-energized while under service.
However, LOTO for EVs must be modified from traditional
applications, as a battery pack cagnot be fully "de-energized" at its



source (Grebtsov et al., 2024; Rosewater, 2023; Wohrl et al., 2021).
The process involves switching off the vehicle, disconnecting the
12V battery, removing the manual service disconnect, and then
verifying with a calibrated voltmeter that there is zero potential
between HV lines and between each line and the chassis. Only after
this verification can work begin.

The Physiological Consequences of High-Voltage DC Shock

The stringent nature of these protocols is a direct reflection
of the severe medical consequences of high-voltage DC electric
shock. Unlike the lower-voltage shocks that might be survivable,
contact with an EV's HV system can inflict devastating, multi-
system trauma that is often life-threatening and can lead to
permanent disability (Ahmed et al., 2021; Dechent et al., 2020; Shih,
Shahrokhi, & Jeschke, 2017). The severity is determined by the
voltage, the current's path through the body, and the duration of
contact. Figure 4 illustrates the primary physiological effects of
high-voltage DC shock.

Figure 4 An overview of the major physiological consequences of
high-voltage DC shock
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Key physiological effects include:

Burns and Tissue Damage: High-voltage DC shock causes
deep internal burns, which may appear deceptively minor on
the skin's surface at the entry and exit points (Boyd, Hartman,
Sood, & Walroth, 2019; Dechent et al., 2020). The current
can cause extensive muscle necrosis (tissue death) deep
within the body, leading to a condition called
rhabdomyolysis. This releases large amounts of myoglobin
into the bloodstream, which can cause acute kidney injury
and failure (Baker, Binda, Nozari, & Baker, 2024; Boyd et
al., 2019).

Cardiac Effects: The heart's rhythm is controlled by precise
electrical impulses. A high-voltage DC shock can overwhelm
this system, causing life-threatening arrhythmias. While
alternating current (AC) is more likely to induce ventricular
fibrillation, high-voltage DC is particularly associated with
asystole (cardiac standstill) (Spies & Trohman, 2006;
Waldmann et al., 2018). Both can result in immediate cardiac
arrest and death, especially if the current's path crosses the
chest (Ahmed et al., 2021; Ogbuka, Avera, & King, 2023).

Neurological Damage: The central and peripheral nervous
systems are profoundly vulnerable. A shock can cause
immediate unconsciousness, amnesia, and seizure-like
activity. Delayed and long-term effects are common,
including peripheral neuropathy (nerve damage in the limbs),
muscle weakness, sensory loss, and even paralysis (Biering,
Kergaard, Carstensen, & Nielsen, 2023; Boudier-Revéret,
Hsiao, Shyu, & Chang, 2020; Dechent et al., 2020).
Cognitive deficits and chronic pain syndromes can persist
long after the initial injury (Khor et al., 2023; Radman,
Nilsagérd, Jakobsson, Ek, & Gunnarsson, 2016).

Metabolic and Vascular Injury: The shock can trigger
severe electrolyte imbalances, such as hypokalemia (low
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potassium), which can itself lead to paralysis or cardiac
complications (Baker et al., 2024). Furthermore, damage to
blood vessels can result in compartment syndrome, a
condition where swelling in a confined space (like a limb)
cuts off blood supply, requiring emergency surgical
intervention to prevent amputation (Andrews, 2012; Baker et
al., 2024).

Any individual who experiences a high-voltage electrical
shock requires immediate and comprehensive medical evaluation,
even if they appear unharmed externally. The risk of delayed cardiac
or neurological events necessitates a period of careful observation in
a hospital setting.

The Heart of the Hazard: Battery Pack Safety and Thermal
Runaway

The lithium-ion battery pack is the heart of the modern
electric vehicle, providing the energy density required for acceptable
range and performance. However, this dense concentration of
electrochemical energy also represents the vehicle's most significant
and unique chemical hazard. The primary risk associated with these
batteries is thermal runaway, a violent and self-sustaining chain
reaction that can lead to fire, explosion, and the release of toxic
gases. Understanding the science behind this phenomenon and the
protocols for managing compromised battery packs is paramount for
ensuring safety.

The Science of Thermal Runaway: Causes and Mitigation

Thermal runaway is initiated when a battery cell is subjected
to conditions that are outside its safe operating window. These
triggers, broadly categorized as abuse conditions, lead to a rapid,
uncontrolled increase in internal temperature. Figure 5 illustrates the
progression from initial trigger (mechanical, electrical, or thermal
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abuse) to Solid Electrolyte Interphase (SEI) breakdown, gas venting
with rapid heat escalation, and final propagation to adjacent cells.

Figure 5 A step-by-step illustration of the lithium-ion battery
thermal runaway process
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The primary causes are:

e Mechanical Abuse: Physical damage to the battery, such
as from a vehicle collision or puncture during service, can
cause an internal short circuit by bringing the anode and
cathode into direct contact (Feng et al., 2018; Ren et al.,
2021; Tran et al., 2022).

e Electrical Abuse: Overcharging, over-discharging, or an
external short circuit can cause excessive current flow
and heat generation, leading to the breakdown of internal
components (Abada et al., 2018; Song, Zheng, Xiao,
Wang, & Long, 2022; Zhou et al., 2025). The growth of
lithium dendrites—microscopic, needle-like structures
that can form during improper charging—is a common
cause of internal short circuits (Feng et al., 2018; Tran et

al., 2022).
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e Thermal Abuse: Exposing the battery to external heat
sources or allowing it to overheat due to a failure in the
vehicle's cooling system can initiate the same
decomposition reactions (Jindal & Bhattacharya, 2019; J.
Zhang, Zhang, Sun, & Wang, 2018).

Once triggered, a sequence of exothermic (heat-releasing)
chemical reactions begins, starting with the breakdown of the SEI
layer on the anode. SEI decomposition generally begins at 80°C, but
rapid escalation occurs after 150-200°C, beyond which, flammable
gases are released. This is followed by the breakdown of the cathode
material, releasing oxygen, which then feeds the combustion of the
flammable electrolyte gases. This process generates immense heat,
often leading to the thermal runaway propagating to adjacent cells in
a domino effect (Abada et al., 2018; Feng et al., 2018; Ren et al.,
2021).

Mitigation strategies are therefore designed at every level of
the battery's construction and management:

e Material Level: Research is focused on developing more
stable materials, such as non-flammable electrolytes,
flame-retardant separators that resist puncture, and
cathode chemistries (like Lithium Iron Phosphate, LFP)
that are inherently less prone to thermal decomposition
than higher-energy chemistries (like Nickel Manganese
Cobalt, NMC) (Feng, Ren, He, & Ouyang, 2020; Song et
al., 2022; Wu et al., 2025; Zhou et al., 2025).

e Cell and Module Level: Engineering solutions are
employed to prevent propagation between cells. These
include thermal barriers or insulating materials, phase-
change materials that absorb heat, and robust cooling
systems (liquid or immersion cooling) to dissipate heat
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effectively (B. Liu et al., 2023; Rui et al., 2021; Zuo, Li,
Liang, Wang, & Ouyang, 2025).

System Level: The Battery Management System (BMS)
is the brain of the battery pack. It continuously monitors
voltage, current, and temperature for each cell. Advanced
BMS algorithms can detect the early signs of a fault,
isolate the problematic section of the pack, and trigger
warnings for the driver and service technicians. Modern
systems increasingly use Al-driven prognostics to predict
failures before they occur (Choi et al., 2025; Hong et al.,
2023; Shahid & Agelin-Chaab, 2022; X. Zhang, Chen,
Zhu, & Gao, 2023).

Managing Damaged and Compromised Battery Packs

While prevention is the primary goal, technicians and
recovery services must be prepared to handle battery packs that have
already been compromised, whether through a collision, an internal
fault, or improper handling. This is a high-risk activity that requires
specialized procedures.

Handling and Personnel: Only personnel with specific
high-voltage training should handle damaged battery
packs. They must use insulated, voltage-proof tools and
wear appropriate Personal Protective Equipment (PPE) to
protect against both electrical and chemical hazards
(Beghi, Braghin, & Roveda, 2023; Villagrossi & Dinon,
2023; Wohrl et al., 2021). Whenever possible, robotic or
human-robot collaborative systems should be used for
disassembly to minimize human exposure (Kay, Farhad,
Mahajan, Esmaeeli, & Hashemi, 2022; Villagrossi &
Dinon, 2023).
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Deactivation and Discharge: Before removal or
disassembly, the pack must be electrically isolated from
the vehicle. If deemed safe, the pack should be discharged
to a stable voltage. However, over-discharging certain
cell types can create its own hazards, such as swelling and
gas generation, so manufacturer guidelines must be
strictly followed (Lee, Kim, & Lee, 2023; Woéhrl et al.,
2021; Zorn et al., 2022).

Storage and Isolation: A damaged battery pack must be
treated as unstable. It should be stored in a designated,
well-ventilated "quarantine" area, ideally outdoors and
away from any flammable materials or structures to
contain any potential fire or toxic gas release (Wohrl et
al., 2021). For packs deemed at high risk of thermal
runaway, storage in specialized fire-resistant containers
or emergency enclosures is recommended (Cui, Liu, Han,
Sun, & Cong, 2022; Wohrl et al., 2021).

Diagnostics and Monitoring: Advanced diagnostic
tools are essential to assess the state of a compromised
pack. The BMS data is the first source of information.
Beyond that, technicians can use tools that analyze
voltage inconsistencies, internal resistance, and other
parameters to identify faulty cells (Kang, Duan, Zhou,
Shang, & Zhang, 2020; W¢jcik & Przystatka, 2025; G.
Xu et al., 2022). Real-time, wireless data transmission
from the pack would be a significant safety advancement,
allowing service teams to assess its condition remotely
before approaching (Wohrl et al., 2021; Wojcik &
Przystatka, 2025).
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A Framework for Safe Work Processes

Effective safety management in an EV service environment
extends beyond understanding specific high-risk hazards. It requires
a holistic framework that categorizes all workshop activities
according to their level of risk and establishes clear, repeatable
Standard Operating Procedures (SOPs) for each. This ensures that
every individual who interacts with the vehicle—from sales staft and
detailers to master technicians—is equipped with the appropriate
level of knowledge and follows the correct safety protocols. A
globally applicable risk assessment model provides the foundation
for this framework, ensuring that safety is not just reserved for high-
voltage work but is integrated into every aspect of the vehicle's
lifecycle.

A Universal Risk Assessment Model for EV Service Tasks

While many advanced risk assessment methodologies like
Failure Mode and Effects Analysis (FMEA) and Fault Tree Analysis
(FTA) are used to evaluate technical hazards in EVs, particularly
related to battery systems (Gusti et al., 2025; Mohd Tohir & Martin-
Gomez, 2023; Zhao et al., 2024), there is a need for a simpler, task-
based model for daily workshop operations. A globally applicable
model can be structured as a tiered or matrix-based system that
classifies tasks based on the potential for exposure to EV-specific
hazards. Figure 6 provides a visual overview of this safety protocol,
illustrating the required equipment and isolation procedures relative
to the risk level.
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Figure 6 The proposed three-tiered risk assessment framework

illustrating the progression from low-risk tasks to HV operations
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A proposed three-tiered risk model could be structured as follows:

e Level 1: Low-Risk Activities. These are tasks that do not
involve interaction with the high-voltage powertrain or
its direct control systems. The primary risks are general
occupational hazards and the EV-specific acoustic risk.

Vehicle sales demonstrations,
interior and exterior cleaning (valeting), tire
changes, and bodywork repairs on non-
powertrain areas.

Examples:

Required Protocols: General workplace
safety training, specific awareness training on
the silent nature of EVs, and procedures for
ensuring the vehicle is powered down and the
keys are secured to prevent unexpected
movement (Besiktasli & Yurtcu, 2025;

Chombo, Laoonual, & Wongwises, 2021).
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Level 2: Medium-Risk Activities. These tasks involve
working on or near the high-voltage system but do not
require the system to be live. The primary risk is
accidental energization or contact with residual voltage if
proper procedures are not followed.

1. Examples: Routine maintenance on non-
electrical systems (brakes, suspension),
service of the vehicle's thermal management
system, and repairs on the 12V auxiliary
electrical system.

2. Required Protocols: All Level 1 protocols,
plus specific training on identifying HV
components. Crucially, these tasks require the
full de-energization and Lockout/Tagout
(LOTO) procedure to be performed before
work begins (Besiktasli & Yurtcu, 2025; Gusti
et al., 2025).

Level 3: High-Risk Activities. These are tasks that
involve direct interaction with the high-voltage battery
and powertrain components, and may include live-system
diagnostics. The risk of severe electrical shock, arc flash,
or triggering a battery fault is significant.

1. Examples: Diagnosing and replacing a battery
pack, servicing the onboard charger or DC-
DC converter, and repairing damaged high-
voltage wiring.

2. Required Protocols: All Level 1 and 2
protocols. These tasks must only be
performed by technicians with advanced,
certified HV training. They require the use of
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specialized insulated tools, diagnostic
equipment, and the full range of Personal
Protective Equipment (PPE), including Class
0 insulating gloves and arc flash protection
(Chen, Li, & Yang, 2022; Muram et al., 2024).

This model provides a clear framework for assigning work,
defining training requirements, and ensuring that safety measures are
proportional to the risk of the task at hand. While a globally
standardized version of this model is still evolving, its principles are
foundational to safe workshop management (Chen et al., 2022;
Chombo et al., 2021; Gusti et al., 2025).

Safety in Routine Maintenance: The Importance of the 12V
System

Even when performing medium-risk tasks that do not directly
involve the HV system, specific safety protocols are essential. The
vehicle's 12V auxiliary battery, while not a high-voltage threat itself,
acts as the control system for the entire vehicle, including the high-
voltage main contactors (Bisschop, Willstrand, & Rosengren, 2020).
Failure to properly manage the 12V system can lead to unexpected
energization of the HV circuit.

The required safety protocols for any routine maintenance or
repair, even on non-electrical systems, must therefore include:

e Vehicle Deactivation: Ensure the vehicle is fully
powered down, the ignition is off, and the key fob is
stored at a safe distance away to prevent passive
activation (Bisschop et al., 2020).

e Disconnect the 12V Battery: Before any work begins,
the ground cable of the 12V battery should be
disconnected. This is a critical step that prevents the
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accidental closing of the HV contactors and activation of
other vehicle systems (Bisschop et al., 2020).

Allow for System Discharge: While the most significant
capacitor discharge happens in the HV system (which
should already be confirmed safe via LOTO), it is good
practice to wait a few minutes after disconnecting all
power to ensure all auxiliary systems are fully discharged
(Bisschop et al., 2020). Figure 7 illustrates the sequential
execution of these isolation steps, highlighting the
necessary protective equipment and the verification
process to ensure a "zero energy" state.

Figure 7 Standard Operating Procedure for Equipment Selection

and Vehicle Isolation (LOTO)
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Mark the Vehicle: Clearly mark the vehicle as being
under service to alert other personnel that its systems are
disconnected and it should not be operated (Bisschop et
al., 2020). As depicted in Figure 8, this involves
establishing a physical perimeter with clear warning
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signage to prevent unauthorized access to the high-risk
zone.

Figure 8 Safe Work Station Setup and Perimeter Delineation
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Adherence to these simple but critical steps ensures that
technicians are protected from accidental activation of the high-
voltage system, even when their primary task is unrelated to the
powertrain.

The Technician's Defenses: Specialized Tools, Equipment, and
Personal Protective Equipment (PPE)

Safe interaction with high-voltage electric vehicle systems is
contingent upon a triad of physical defenses: specialized insulated
tools to prevent the flow of electricity, advanced diagnostic
equipment to assess the state of the system without direct exposure,
and certified Personal Protective Equipment (PPE) to shield the
technician from harm in the event of an unforeseen incident. The
efficacy of these defenses is not arbitrary; it is defined by rigorous
material science and governed by international standards that specify

their performance under high-voltage DC conditions.
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Essential Insulated Tools and Diagnostic Equipment

Standard workshop tools are conductors of electricity and
become an extension of a live circuit if they make contact. Therefore,
any hand tool used on or near an EV's high-voltage system must be
specifically designed and certified for electrical work. The primary
international standard governing these tools is IEC 60900, which
mandates that tools be tested to withstand 10,000V AC and are rated
for safe use on live circuits up to 1,000V AC and 1,500V DC
(Borghei & Ghassemi, 2021; C. Li et al., 2022; Riba, Moreno-
Eguilaz, & Bogarra, 2023). These tools feature robust, multi-layered
insulation made from high-grade polymers, ensuring both dielectric
strength and mechanical durability (Haque et al., 2021; Riba et al.,
2023; Saleem & Akbar, 2022). The essential kit for an EV technician
includes:

o Insulated screwdrivers, pliers, and cutters.
e Insulated socket sets and torque wrenches.

e A calibrated, CAT III or CAT IV rated multimeter with
insulated probes for voltage verification.

Alongside these hand tools, advanced diagnostic equipment
is crucial for safely assessing the health of the HV insulation system
without invasive procedures. This equipment allows technicians to
detect degradation or faults that could lead to system failure or create
a shock hazard. Key diagnostic tools include:

o Insulation Resistance Testers (Megohmmeters): These
devices apply a known DC voltage to the system and
measure the resistance of the insulation. A low reading
indicates a potential breach in the insulation, which could
energize the vehicle's chassis (Biswas et al., 2024;
Borghei & Ghassemi, 2021; Takada et al., 2017).
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Partial Discharge (PD) Detectors: Partial discharges
are small electrical sparks that occur in voids or defects
within an insulation material. They are an early indicator
of insulation breakdown. Non-contact PD detectors can
identify these events through their electromagnetic or
acoustic signatures, allowing for predictive maintenance
[S5-3, S5-10, S5-12].

Thermal Imaging Cameras: These cameras can identify
hotspots in the battery pack, wiring, or power electronics
that may indicate high resistance connections or failing
components, often a precursor to a more serious failure
(Biswas et al., 2024; Ivanov, Sadykov, Yaroslavsky,
Golenishchev-Kutuzov, & Galieva, 2021).

Personal Protective Equipment (PPE) and Governing

Standards

While tools and procedures are the first lines of defense, PPE
is the last and most critical barrier protecting the technician. The
selection and maintenance of PPE for HV work are non-negotiable.
Figure 9 visualizes this critical safety ensemble, highlighting the
specific items such as insulating gloves, face shields, and mats that
form the barrier between the technician and high-voltage hazards.

The essential categories of PPE include:

Insulating Gloves: These are the most critical piece of
PPE. They are typically made of rubber or a synthetic
elastomer and are rated by class for the voltage they can
protect against (Class 0 gloves, rated for 1,000V AC /
1,500V DC, are standard for EV work). They must be
protected from mechanical damage by leather over-
gloves and must be visually inspected for damage and be
air-tested before every use. Standards like ASTM D120
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and EN 60903 govern their testing and certification
(Angalane & Kasinathan, 2022; Borghei & Ghassemi,
2021; C. Li et al., 2022; Riba et al., 2023).

Figure 9 Essential Personal Protective Equipment (PPE) and safety

tools for high-voltage interventions
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Electrical Hazard Footwear and Insulating Mats:
Dielectric footwear prevents the technician from
completing a circuit to the ground. For added protection,
insulating rubber mats should be used on the floor of the
work area to provide an additional layer of isolation
(Borghei & Ghassemi, 2021; C. Li et al., 2022; Riba et
al., 2023).

Arc Flash Protection: An arc flash is a violent electrical
explosion that can occur during a short circuit, releasing
intense heat, light, and a pressure wave. For high-risk
procedures, technicians must wear arc-rated clothing and
a face shield to protect against severe burns and injury
(Angalane & Kasinathan, 2022; Borghei & Ghassemi,
2021; Riba et al., 2023).
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e Eye Protection: Safety glasses are mandatory for all
tasks to protect against projectiles and chemical splashes.

The materials used in these tools and PPE are at the forefront
of polymer science research. Materials like cross-linked
polyethylene (XLPE), polypropylene (PP), and various epoxy resins
are continually being improved. The addition of nanocomposite
materials can significantly enhance dielectric strength, thermal
stability, and resistance to "tracking"—the formation of a conductive
path across the surface of an insulator (Bjurstrom et al., 2024; Haque
et al., 2021; Paramane et al., 2020; Plesa, Notingher, Schlogl,
Sumereder, & Muhr, 2016; Riba et al., 2023). As EV systems push
towards higher voltages, ongoing innovation in these materials and
the standards that govern them will be essential for maintaining
technician safety (Angalane & Kasinathan, 2022; C. Li et al., 2022;
Shahsavarian et al., 2021).

When Prevention Fails: Emergency Response and Incident
Management

While robust engineering and diligent workshop procedures
are designed to prevent incidents, it is imperative that first
responders and recovery services are prepared for worst-case
scenarios involving electric vehicle collisions and fires. EV incidents
present a unique combination of hazards—high-voltage electricity,
volatile battery chemistry, and the potential for re-ignition—that
differ significantly from those of traditional vehicles. Effective
management requires specialized knowledge, protocols, and
equipment to ensure the safety of both the responders and the public.

Protocols for First Responders and Recovery Services

A significant challenge in the field is the gap between the
rapid pace of EV adoption and the level of specific training provided
to emergency personnel. Surveys have revealed that many first
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responders, particularly outside of specialized firefighting units, lack
adequate preparedness for handling EV incidents (J. Liu, Xu, Shi,
Barnett, & Jones, 2023; Stave & Carlson, 2017).

Best practices and established protocols for managing EV
incidents are therefore centered on a systematic approach to hazard
identification and mitigation: Figure 10 outlines this systematic 5-
stage protocol, guiding responders from initial vehicle identification
through to post-incident quarantine.

Figure 10 The 5-stage emergency response protocol for electric
vehicle incidents
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e Vehicle Identification: The first and most critical step is
to identify the vehicle as an EV or hybrid. This is done
through badging, vehicle shape, or the absence of an
exhaust pipe. This immediately shifts the incident
response mindset to consider electrical and battery
hazards.

e Accessing Emergency Response Guides (ERGs): Once
identified, responders must access the vehicle-specific
ERG. These guides, often available through mobile apps
or databases, provide crucial schematics showing the
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location of the high-voltage battery, disconnect loops,
and cut zones for extrication, helping responders avoid
contact with energized components (Wohrl et al., 2021;
B. Zhang, Tanim, & Black, 2025).

e Immobilization and De-energization: The vehicle must
be immobilized (e.g., with wheel chocks) and the 12V
system disconnected to deactivate the HV contactors. If
safe and accessible, the manual service disconnect should
also be operated.

e Managing Stranded Energy: A key concern in a post-
crash scenario is "stranded energy"—the electrical
energy remaining in a damaged battery pack that cannot
be safely discharged (Wohrl et al., 2021; B. Zhang,
Bewley, Tanim, & Walker, 2022). A damaged pack must
always be treated as live and unstable. Real-time access
to the battery's state of charge and temperature data at the
scene would be a major safety advancement, but is not
yet widely available (Wohrl et al., 2021; B. Zhang et al.,
2025).

e Post-Incident Handling: After the initial incident is
controlled, the vehicle must be handed over to recovery
services with clear communication about its state. The
vehicle should be stored in a secure, isolated area for a
quarantine period (typically 48 hours or more) to monitor
for delayed thermal events or re-ignition (Bisschop et al.,
2020; Wohrl et al., 2021).

The Science of Suppressing Lithium-Ion Battery Fires

Figure 11 shows lithium-ion batteries used in an EV. Whether
used in cars or electronic devices, lithium-ion batteries can catch fire
if improperly manufactured or damaged, or if the software that
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operates the battery is not designed correctly. A lithium-ion battery
fire is not a typical Class A or B fire; it is a thermal and chemical
event. The goal of suppression is not just to extinguish the visible
flames but to cool the battery cells below their thermal runaway
threshold to halt the internal chain reaction.

Figure 11 Lithium-ion batteries used in an EV

Source: (Pollard, 30.11.2025)

Extensive full-scale fire testing has led to a consensus on the most
effective extinguishing agents and strategies:

e Water and Water Mist: Water is consistently identified
as the most effective agent for suppressing lithium-ion
battery fires, primarily due to its high heat capacity and
cooling effect (Ghiji et al., 2020; J. Xu et al., 2020; L.
Zhang et al., 2021). Applying large, continuous volumes
of water directly to the battery pack is the primary
strategy. Water mist systems are particularly effective, as
the smaller droplets have a larger surface area, leading to
more efficient heat absorption and cooling (Ji, Liu, Qi,

--200--



Zhang, & Zhang, 2023; Majeed et al., 2024; L. Zhang et

al., 2021).

Water with Additives: Additives like surfactants (e.g.,
F-500) can enhance water's effectiveness by breaking
surface tension and allowing it to penetrate deeper into

the battery module, improving cooling and reducing the
total volume of water needed (Ghiji et al., 2020; Tang,
Yuan, Thomas, & Soles, 2023; Ubaldi et al., 2024).

Other Agents:

1.

2.

3.

4.

Gaseous agents (e.g., COz, Ce¢Fi20) can
suppress flames by displacing oxygen but
provide little to no cooling effect, making re-
ignition highly likely (Majeed et al., 2024; L.
Zhang et al., 2020).

Dry powders can also extinguish flames but
similarly fail to address the underlying
thermal issue (X. Li et al., 2023; Yuan et al.,
2021).

Fire blankets can be effective for containing a
fire in its early stages and preventing its
spread to surroundings, but they do not
extinguish the internal reaction (Ji et al., 2023;
Tang et al., 2023).

Novel agents like liquid nitrogen and
hydrogels show promise for their exceptional
cooling properties, but their practical
application in a dynamic roadside incident is
challenging (Ping et al., 2024; Wang et al.,
2025).
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A critical consideration in EV firefighting is the potential for
toxic gas release, especially in confined spaces like underground
parking garages where concentrations of hydrogen fluoride can
reach lethal levels (Chang et al., 2025; Ubaldi et al., 2024).
Furthermore, the runoff water from firefighting is often highly toxic
and contaminated with heavy metals and chemicals from the battery,
requiring environmental remediation (Ubaldi et al., 2024; Wang et
al., 2025). Figure 12 summarizes these suppression strategies,
highlighting the primary role of cooling agents and the associated
safety and environmental risks.

Figure 12 Overview of suppression agents, strategies, and critical
considerations for EV lithium-ion battery fires
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Conclusion: Navigating the Future of Electric Vehicle Safety

The electrification of the automotive fleet represents a
monumental leap forward in technology, but it also establishes a new
and complex frontier for occupational safety. The transition from
managing the risks of hydrocarbon fuels to mitigating the hazards of
high-voltage electricity and dense electrochemical energy storage
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requires a fundamental evolution in training, technology, and safety
culture. As this chapter has detailed, a robust safety framework for
the EV era is built on a multi-layered, science-based approach that
addresses every stage of the vehicle's service lifecycle.

The core principles of this framework are now well-
established. They begin with a deep understanding of the primary
hazards: the immediate, lethal threat of high-voltage DC shock and
the persistent, volatile danger of thermal runaway in lithium-ion
batteries. They are put into practice through a combination of
advanced engineering controls integrated into the vehicle, stringent
and repeatable safe work protocols like Lockout/Tagout, and the
diligent use of specialized insulated tools and personal protective
equipment governed by international standards. This proactive
system is backed by responsive emergency protocols for first
responders, who face the unique challenge of managing these
complex hazards in uncontrolled incident scenes.

However, the field is far from static. The rapid pace of
innovation in battery chemistry, powertrain architecture, and vehicle
design presents ongoing challenges and defines the key areas for
future research and development. Several open questions remain
critical to ensuring the long-term safety of this new automotive
ecosystem:

e Standardization of Training and Protocols: While best
practices exist, there remains a pressing need for globally
harmonized and standardized training curricula and
certification for technicians and first responders. How
can these programs be scaled effectively to address the
current knowledge gaps and ensure a consistent level of
competency worldwide?

e Adapting to New Technologies: As manufacturers push

towards higher-voltage systems (800V and beyond) and
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introduce new battery chemistries (such as solid-state
batteries), how must safety protocols, diagnostic tools,
and PPE evolve to manage these new risks? Current
standards may need significant revision to address these
emerging challenges.

e Improving Real-Time Diagnostics and Data Access:
The lack of real-time battery health data during service or
an emergency is a major safety liability. Future research
must focus on developing secure and reliable methods to
transmit critical battery status information to technicians
and responders, enabling more informed and safer
interventions.

e Addressing End-of-Life and Second-Life Safety: The
safety challenges of EVs do not end when the vehicle is
retired. The handling, dismantling, and repurposing of
end-of-life battery packs present a new and growing set
of risks that require dedicated safety protocols and risk
assessment frameworks.

In summary, ensuring safety in the age of the electric vehicle
is a continuous process of research, adaptation, and education. By
building upon the foundational principles outlined in this chapter and
proactively addressing the challenges of tomorrow, the automotive
industry can ensure that this technological revolution is not only
sustainable but also safe for all who work within it.
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