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Summary

This thesis focuses on empowering engineers and researchers to design and develop brushless
DC motors with enhanced efficiency, thereby the primary objective of this project is to regulate
the speed of a BLDC motor. The study introduces the fundamentals of the PID controller and
calculates its parameters using two methods the Zeigler-Nichols second method and the
MATLAB/APPS/ tuning method, which are then applied in the simulation. Following this, the
principles and main features of Haris Hawk optimization (HHO) method. A Simulink model
incorporating the BLDC motor, PID controller, and HHO controller is developed based on
theoretical and mathematical modeling of the control elements. The speed simulation results of the
BLDC motor under HHO algorithms reveal improved performance and meet the desired control

objectives.

Key terms: BLDC, ESC, PID, Zeigler-Nichols, HHO algorithms, optimization, control, Simulink

modeling.
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GENERAL INTRODUCTION

General Introduction

Electric motors play a vital role in contemporary industrial systems and daily life. Among the
various types, brushless DC (BLDC) motors are particularly valued for their high efficiency,
minimal maintenance requirements, and extended lifespan. Nevertheless, precise control of BLDC
motors is crucial to achieve optimal performance, which includes accurate regulation of speed and

torque, enhanced efficiency, and minimized vibration and noise.

Historically, BLDC motor speed regulation has relied on conventional methods like PID
(Proportional-Integral-Derivative) control. While PID controllers perform well in many scenarios,
they often struggle with the nonlinearities and inherent complexities of BLDC motor systems, such
as parameter variations and external disturbances. Recent advancements have shifted toward Haris
Hawks optimization -based control strategies, which have gained traction for their ability to
emulate human decision-making through linguistic rules. This approach provides adaptability in
managing nonlinear dynamics and uncertainties, making it particularly suited for systems where

precise mathematical models are challenging to define [1].

The primary objective of this work is to design and implement an advanced control system for

a brushless DC (BLDC) motor. To achieve this, the following tasks will be undertaken:

e Develop a mathematical model of the BLDC and evaluate PID-based speed control

performance.
o Design a Harris Hawks Optimization (HHO)-based PID controller in the BLDC system

e Implement the HHO on the BLDC motor and assess its effectiveness under different load

conditions.

o Compare the results of classic PID control and HHO-PID based on response time,

overshoot, and robustness.

This work is organized into three chapters:

The first chapter presents a detailed mathematical model of the brushless DC (BLDC) motor. It
then examines a classic PID regulator-based speed control strategies for the BLDC motor and

concludes with simulation results evaluating the control system's performance.
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The second chapter will be designated to the presentation and evaluation of the Harris Hawks

Optimization (HHO) method, with the aim of optimizing the gains of the PID regulator.

Chapter Three explores a real-life application of brushless DC (BLDC) motor speed control
using an Arduino microcontroller board. The study focuses on identifying optimal speed regulator

parameters through a systematic methodology to enhance control performance.

The work will conclude with a general conclusion.
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Chapter I: Generalities, Modeling & Controle of Brushless DC motor

1.1 Introduction

For several years, the industry has utilized the Direct Current (DC) motor, which offers the
primary advantage of being easily controllable due to the natural decoupling of flux and torque.
However, the fragility of the brush-commutator system has always been a disadvantage of the DC
motor, limiting its maximum power and speed, and presenting maintenance difficulties and

operational interruptions.

This was one of the reasons why BLDC motors are widely recommended today for both high-
and low-power applications thanks to their numerous advantages, including high efficiency,
superior torque-to-inertia ratio, variable speed capabilities, quiet operation, compact design, and

low maintenance [2].

This chapter will study the principles and mathematical modeling of Brushless DC motors. It
further analyzes speed control using a classic PID regulator, supported by a MATLAB /Simulink
& MATLAB /APPS/system identification simulation result to validate the effectiveness of the

proposed control system.
1.2 History of Brushless DC motors

Traditional DC motors are limited by their dependence on mechanical brushes and commutators.
The search for improved efficiency and reliability led to the development of brushless DC (BLDC)
motors. Fig (1.1) shows a historical diagram tracing the evolution of BLDC motors over the past

century [3].
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1955: The era of brushless DC motors begins
D. Harrisen and his collegues patented the first
transistor-based commutation circuit to replace
mechanical brushes in DC motors, marking the birth

of modern brushless IDC motors, though early designs

lacked rotor position detection and starting capability.

1962: Invention of the first Brushless DC motor
T.G. Wilson and P.H. Trickey invented the first

practical brushless DC (BLDC) motor, called a "DC
motor with solid-state commutation," using Hall

sensors to detect rotor position and electronic control

-\

The History og BLDC
motors

for winding commutation.

1970s to present:

The advancements in power semiconductor devices
(e.g., MOSFETs, IGBTs), computer control

technology (e.g., microcontrollers, DSPs), and high-

performance rare earth magnets (e.g., NdFeB) have

driven the rapid development of BLDC motors.

Fig (1.1): History diagram of the BLDC motor.

1.3 General overview of Brushless DC motor

A brushless DC (BLDC) motor is a type of permanent magnet synchronous machine that relies
on rotor position detection feedback for operation, also, PMSMs exhibit a sinusoidal back EMF,
while brushless DC (BLDC) motors display a trapezoidal form. These motors are typically
controlled by a three-phase power semiconductor (e.g. MOSFET’s, IGBT, GOT) bridge called
electronic speed controllers (ESC) that we will detail following, and require a rotor position sensor

like Hall effect sensor to initiate movement and ensure proper commutation sequence [4].

Commutation is crucial process in BLDC motor operation, it is produced by switching the
current flow through the motor coils to maintain rotation. It is achieved through the Electronic
Speed Controller (ESC) that it is mentioned already in the previous paragraph and will be detailed
better in the content. It serves as the intermediary between the power source (typically a battery)
and the motor, The system effectively transforms the DC power supply into the alternating current
required to drive the motor, enabling continuous and controlled rotation.
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Electronic commutation is a key feature of these motors, as it eliminates the need for mechanical
brushes, and thereby this design significantly boosts the efficiency and lifespan of BLDC motors

[5].
1.4 Structure of the Brushless DC motor

A Brushless DC (BLDC) motor contains three crucial components: the stator, the rotor, and the
electronic control system (ESC), which is considered the reason why this machine is special. Each

component plays a fundamental role in the motor's operation and performance.

It also has other components that are shown in the Fig (1.2) down below:

Rotor A

Upper case

Stator

Sensor board

Fig (1.2): Brushless DC motor inner structure [6].

1.4.1 Structure of stator

The stator, a crucial component of brushless DC motors, houses the windings and generates the
electromagnetic field essential for operation.it is made from four essential component like we see
in the Fig (1.3) down below:
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BLDC motor satator components

Stator Core Windings

< K ; & /

Made from laminated Made from Copper or
silicon steel structure better Oxygen-free
that helps in copper (OFC) ,can be
minimizing core losses arranged in either
by reducing eddy concentrated or
currents. distributed
configurations.

| |

Bearings

Insulation

Crucial for supporting Insulation materials are
the rotor shaft, crucial for preventing
reducing friction, and electrical shorts &
ensuring smooth reducing thermal stress.
operation. such as Polymer-Based

Materials, Insulation
Papers, & Thermoset
Polymer Resin.

Fig (1.3): Stator structure of BLDC motor [16],[17],[18],[19].

1.4.2 Structure of rotor

In a brushless DC motor, the rotor is made of a high strength permanent magnets like
neodymium-iron-boron (NdFeB) and samarium cobalt (SmCo) for the aim to generate a strong

magnetic field to assure the continues rotation, also its right design, its core configuration and the

pole pair numbers optimizes his performance in different applications [7].
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Ther is two main types of rotors in the brushless dc motor as shown in the Fig (1.4) beneath:

BLDC MOTOR ROTOR TYPES

)
( !
Inner-runner Outer-runner
Rotor is located on the inside of the Rotor is located on the outside of the
stator stator

Stator Stator

‘ Outrunner motors produce more torque for the same build volume compared to inrunner
motors.

Fig (1.4): Rotor structure of BLDC motor [20],[21].
1.4.3 Electronic speed controller (ESC)

The Electronic Speed Controller (ESC), also called the inverter is key component in modern
brushless DC (BLDC) motors making them unique and distinctive. Historically, the invention of
electronic speed controller is not to no single inventor, it is described as the product of the
development of: power electronics, microcontrollers, and essentially to the adaptation to the BLDC

motors advancements [3],[27].

In the Fig (1.5) there is a real picture of how the ESC is connected with the BLDC motor:
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vvvvvvvv

A Fig (1.5): Real image of an ESC connected to BLDC motor [22].

Basically, the ESC serves as an interface between power source and the motor, it is used to
control the motor speed by converting DC input from the power source (usually batteries) to a three
phase AC trapezoidal waveform output [27], The ESC offers a precise speed and torque control,

quiet and smooth operating, low maintenance and a light compact design.

1.4.3.1 Components of an ESC:

An electronic speed controller typically comprises five crucial components that can be resumed

and explained in the Fig (1.6):
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ECS Components

Inside of an Electronic Speed Controller

Control 3 phases
ofmator, Connect to LiPo battery
with male XT30

PwMsignal ¢ e >
5y .
o pEEC

Valtage Filtering Current
Regulator Capacitors Sensor b

Microcontroller (MCU) Gate driver MOSFET Battery Eliminator Circuit Device Manager Adapter
(BEO) (DMA)
plays a central role by acts as an intermediary act as switches, delivering acts as a voltage enables users to connect
interpreting control between the MCU and power to the motor by regulator, reducing the their ESC to a computer
signals, tracking motor MOSFETs, amplifying controlling the phases of voltage to power like a for firmware updates and
position, and sending low-voltage signals to high- its coils, with the switching  receiver, eliminating the advanced programming,
pulses to the gate voltage signals, enabling frequency increasing with need for a separate allowing customization of
driver. faster switching and throttle input to achieve battery for these settings like voltage cutoff
reduced heat production. higher motor RPM. components. and throttle calibration.

Fig (1.6): The BLDC motor ESC components [23],[24].
1.4.3.2 Six step Commutation of BLDC motor

Also known as trapezoidal commutation, it is a control method for BLDC motors, it operates by
sequentially energizing two phases or two stator winding creating a stronger rotating magnetic

field, while the third phase /windings remain unpowered.

Now, all of this powering and empowering of the phases is based on rotor position detection
feedback and since there are two types of brushless DC motors based on sensor usage (sensor-
based and sensorless), as shown in the Fig (1.7) in the content underneath, means there are also two

corresponding types of commutation methods based on six step commutation [29],[30],[31] [32].
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A 3 phase

BLDC motor a

=

L] N >N |

C

Sector 6 1 2 3 4 5 6 1 2

Hall states 1 5 4 6 2 3 1 5 4

Fig (1.7): Six step commutation of a BLDC motor [28].

1- Sensor-Based Commutation:

o Uses three Hall Effect sensors positioned with 120° electrical degrees apart for precise rotor
position detection.
« Offers smooth operation at low speeds and reliable starting under various loads.

2- Sensorless Commutation:

o Mostly uses what called zero-crossing detection method (ZCD) to detect the back-emf when the
unpowered phase cross zero volts (i.e. matches the midpoint voltage of the DC bus).
e Once its detected, a delay usually of 30 °electrical degrees are applied before the next

commutation to optimally drive the motor [33].

This commutation can be better explained in the Fig (1.8):

10
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Fig (1.8): Six step commutation based on the two types of sensor usage for the BLDC rotor detection [26].

1.5 Operating principle of brushless DC motor

The operation of a Brushless DC (BLDC) motor involves special components and a sequence

of coordinated steps that enable precise and efficient rotation as it is shown in the Fig (1.9).

DC Electrical
Source

Controling and

Motor Module > Torque

h A

Invertering Circuit

F 3

F 3

Position Detector

Fig (1.9): BLDC motor operating system [34].

Here is a step-by-step explanation of how a BLDC motor works:

Step 1: DC electrical power supply and electronic speed controller ESC integration [34]:

e A stable power supply that provides the necessary voltage and current.

e An ESC to convert the DC voltage input to a three phase AC voltage output to drive the motor.

11
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Step 2: Stator and rotor configuration [13]:

e The stator three phase windings arranged in delta or star configuration; we energize two of
them each time producing by that a rotating magnetic field.
e The rotor is made from strong permanent magnets that will synchronize with the rotating

magnetic field generated by the stator rustling by that a torque production.

Step 3: Electronic commutation [35]:

e The ESC switches the currents in the stator windings based on the rotor position detection

feedback.

e This method reduces maintenance problems, improve efficiency and guarantee smooth

operating.
Step 4: Rotor position detection:

e It can be achieved by using Hall effect sensors or by detecting the back emf.

e By knowing where is the rotor its will be easier to commutate the BLDC motor.

Step 5: Speed and torque control:

e The ESC controls the speed and torque outputs of the motor simply by adjusting the timing,

width and magnitude of the current’s signals suppling the stator windings.

1.6 The advantages and disadvantages of BLDC motors

12
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Higher Efficiency rates between 85% & 1 1 High Cost due to the complex electromic
o0% confrol systems.
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I 414 I
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Rednced Noise and elecfromagnetic 4
interference (EMI)
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recovery during deceleration

Fig (1.10): The advantages and disadvantages chart of a BLDC motor.
1.7 Applications of BLDC motors

The chart depicted in Fig (I.11) presents a comprehensive classification of BLDC motor

applications across a diverse range of fields.

Fig (1.11): The applications of a BLDC motor for different fields [24].
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1.8 Modeling and control of BLDC motor
1.8.1 Mathematical modeling of Brushless DC motor

The Fig (1.12) presents the three-phase equivalent circuit of the BLDC motor, from which we
derived the electrical equations, torque equations, electrical angle, rotor speed, and the trapezoidal

waveform function expressions.

Ha —
& Y Y YY)
i |
L—M R

Fig (1.12): Equivalent circuit of a BLDC motor [13].
1.8.1.1 Voltage equations

- Voltage equations for each phase respectively of BLDC motor V, , V,, and V, given in

Volts[V]:
Va=Rig+(L-MZt+e, (1.1)
. dip
Vb:Rlb-I_(L_M)E-I_eb (|2)
V.=Ri.+(L-MIE+e (1.3)

- Line voltage equations respectively of BLDC motor Vy,;,, V},, and V., given in Volts[V]:

Vap = R(ia — ip) + (L = M) - (iq — i) + (eq — €5) (1.4)
Vye = R(ip — ic) + (L — M) < (ip — ic) + (ep — €¢) (15)
Vea = R(ic — iq) + (L = M) < (ic — i) + (ec — ep) (16)

14
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- Back Electromotive Force (back emf) equations for each phase of BLDC motor e, €;, and

e. also given in Volts [V]:

eq = Ko winF(6e) (1.7)
e» = Ke o F (6, — %) (1.8)
ec = Ko wnF (6. =) (1.9)

1.8.1.2 Torque equations

- Torque equations for each phase T,, T}, and T, are given in Newton-Meter [N-m]:

Tq = K¢ iF (6e) (1.10)
T, = K, iyF (ee - (1.11)
T, = K, i.F (0. — %) (1.12)

- Electromagnetic torque T, is given also in Newton-Meter [N-m]:

T,=T,+T, +T, (1.13)

T, = 2pwni, = K;i (1.14)
. dwm

T, —T, =1%+ﬁwm (1.15)

From the previous equation (I.15) we obtain the next one:

To =52+ oy + T (1.16)
1.8.1.3 The electrical angle 0, equation

0, = gem (1.17)

15
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1.8.1.4 The Rotor speed w,,, equation

A6,
Wm =

1.8.1.5 Trapezoidal form function F(8,)

( 1 0«0 <=
1-2(0. —2) = <l Km
F(6,) =< " 51
—1 TG K2
6 51 51
L —1+;(96—?) 3 K0, K2m

1.8.1.6 State-space form representation

(1.18)

, (L19)

- For a convenient performance, the voltage equations and the torque equation (I.4), (L.5),

(I.6), (I.16) respectively, must be written in a state-space form, and must be modified to

allow a state-apace representation.

- Since each voltage equation is a linear combination of the other two voltage equations are

needed, by removing one equation and eliminating one variable using the current

relationship as it shown below:

ia+ib+iC:0

So, the new voltage equations must be:
. d, .. .
Vap = R(iqg — ip) + (L - M)E(la —ip)+ (eq—ep)
. . a .. .
Voe = R(iq = 2ip) + (L = M) —(iq — 2ip) + (ep — &)

- The complete state model is then:

(1.20)

(1.21)

(1.22)

16
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—R
y Jw—my O 0 0 .
e —R .
DR fa-m 0 Ok
0, 0 0 /j 0 0,
0 0 1 0
2 1
1/3(L—M) 1/3(L—M) Vo — eus
i ha-m Be-m O | Voe Zoe
0 1/ 0 e 1L
J 0
0 0 0
(1.23)
With
iq 1 0 0 0 ;
; a
iy 0o 1 0 0 ;
e |= -1 -1 0 0 . (1.24)
Wm 0 0 1 0 o
Om 0o 0 0 1 m

The rest of the symbols will be donated bellow:
i4, ip, i = €ach phase currents respectively [A].
R, = R, = R, = Ry = R = Stator resistance [Q2].
L, =L, =L, = Lg = L = Self-inductance [H].
M = mutual inductance [H].

j= rotor inertia [Kg.m?].

B= friction constante.

K; = torque constant.

k. =back emf constant.

6,, = rotor angular displacement [Radian or Degrees].

17
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w,= Rotor speed[rad/sec].

T, =the load torque [N-m].

p = pole number.

F(6,) = the function that gives the trapezoidal waveform of the back-emf.
1.8.2 Brushless DC motor transfer function

The transfer function is a convenient mathematical way to represent a linear, time-invariant
system in term of the relationship between the input and output in the Laplace domain, assuming
zero initial conditions. The transfer function simplifies differential equations into mathematical
ones [36].

When a three-phase brushless DC motor in the Fig (I.12) operates under full-bridge drive control
using two-phase conduction mode, specific electromagnetic conditions arise during each
commutation phase. During the excitation of phases 4 and B windings (while phase C remains

inactive), we obtain the following operational characteristics:

g =—lip =1 (1.25)
dia _ _diy _ di
At dt  adt (1.26)

Therefore, we can write the line voltage equation V,, (1.4):

Vap = 2Ri + 2(L — M) = + (eq — €) (1.27)
Thus,
e, = ¢€p (1.28)

So, equation (1.28) can be expressed as:
Vap = Ug = 2Ri+2(L — M) =+ 2e, = i + Lo o + Kot (1.29)

As it is shown in the BLDC motor equivalent circuit with two phase windings exited in the Fig
(1.13), Where:

18
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U, = DC bus voltage [v].
r, = 2R = line resistance of windings [€Q].
L, = 2(L — M) = equivalent line inductance of windings [H].

i = line current [A].

. or

O
Fig (1.13): Equivalent circuit of the BLDC motor with two phase windings excited [13].

So, by replacing the equation (1.15) in (1.16) we obtain:

.dwm

Kti—TL =]7+me (|30)
The current equation below is given when the BLDC motor runs with no load:

_ Jdom B
T K dt +Kt Wm (1.31)

By exchanging the equation (1.31) in (1.29) we obtain:

-, (LOm B 4 (Ldom B
Ug =1y (Kt " +Ktwm)+Ladt( + a)m)+Kecum (1.32)

Using Laplace transformation of equation (1.32) directly yields the transfer function

representation of the BLDC motor we obtain:

Gy(s) = 2n® = K (1.33)

Ua(s) - Lqjs?+(rgj+LaB)s+(rqf+KeK¢)

Thus, results in that the BLDC motor can be seen as a second-order system, so the equation

(1.33) can be reformatted as:
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Kiw}

Gy(s) = TaB+KeKi(s2+28wp+w?) (1.34)
Where:

Wy, = f% = Natural frequency of the second-order system. (1.35)
& 1__Tajtlaf Damping ratio of the second-order system. (1.36)

T 2 JLajJraB+KKs

An open-loop regulation in BLDC motors, derived from system transfer functions (1.33),
operates without feedback and relies on predefined command signals, offering simplicity and cost-
effectiveness. However, this method exhibits suboptimal performance under dynamic operating
conditions, including poor load regulation, limited precision, and inefficiency at low speeds, as
empirically validated in Fig (1.14):

Kt
UJd » »
@ Lajs?+(raj+LaB)s+(raf +K:Ki) e

Input Output

BLIDC motor transfer function

Fig (1.14): Block diagram of BLDC motor open-loop regulation.

1.8.2.1 Controle and regulation

e Closed loop regulation: it is a crucial control method for BLDC motors it relies on the real-
time feedback mechanism (i.e. the Hall effect sensors ,decoder, or back emf detection provides
us with real time data on rotor position ,speed and currents and also the ESC possesses the
feedback and compares it to the wanted setpoint speed and adjusts the PMW signals to control
the motor speed as so),this method is known of being efficient, precise ,adaptable and robust .

e PID regulator: a proportional(P)-integral(I)-derivative(D) regulator is a closed loop control
system used to regulate processes by minimizing the error between the setpoint (e.g. speed in
our case) and the measured real variable value, the PID regulator contains three essential

control actions [38]:
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- Proportional(P): it adapts the error output proportionally upgrading responsiveness, but can
cause oscillations if the K, is too high, where:

P =K, *e(t) (1.37)

- Integral (I):it eliminates the steady-state error by integrating past error over time, but the
excessive K; can augment overshot, where:

=K+ [, e(t)dt (L38)

- Derivative(D):it enhances the stability, reduces settling time and most important is that it

predicts future errors by using the error rate of change, where:

_ de(t)
D=Kyx== (1.39)

The total PID controller is the sum of Equations (1.37), (1.38), (1.39):

de(t)
dt

PID = K, » e(t) + K; * [, e(t)dt + Kq * (1.40)

In the Fig (1.15), there is a BLDC PID closed-loop condole block diagram:

Speed referance

Kt
Ky (144 Tas ) —o—— o Realspeed )
o 7 Lajs® +(raj+Laf)sHTaB+KeKt) R

Output

PID regnlator

BLDC motor transfer function

Feedback

Fig (1.15): BLDC PID closed-loop control bloc diagram.
1.8.2.2 PID parameter identification methods

The determination of PID controller parameters (Kp,Ki, and Kd) is necessary for effective system
regulation. This study utilizes two methods for parameter identification: the analytical second
methos of Ziegler-Nichol’s technique and the System Identification tool in MATLAB/APPS.
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»  Ziegler-Nichol’s method

Introduced in 1942, the Ziegler-Nichols methods are foundational empirical techniques for tuning
proportional-integral-derivative (PID) controllers. Renowned for their simplicity and reliability.
The first and the second methods are the two principal approaches of Ziegler-Nichol’s technique,
they are extensively utilized in industrial control applications and serve as reference standards for
contemporary tuning strategies. enables the determination of PID parameters (Kp,Ki, and Kd)

based on the dynamic characteristics of the process [42].

In the Ziegler-Nichols second method, the controller is initially set to proportional mode only
with the integral and derivative actions disabled (Ki = 0, Kd = 0) according to the Fig (1.16)
and the Table (1.1) down below [43][44]:

G

Fig (1.16): Persistent oscillatory response characterized by the period P, [42.]

Table (1.1): Ziegler-Nichols’s (second method) PID tuning rule based on critical gain K,.and

critical period Pg,..

Type of controller Kp Ki Kd
P 0.5 K, o 0
PI 0.45 K, 1 0
17 Per
PID 0.6K,, 0.5 P, 0.12 P,

The PID controller values were determined using the Ziegler-Nichols closed-loop method
according to the Table (I.1), where:

de(t)

PID — ZN = 5136 = e(t) + 2153.45 * [ e(t)dt + 0.306 » =5

(1.41)
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» System Identification method:

Before applying this method, two key conditions must be satisfied: the system must be set to

open-loop operation, and it should function without any external load. The procedure is outlined

in the following steps:

Step 1: define where to put the input and the output data in the system, because the system

identification app enables us to identify from a measured input-output data the models of dynamic

systems [39], as it shown in Fig (1.17) (see Annex A).

Input data

BLDC motor system on
MATLAB/Simulink

Output data

Fig (1.17): BLDC MATLAB/APPS/ System Identification block diagram explanation.

Step 2: open to MATLAB/APPS/System identification and follow the steps in the next Fig (1.18),

(1.19), (1.20)

Choose time domaine data

\

!
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A
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Import data H Import models. v
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Workspace Variable

g L

D ;
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Waking Data| 4] choose| ItransfeH functiHn

Output:

E i
[ 1=

|

LI
|

L

Data Views
To To
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ime:
["] Frequencyresp [ ] Hamm-Wiener Sample time:
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Noise spectrum
o g [ mpot | [ Resat |
Data set mydata inserted. Double click on icon (right mouse) for text information. Cose | | Help |

Fig (1.18): System transfer function identification step 1.
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Model name: tf2 A Estination data: Tize domain data mydata

Data has 1 cutputs, 1 inputa and 1000001 sarples.

Nurber of poles: 3, Nurber of zeroa: 2
Initializacion Method: "iv®
Number of poles: |3 ] |
. Estimation Progress
Number of zeros: 12 | 7 10.1881  0.234 4.45e411 0.327  0.000859 [ -
] 10.1881  0.117 4.35e411 0.332  4.03e-05 1
9 10.1881 2.79e-08 4.35e411 0.335 3.47e-12 23
® Continuous-time (O Discrete-time (Ts = 1e-06) Feedthrough 10 9.89175  4.69¢404 3.1%e412 0.335 2.91 o
1 5.87387 0.376 3.08e+12 0.0426 0.18 o
12 s.a5835  0.285 3.0ledz  0.0417 0.158 o
13 5.94435  0.284 2.93eH2  0.0419 0.182 a
» 17O Delﬂy 18 4.83186 0.281 2.86e412 0.0427 0.127 [
15 $.82078  0.278 279412 0.0442 0.113 o
. ™ . _) 16 5.81103 0.276 2.72e412 0.0464 0.0894 []
} Estimation Options 1 s 0.3 2eeenz  oossz  o.cses o
18 5.79514  0.271 259412 0.0525  0.0752 [
— 1 9.79885 0268 2.5%412  0.0560  0.0642 o
20 9.79356  0.266 2862412 0.0609 0.054 o
Earimaving parameter covariance... I
done. v

Result

Termination condition: Maximumn nurber of iterations reached.
Nuber of iterations: 20, Number of function evaluationa: 91

A2

Estimate D| Close || Help ‘

g

Fig (1.19): System transfer function identification step 2.
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Fig (1.20): System transfer function identification step 3.

It is established in control theory that the overall system transfer function is obtained by
multiplying the transfer function of the BLDC motor with that of the PID controller, as illustrated
in Fig (1.15). This results in a third-order system, which justifies selecting three poles and two zeros
(see Fig (1.19)). This approach enables the estimation of the complete system transfer function and
facilitates the determination of the appropriate PID parameters respectively, as demonstrated in Fig
(1.20).
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Kd Ki Kp

s*3 + 980.3 s*2 + 7.499e05 s + 1.355e08
Fig (1.21): Estimated BLDC system transfer function with the PID parameters.

After injecting the PID controller parameters derived from the estimated system transfer
function to our system, the following results were obtained.

PID — APPS = 9.119¢08 * e(t) + 1.114¢06 * [} e(t)dt — 284.9 * dfi—(t” (1.42)

1.9.2 Results & simulation

1.9.2.1 Uncontrolled simulation (open-loop)

Open-loop simulations of the BLDC motor system were conducted in MATLAB/Simulink
model (see Annex B) under no-load and loaded conditions. The tests, parameterized as detailed

aimed to analyze dynamic response and validate system performance across operational scenarios.
utilizing: voltage supply Vp = 300V

» Test 1: With no load (TL = 0 N.m)

2500

2000 —

1500 —

1000 T

Rotor Speed (RPM)

500 T

| | | | |
0
0 0.05 0.1 0.15 0.2 0.25 03
Time (Sec)

Fig (1.22): Rotor speed response with no load.
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Fig (1.23): Electromagnetic Torgue response with no load.
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Fig (1.24): Stator current response with no load.
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» Test 2: with load: where TL = 5(N.m) added at t = 0.15s
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Fig (1.25): Rotor Speed response with load.
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Fig (1.26): Electromagnetic Torque response with load.
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Fig (1.27): Stator current response with load.

1.9.2.2 Controlled simulation (Closed-loop)

A simulation model of a tuned PID-controlled BLDC motor system was developed in
MATLAB/Simulink (see Annex C), three operational scenarios: no-load, loaded, and speed
inversion, were simulated to validate the tuning methodology and evaluate dynamic response

characteristics. Under the following parameters
Voltage supply Vpc = 300V ,speed set point is 1000 RPM, T, = 5(N.m)

» Test 1: with no load (T, = O(N.m))
Over Speed: The motor executed speed step change was applied, increasing the rotational
velocity from 1000 RPM to 1500 RPM at t = 0.15s .This transition enabled the

assessment of the system’s dynamic response to a sudden increase in setpoint speed.
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Fig (1.28): Rotor Speed response with no load.

- Rotor speed inversion: The motor executed a directional speed reversal from +1000 RPM
to —1000 RPM at t = 0.15s .This transition enabled the assessment of the system’s

dynamic response to a sudden decrease in setpoint speed.
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Fig (1.29): Rotor Speed inversion response with no load.
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Fig (1.30): Electromagnetic torque response with no load.
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Fig (1.31): Stator current response with no load.
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» Test 2: with load: where T; = 5(N.m) added at t = 0.15(s), speed reference is 1000RPM
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Fig (1.32): Rotor Speed response with load.
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Fig (1.33): Electromagnetic torque response with load.
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Fig (1.34): Stator current response with load.

1.9.3 Interpretation and comments

» Test one: with no load

Figure (1.22) illustrates the open-loop rotor speed response of a BLDC motor under no-load
conditions, demonstrating steady-state operation at approximately 2024 RPM. The motor
accelerates rapidly from 0 RPM and reaches steady-state, indicating a fast dynamic response.
The smooth curve, with no overshoot or oscillations, reflects a well-damped and stable system.
Figure (1.23) illustrates the open-loop electromagnetic torque response of a BLDC motor under
no-load conditions. At startup, the torque exhibits a sharp transient peak of 37.42 N - m to
overcome rotor inertia, followed by a rapid decline and stabilization around 0 N - m within a
few milliseconds. This behavior is consistent with BLDC motor dynamics and reflects efficient
startup performance.

Figure (1.24) illustrates the open-loop stator current response for the first phase (isa) of a BLDC
motor under no-load conditions. The current exhibits a transient peak of 26.72 A at startup
due to inrush, followed by a rapid decay into a steady-state oscillatory regime centered near

Z€10.
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> Test 2: with load

Figure (1.25) illustrates the open-loop rotor speed response of a BLDC motor when subjected
to a load torque applied at 0.15 s. Initially, the motor accelerates and stabilizes at approximately
2024 RPM. Upon load application, the speed drops to 1719 RPM and stabilizes at this lower
value, as dictated by the increased torque demand. This behavior highlights the inherent
limitation of open-loop systems in compensating for load changes, though the smooth

transition reflects stable dynamic performance under load conditions.

Figure (1.26) illustrates the open-loop electromagnetic torque response of a BLDC motor
under load conditions. At startup, the torque peaks at 37.44 N - m to overcome inertia, then
rapidly declines near zero as the motor reaches no-load steady-state. When a load torque of
5N -mis applied at t = 0.15s, the electromagnetic torque rises accordingly and stabilizes
around this value, accompanied by small oscillations. these oscillations reflect inherent torque
ripple caused by commutation effects and non-ideal flux distribution, demonstrating the

motor’s ability to match load demand while maintaining system stability.

Figure (1.27) illustrates the open-loop stator current response of a BLDC motor for the first
phase (isa) under load conditions. Initially, the current exhibits a transient peak of 26.74 A,
then stabilizes near zero in a low-amplitude oscillatory steady-state. Upon load application at
t = 0.15s, the stator current shows a significant increase in both amplitude and fluctuation,

reflecting the motor's response to the added torque demand.

> Test one: with no load

Figure (1.28) illustrates the closed-loop rotor speed response of a BLDC motor under no-
load conditions, comparing two control strategies: PID-ZN (Ziegler—Nichols) and PID-
APPS. Initially, the rotor accelerates to a setpoint of approximately 1000 RPM, followed
by a rise to 1500 RPM at t = 0.15s. Both transitions exhibit minor overshoot and brief
oscillations. The PID-ZN controller achieves a faster rise time but displays significant
overshoot and slower settling with sustained oscillations. In contrast, the PID-APPS
controller provides a more stable and accurate response with minimal overshoot and quicker
damping. This comparison highlights the effectiveness of closed-loop control in achieving
fast setpoint tracking and the superior performance of PID-ZN in delivering smoother, more

stable rotor speed regulation.
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- Figure (1.29) illustrates the closed-loop rotor speed response of a BLDC motor focusing on
a speed inversion scenario from +1000 RPM to —1000 RPM at t = 0.15s. This abrupt
reversal induces transient oscillations and overshoot during both deceleration and
acceleration phases. The figure also compares the performance of PID-ZN and PID-APPS
controllers. While the PID-ZN controller shows a faster initial response, it suffers from
higher overshoot and slower settling. In contrast, the PID-APPS controller achieves
smoother transitions, reduced oscillations, and quicker stabilization. Overall, the system
demonstrates effective control, with PID-ZN offering superior dynamic performance and
stability during rapid speed inversion.

- Figure (1.30) illustrates the closed-loop electromagnetic torque response of a BLDC motor
under no-load conditions, highlighting both transient behavior and controller performance.
Initially, the torque exhibits significant oscillations, peaking, indicating an underdamped
response. Around ¢ = 0.15 s, a sharp disturbance triggers another set of oscillations, which
gradually diminish as the system stabilizes. The figure compares PID-ZN and PID-APPS
controllers: while PID-APPS shows initially higher oscillations than PID-ZN, it stabilizes
more quickly and returns to steady-state faster after the setpoint change. In contrast, PID-
ZN demonstrates slower damping and less precise settling. Overall, PID-ZN provides better
dynamic performance and more effective torque transient suppression and less torque
ripple.

- Figure (I.31) illustrates the closed-loop stator current response of a BLDC motor under no-
load conditions, highlighting both transient dynamics and control performance. Initially,
the current shows high-amplitude oscillations, peaking and dipping, before settling near
zero with smaller oscillations. Around t = 0.15s, a disturbance associated by damped
oscillations returning to the steady-state pattern. The figure compares PID-ZN and PID-
APPS controllers: while both experience transient currents, PID-APPS stabilizes more
quickly and maintains consistent oscillations, whereas PID-ZN displays slower recovery
and greater overshoot. This demonstrates PID-ZN superior dynamic response and

robustness under load disturbances.
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> Test 2: with load

Figure (1.32) illustrates the closed-loop rotor speed response of a BLDC motor to a speed
setpoint of 1000 RPM under load conditions. The rotor speed rises rapidly from zero,
briefly overshoots the setpoint with minor oscillations, and stabilizes near the target within
approximately at t = 0.15s ,even with a load torque of 5N -m applied. The figure
compares the PID-ZN and PID-APPS controllers: PID-ZN exhibits significant overshoot
and slower settling both before and after the load application, while PID-APPS reaches the
setpoint more smoothly and recovers quickly with minimal deviation. This highlights the
control system’s effectiveness and demonstrates PID-ZN superior speed regulation,
stability, and robustness under dynamic load disturbances.

Figure (1.33) presents the closed-loop electromagnetic torque response of a BLDC motor
under load conditions. Initially, the system shows large but rapidly damped oscillations,
indicating strong stability. At ¢ = 0.15 s, a load is applied, causing a spike in oscillation
amplitude and a shift in the torque pattern. Comparing PID-ZN and PID-APPS controllers,
PID-APPS exhibits faster damping and quicker torque alignment, while PID-ZN responds
more conservatively with slower adjustment. Overall, PID-ZN demonstrates superior
responsiveness to dynamic load changes and less torque ripple.

Figure (1.34) shows the closed-loop stator current response of a BLDC motor under load.
After an initial spike above 25 A, the current quickly damps and settles into an oscillatory
pattern. At ¢t = 0.15 s, a load disturbance increases oscillation amplitude, revealing the
system’s dynamic behavior. Comparing controllers, PID-APPS offers smoother, more
sinusoidal currents and better transient handling, while PID-ZN results in more abrupt, step-
like responses. Overall, PID-ZN demonstrates superior performance under dynamic load

conditions.
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1.10 Conclusion

This chapter presents an overview of brushless DC (BLDC) motors, including their historical
background, structural design, operational principles, and mathematical modeling, as well as a
study of open-loop and closed loop behavior using MATLAB/Simulink. It also discusses the
advantages, disadvantages, and diverse applications of BLDC motors. Additionally, the chapter
introduces the use of the Ziegler-Nichols second method and also MATLAB/APPS/ System

Identification Tool for PID controller tuning.

The next chapter will focus on closed-loop speed regulation using PID control and further
enhance performance by applying the Harris Hawks Optimization algorithm (HHO) to minimize

settling time, overshoot, and steady-state error.
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Chapter II: Controller of Harris Hawk’s

I1.1 Introduction

Classic PID controller, while widely used in industrial applications, often demonstrate limited
effectiveness when applied to Brushless DC (BLDC) motors, primarily due to the motors' nonlinear
and dynamic behavior. To overcome these challenges and enhance controller performance,
advanced optimization techniques such as the Harris Hawks Optimization (HHO) algorithm have
been introduced. The success of HHO in such applications depends significantly on the accurate
adjustment of system parameters [45]. As energy efficiency and performance optimization become
increasingly important, the use of intelligent algorithms has gained prominence. The Harris Hawks
Optimization (HHO) algorithm, inspired by the cooperative hunting behavior of Harris's hawks, is
particularly suited for complex optimization problems due to its strong balance between global
exploration and local exploitation. This chapter provides an in-depth overview of the HHO
algorithm, detailing its operational mechanism and its role in optimizing the control of BLDC
motors. It also introduces the concept of metaheuristic optimization methods and presents a

schematic representation of the HHO algorithm’s structure.
I1.2 Optimization
11.2.1 Definition

An optimization problem is defined as finding the minimum or maximum (optimum value) of a
given function. Optimization problems can also be found in which the variables of the function to
be optimized are constrained to evolve in a specific part of the search space; these are optimization

equations.
min fop; (X)

forj(X) = subject to : hi(X) =0 (11.1)

fonj(X): represents the objective function.
g;(X) : an inequality constraint.
hy (X): an equality constraint function.
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11.2.2 Bases of Optimization

In operations research, it is not always possible to find an exact method for solving optimization
problems. In such cases, researchers first attempt to identify an equivalent problem that has already
been solved. If no solution is available, they turn to heuristics simple and intuitive algorithms that
provide approximate solutions based on observation and logical reasoning. These algorithms often
explore multiple solutions and retain the best one. Randomness may be introduced to widen the

search space, requiring several runs to approach the optimal solution [46].

Some heuristics are categorized as metaheuristics, which are general strategies adaptable to
various optimization problems. The simplest and most widely used heuristic is stochastic descent,
particularly for minimization problems [48]:

v An initial solution is chosen.

v A neighboring solution is selected randomly.

v If the new solution has a lower objective function value, it becomes the new reference point,
and its neighbors are explored.

v’ If not, another neighbor is selected.

v The process stops when no better solution can be found.

I1.2.3 Classification of optimization methods

Classification of optimization can be divided into several categories depending on their
characteristics are deterministic approaches stochastic techniques stochastic learning approaches
this is in Fig (11.1):
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Deterministic
approaches

Optimization
methods
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T H istics <!
Sanisty techniques
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~ Metaheuristics =
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Supervised learning
Stochastic g approaches
learning
approaches

Unsupervised
learning

Fig (11.1): Classification of optimization [51].
11.3 Metaheuristics
11.3.1 Definition of Metaheuristics

A metaheuristic is a high-level, problem-independent algorithmic framework that offers
guidelines or strategies for designing heuristic optimization algorithms. When a heuristic
optimization algorithm is developed following these guidelines for a specific problem, it is also
called a metaheuristic. The term "metaheuristic” was introduced by Glover in 1986 and combines
the Greek prefix meta- (meaning "beyond” or "higher-level™) with heuristic (derived from the
Greek “’heuriskein’” or “’euriskein’’, meaning "to search) [49]. Unlike heuristic that often problem

specific in return then metaheuristic is general more flexible and complex optimization problem.
11.3.2 Types of Metaheuristics

Many optimization algorithms have been inspired by the behaviours observed in natural
systems, including both biological and physical phenomena. As shown in Fig (11.2), these nature-
inspired algorithms are generally classified into several categories. The heuristic category typically
focuses on single-solution methods that use specific rules to guide the search process; notable
examples include Simulated Annealing (SA) and Hill-Climbing (HC). In contrast, metaheuristic
algorithms, often referred to as population-based methods, involve multiple interacting candidate
solutions and are capable of adapting to a variety of problems through mechanisms like parameter
tuning. These metaheuristics are further divided into four major groups: (1) Evolutionary
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Algorithms (e.g., GA, GP, DE); (2) Human-based techniques (e.g., TS, TLB); (3) Physics-inspired
methods (e.g., GSA, CFO, BBBC); and (4) Swarm-based algorithms, which imitate the collective
behaviour of animals, such as HHO, MFO, and CSA [50].

@ SELO
T80
pso )\ MO ; : TS

CFO > ! - DE
GSA I ( ep
\ Swarm-based human-based f
BBBC algorithms algorithms GA
Physics-based Evolutionary HC
algorithms | Algorithms i
SA
Metaheuristic Heuristic 4
algorithms Algorithms
L Optimization
Algorithms

Fig (11.2): Optimization algorithms [52].
11.4 Harris Hawks Optimization
11.4.1 Overview and inspiration from nature

In 1997, Louis Lefebvre introduced a method to evaluate avian intelligence by observing changes
in feeding behaviors. His findings indicated that hawks are among the most intelligent bird species.
One species in particular, the Harris's hawk, stands out for its unique group hunting strategy and
highly social behavior. Native to the southern regions of Arizona (USA), this bird of prey is
renowned for its ability to coordinate with others during hunts a trait uncommon among raptors,
which generally hunt alone. Behavioral studies have shown that all group members participate in
hunting, especially outside the breeding season. The typical hunting approach involves a sudden
ambush, as illustrated in Fig (11.3). This cooperative behavior inspired the development of the
Harris Hawks Optimization (HHO) algorithm, a nature-inspired metaheuristic that effectively
addresses complex optimization tasks by balancing the exploration and exploitation phases
[50].
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Fig (11.3): Harris’s hawk and their behaviours [53].

11.4.2 Phases of HHO

The Harris Hawks Optimization algorithm comprises two fundamental phases: Exploration,
Exploitation as depicted in Fig (11.4). Each phase emulates a distinct behavioral pattern of Harris

hawks in the course of hunting:

Fig (11.4): Several Phases of HHO [52].

I1.4.2.1 Exploration Phase

The exploration phase of HHO is a stage that looks for potential areas in the solution space. It
resembles how Harris hawks behave when they are looking for prey across a wide area:
e Random Perching: The hawks, or potential solutions, perch in the search space at random while

exploring. The population is diversified as a result of this randomness, which is crucial for
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preventing an early convergence to local optimality [55]. The following equation describes the

position update during this phase:

X(t+1) = Xrana() = r1.| Xrana () — 2r2. X(1)| (11.2)
where X(t) is the current position.
Xranda () isarandomly selected Hawk.
rq, ryare random numbers in [0, 1].

e Escape Energy: The escape energy (E), which diminishes over iterations, regulates the change
from exploration to exploitation. The method stays in the exploration stage when |E| > 1.

e Random Locations: To broaden the variety of their search, hawks also utilize other hawks'
locations to locate new investigation spots [56].

11.4.2.2 Exploitation Phase

The goal of the exploitation phase is to refine the This phase simulates the behavior of hawks
when they get close to the prey and start hunting. Depending on the prey’s escape energy and the
hawks’ attack strategy, the exploitation is divided into four tactics [57].

1. Soft Besiege: The hawks employ a soft besiege technique when the prey has sufficient energy
to flee |E| = 0.5. The following provides the position update:
X(t+1) = AX(t) — E.|] . Xpana(t) — X(0)| (1.3)

where (J) is the prey's random leap strength and AX(t) is the difference between the prey's position
and the current Hawk's position.

2. Hard Besiege: Hawks employ this tactic to forcefully grab prey when their energy level is low
|E] < 0.5:

X(t+1) = Xpang(t) — E.| AX(D)] (1.4)

3. Progressive Rapid Dives and Soft Besiege: This tactic is employed when the prey is likely to
flee but the hawks are still wary. The hawks use progressive dives to modify their positions in
response to the movements of their prey [58].

4. Hard Besiege with Progressive Rapid Dives: The hawks employ a hard besiege with rapid dives
to guarantee capture once the prey is worn out. This approach is more forceful and concentrates on

taking advantage of the most well-known answer [59].
42



CHAPTER II: CONTROLLER OF HARRIS HAWK’S

11.4.2.3Transition Between Phases:

The escape energy (E), which is determined as follows, controls the change from exploration to

exploitation:

E = 2E, (1-3) (11.5)

where (t) is the current iteration, (T) is the maximum number of iterations, and Eo is the initial

energy. The algorithm investigates when |E| > 1 and exploits when |E| < 1 [13].
IL.5 Organigrams of HHO algorithm

The accompanying flowchart is in Fig (11.5) which outlines the operation of HHO:

[ Begin )

. End Je

Fig (11.5): Organigrams of HHO algorithm [54].
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I1.6 HHO-Based Optimization of BLDC Motor Performance

The HHO algorithm provides a flexible and effective tool for enhancing BLDC motor
performance in a number of areas, including as fault detection, speed control, torque ripple
reduction, efficiency enhancement, and parameter identification [56].

I1.7 Objective function (fitness function)

The objective function was used to improve system performance through the Harris Hawks
Optimization (HHO) algorithm by tuning the PID controller parameters. The ITAE criterion
(Integral of Time multiplied by Absolute Error) was adopted as the performance index, as it gives
higher weight to errors occurring at later times, thereby reducing the settling time and enhancing
the dynamic response of the system. The ITAE is defined by the following equation and other

equation of error:

* Integral of Time multiplied by Absolute Error (ITAE):

lirag = [, tle(t)] dt (IL6)
« Integral of Squared Error (ISE):

Lse = J, e2(D)dt (11.7)
* Integral of Absolute Error (IAE):

g = [y le()] dt (IL8)

However, the ITAE was chosen in this study due to its effectiveness in minimizing long-term

errors and improving overall control performance.
I1.8 BLDC Motor modeling and control using HHO

In this study we utilized the HHO optimization technique. The diagram of this method of
optimization in a BLDC motor control at no load, on load and also for the reversal of rotation

direction with over speed is shown in Fig (I1.6), and the error is (ITAE).
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Fig (11.6): Optimizing PID Controllers using HHO for Brushless DC (BLDC) Motor [1].

11.9 Simulation and results

A simulation model of a tuned PID-controlled BLDC motor system was developed in

MATLAB/Simulink (see Annex D), three operational scenarios: no-load, loaded, and speed

inversion.

Table (11.1): Parameter of HHO

Min

Max

Niteration KP

Ki

Kq

[0.10.10.01]

[500 3000 0.5]

40

40 39.3862

13.9856

0.00224

Based on the data presented in Table (11.1) we obtained the convergence curve in the Fig (11.7):

45




CHAPTER II:

0.015

CONTROLLER OF HARRIS HAWK’S

Convergence curve

0.014

0.013

0.012 -

Fitness

0.01 -

0.009 —

0.011 -

T

| 1 | L 1

0.008
0

10 15 20 25 30

Iterations

Fig (11.7): Convergence curve of HHO.

» Test 1: with no load (T, = O(N.m))
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Over Speed: The motor executed speed step change was applied, increasing the rotational

velocity from 1000 RPM to 1500 RPM at t = 0.15s .This transition enabled the

assessment of the system’s dynamic response to a sudden increase in setpoint speed.
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Fig (11.8): Rotor Speed response with no load.
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- Rotor speed inversion: The motor executed a directional speed reversal from +1000 RPM
to —1000 RPM at t = 0.15s .This transition enabled the assessment of the system’s

dynamic response to a sudden decrease in setpoint speed.
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Fig (I1.9): Rotor Speed inversion response with no load.
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Fig (11.10) Electromagnetic torgue response with no load.

47



(A0

Stator Current i

Rotor Speed (RPM)

30

CHAPTER II:

CONTROLLER OF HARRIS HAWK’S

151

(=]
=

n

0.05

0.1 0.15 0.2 0.25 0.3
Time (Sec)

Fig (11.11): Stator current response with no load.

» Test 2: with load: where T; = 5(N.m) added at t = 0.15(s), speed reference is 1000RPM.
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Fig (I1.12): Rotor Speed response with load.
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Fig (11.14): Stator current response with load.
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11.9.1 Comments and interpretations:

>

Test one: with no load

As shown in Fig (I1.8) Speed Response (No Load — HHO) the motor rapidly reaches the
reference speeds (1000 RPM then 1500 RPM) with minimal overshoot and smooth
transitions, demonstrating accurate and stable speed tracking by the HHO-optimized PID
controller under no-load conditions.

As shown in Fig (I1.9) Speed Response during Speed Inversion the motor speed shifts
rapidly from +1000 RPM to —1000 RPM around 0.15 seconds. The inversion is smooth
and fast, with no overshoot or oscillation, reflecting effective control performance during
direction reversal.

As shown in Fig (I1.10) Electromagnetic Torque (No Load — HHO) Initial torque peaks to
overcome inertia, then quickly drops near zero. A second peak occurs during the speed step,
indicating fast dynamic response in no-load operation.

As shown in Fig (II.11) Stator Current (No Load — HHO) the current peaks briefly at startup
and during the speed change, then stabilizes with low ripple, confirming efficient current

regulation without external load torque.

Test two: with load

As shown in Fig (I1.12) Speed Response (With Load) the BLDC motor speed rises rapidly
to reach 1000 RPM without noticeable overshoot and remains stable at this reference value
despite the applied load. This demonstrates the effectiveness of the HHO algorithm in
providing accurate speed tracking and maintaining stable performance under loaded
conditions.

As shown in Fig (I1.13) Electromagnetic Torque (With Load) the Electromagnetic torque
initially peaks at approximately 35 N-m to overcome the inertia and external load. After
about 0.15 seconds, it stabilizes around 5 N-m, indicating the system’s ability to deliver the
required torque and operate smoothly under load.

As shown in Fig (I1.14) Stator Current (With Load) the stator current rises sharply to nearly
28 A at startup, then gradually decreases and stabilizes around 5 A, with visible ripple due
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to inverter switching. This reflects effective current control and stable operation of the

motor drive under loaded conditions.

11.9.2 Comparison between HHO, PID-APPS and PID-ZN

In this section, a test under torque load was carried out on a BLDC motor to compare the
performance of the conventional PID-APPS and the PID-HHO and PID-ZN.

1200 — —
‘/// - \
1000 - ;
~ 1 __,./’\
£ | i N =a=a> |
g N/ 930
T 600 -
3 001 002 003 004 003 015 0I5l 012 0153
&
-
2 400 |
=]
&~
200 = Speed Setpoint | |
= PID- HHO
0 ——PID-APPS |
= PID-ZN
200 | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3
Time (Sec)
Fig (11.15) :Speed Response under Torque Load (PID vs. HHO vs ZN).
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Fig (11.16): Electromagnetic Torque Response (PID vs. HHO and ZN).
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11.9.3 Comments and interpretations

CONTROLLER OF HARRIS HAWK’S

e This Fig (II.15) illustrates the speed response of a BLDC motor under a sudden torque load

using three PID tuning methods: HHO, APPS, and Ziegler-Nichols (ZN). The response using

the HHO algorithm demonstrates superior performance, with the fastest rise to the reference

speed, minimal overshoot, and rapid settling without noticeable oscillations. This indicates the

effectiveness of HHO in optimizing the dynamic performance of the system.

e The second Fig (I1.16) shows the electromagnetic torque response under the same conditions.

It is evident that the ZN and APPS methods suffer from pronounced and persistent ripples after

the load disturbance. In contrast, the HHO-based controller exhibits a significantly smoother

torque response with reduced oscillations. These ripples in the torque signal are undesirable as

they can lead to mechanical stress and inefficiencies.

From both figures, it is clear that the HHO algorithm achieves better overall system performance,

providing faster and more stable responses in both speed and torque dynamics, making it a more

robust tuning strategy compared to ZN and APPS methods.

Table (11.2): Performances of each control technique.

Control techniques Rise time (sec) Settling time (sec) Overshoot (%0)
PID-HHO 0.0027 0.0049 0.0480
PID-APPS 0.0022 0.0148 19.5101

PID-ZN 0.0116 0.0744 17.6130

In comparison between the PID-HHO method and the other control methods (PID-APPS and
PID-ZN), and as shown in the Fig (11.17) and Fig (11.18) above and in Table (11.2), it can be
concluded that the PID-HHO technique provides better performance. It achieves the smallest rise

time, settling time, and has the lowest overshoot. Moreover, it demonstrates a more stable response
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and is less affected by the torque load variations compared to the conventional PID techniques,

which show higher rise time, greater overshoot, and more sensitivity to load disturbances.

11.10 Conclusion

At the end of this chapter, we presented an overview of the Harris Hawks Optimization (HHO)
algorithm, which is inspired by the cooperative hunting strategy of Harris hawks in nature. Through
simulations, we compared the HHO-based PID tuning to conventional methods such as Ziegler—
Nichols (ZN) and APPS. The HHO approach demonstrated significantly better performance in
terms of rise time, settling time, and overshoot.

In the next chapter, we will apply this optimized control strategy to a Brushless DC (BLDC)
motor, using an Arduino and an Electronic Speed Controller (ESC), aiming to ensure adaptive and

real-time response for improved motor performance.
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Chapter 111 : Application

111.1 Introduction

Brushless DC (BLDC) motors are widely used in modern automation and robotics due to their
efficiency, reliability, and precise control capabilities. The combination of microcontroller
platforms, such as Arduino, provides an accessible and flexible approach for developing and testing

BLDC motor control systems.

This chapter introduces the general process of implementing and simulating BLDC motor
control using Arduino Mega 2650 and Proteus. It highlights how these tools can be used to design,
simulate, and validate motor control strategies, offering valuable experience for both educational

and practical engineering applications.
111.2 Tools and devises

In this project, we used various tools and devices, which we categorized into hardware
components, such as the BLDC motor, Arduino boards, ESC, and potentiometer, and software
tools, including the Arduino IDE and Proteus simulation software, to design, control, and test the

system effectively.
111.2.1 Hardware components

The hardware utilized in this project consists of the A2212/13T/930KV BLDC motor, Arduino
Mega and Uno microcontrollers, a 30A ESC, a potentiometer, a laboratory DC power supply, and
a breadboard for assembling and connecting the circuit. Each of these components will be described

in detail below.
111.2.1.1 Cables and wiring

A cable is an assembly of one or more insulated conductors designed to transmit electrical power
or data signals between devices or subsystems. It serves as a crucial medium for ensuring signal

integrity and reliable energy distribution in electrical and electronic infrastructures [54].

To connect our project component (the BLDC motor, Arduinos, DC voltage source, and

potentiometer) we used quality cables (male/male 20 cm long) and reliable connectors to ensure
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efficient energy transmission and minimal signal loss, which helped maintain the overall

performance and stability of the circuit. Like it shown in the Fig (I11.1) down below:

Fig (111.1): male/male 20 cm cables [55].

111.2.1.2 Potentiometer

A potentiometer is a three-terminal analogue device functioning as a variable voltage divider. It
enables real-time manual adjustment of voltage levels in a circuit and is widely employed in
instrumentation, signal conditioning, and user-interface control applications due to its simplicity
and reliability [56].

We used the potentiometer to control the BLDC motor speed by connecting it to an analog input
on the Arduino, allowing us to vary the voltage signal as we turned the knob, and adjusted the

motor's speed accordingly through the motor controller.

Teachwithict.com
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Variable Resistance
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Fig (111.2): Structure and working principal of a Potentiometer [57].
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111.2.1.3 DC Power Supply

Reliable DC voltage sources are fundamental in today’s electronics, providing the stable and
adjustable power needed for devices, testing, and research. Modern DC variable power supplies
allow users to precisely set and control DC voltage levels, making them essential for circuit

prototyping, experimentation, and troubleshooting [58].

We used the lab DC power supply in our project to provide a stable and adjustable voltage
source for powering the BLDC motor through the ESC, ensuring the motor received sufficient and
consistent energy for reliable operation and precise speed control via the Arduino and

potentiometer.
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switch cv/CC/  output output output
PAR
indicator GND CH3 overload CH3 voltage

terminal indicator selector

Fig (111.3): Lab DC source and its components [59].

111.2.1.4 Arduino Mega 2560
The Arduino Mega 2560 is a microcontroller board based on the ATmega2560 chip. It offers 54
digital input/output pins, 16 analogue inputs, 4 UARTSs (hardware serial ports), and a large memory
capacity, making it ideal for projects requiring a large number of connections and sensors. It is
commonly used in complex robotics, automation, and embedded system applications [60].
We used the Arduino Mega in our project to control the BLDC motor by generating PWM

signals through its digital pins, which were sent to the ESC to regulate motor speed and direction.
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Fig (111.4): Arduino Mega 2560 and its components [61].
111.2.1.5 Arduino Uno R3

The Arduino Uno is one of the most widely used and popular development boards, powered by
the ATMega328P microcontroller. It is favored by the maker and developer community due to its
affordability, ease of use, and the wide range of readily available modules that simplify the process
of building prototypes and new projects. The board features 14 digital 1/0O pins, including 6 PWM
capable 8-bit outputs, 6 analog inputs with 10-bit resolution, and supports essential communication
interfaces such as SPI, 12C, and UART.

Although many variants of the Arduino Uno are available globally, a large number of them are
clones or replicas of the original version. As a result, their appearance or color may differ from the
official board shown above [62].
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Fig (111.5): Arduino Uno R3 and its components [63].

111.2.1.6 Breadboard

A breadboard is a tool used for prototyping electronic circuits without components like resistors
soldering. It consists of a grid of interconnected holes that allow, capacitors, and integrated circuits
(ICs) to be placed and connected using jumper wires. Breadboards are essential for testing and

iterating circuit designs before finalizing them on a printed circuit board (PCB) [64].

We used the breadboard in our project to create a flexible and accessible platform for connecting
the Arduino, ESC, potentiometer, and BLDC motor driver components, allowing us to easily
prototype, modify, and troubleshoot the control circuit for the BLDC motor without soldering,

while ensuring stable connections for power, signal, and feedback lines.
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Fig (111.6): Breadboarded [65].

111.2.1.7 Electronic Speed Controller (ESC)

An Electronic Speed Controller (ESC) is an electronic circuit that controls the speed, direction,
and braking of an electric motor. In the case of BLDC motors, an ESC is used to provide the correct
signals to the motor for precise control over its operation. It is an essential component in drones,

RC vehicles, and other motorized applications [66].

We used the ESC 30A in our project to precisely control the speed of the BLDC motor by
receiving PWM signals from the Arduino, efficiently regulating power delivery to the motor while

providing stable operation and protection features such as overcurrent and thermal management.
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Fig (I11.7): Electronic Speed Controller (ESC)and its components [67].
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111.2.1.8 Brushless DC motor (BLDC)

A Brushless DC (BLDC) motor is an electric motor that operates without brushes and

commutators. It uses electronic controllers to drive the motor, offering higher efficiency, reliability,

and longevity compared to brushed DC motors. BLDC motors are widely used in applications

requiring high-performance, such as robotics, drones, and electric vehicles [68].

In this project, we used the A2212/13T/930KV BLDC motor, selected for its reliability and

suitable speed-torque characteristics, and referenced its datasheet down in the following to ensure

proper integration and safe operation within our circuit.

Outer Rotor

Motor Shaft
Stator
Windings

Fig (111.8): A2212/13T/930 BLDC motor [69].

Table (111.1): A2212/13T/930 BLDC motor Datasheet.

Parameter Specification
Model A2212/13T /930KV
Motor Type Brushless DC (BLDC)
KV Rating 930 KV
Max Current 134
Max Voltage 11.1V (3S LiPo)
Shaft Diameter 3.17 mm
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Weight 50g
Max Power 220W
Recommended Prop 8x4.5,9x4.7,10x4.5

II1.2.2 Software’s

The software tools employed in this project include Arduino IDE for programming the
microcontrollers and Proteus Professional for simulating and testing the circuit; each software will

be discussed in detail in the following sections.
111.2.2.1 Arduino IDE

The Arduino Integrated Development Environment (IDE) is a software platform used to write,
compile, and upload programs to Arduino microcontroller boards. The IDE simplifies the process
of creating embedded systems by providing a user-friendly interface with built-in libraries for
controlling hardware components. It supports multiple programming languages, primarily C and
C++, and allows users to develop and test code in a variety of environments. The Arduino IDE is
widely popular in both academic and hobbyist communities for learning embedded systems and
rapid prototyping [70].

We used Arduino IDE 2.3.4 in our project to write, compile, and upload code to the Arduino
board, enabling precise control and coordination of the BLDC motor, ESC, and potentiometer

based on our project requirements that will be detailed down below.

The Fig (111.9) shows the Arduino IDE App logo, and the Fig (111.10) shows the Arduino IDE

interface:

ARDUINO

Fig (111.10): Arduino IDE interface [71].
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Fig (111.9): Arduino IDE App logo.

111.2.2.2 Proteus professional 8. 8.17

Proteus 8.17 is a version of the Proteus Design Suite, a comprehensive software used for the
simulation and design of electronic circuits. It provides tools for schematic capture, PCB layout,
and the simulation of microcontroller-based systems. The software allows users to design, test, and
validate circuits and embedded systems in a virtual environment before physical implementation.
Proteus also supports simulation of various components like sensors, motors, and displays, and is

widely used in academic and professional environments for rapid prototyping and learning [72].

We used Arduino Proteus Professional 8.17 in our project to simulate the entire circuit by
designing the schematic, integrating the Arduino-generated .hex file, and testing real-time

interactions to validate performance before physical implementation.

The Fig (111.11) shows the Proteus Professional App logo, and the Fig (111.12) shows the Proteus
Professional 8.17 interface.
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Fig (111.11): Proteus Professional App logo.
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Fig (111.12): Proteus Professmnal 8.17 interface.
» Proteus simulation circuit
In this Proteus simulation, we built the full schematic of our BLDC motor control system
based on how we assembled it in real life.
- We used the Arduino Mega 2560 to generate the PWM signals and run our PID
algorithm, just like in our physical setup.
- To handle the motor's commutation, we added logic gates and MOSFET driver
circuits, which helped us control the signals sent to the motor phases.
- On the right side, we placed the BLDC motor (M1) and connected it to an H-bridge,

which we designed to switch the motor coils correctly.
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- The PWM signals coming from the Arduino are processed and sent through the H-
bridge to drive the motor.
Running this simulation helped us a lot it allowed us to see how the signals behaved, test
our logic, and make sure everything was working before applying it to the real circuit, the
step was very useful, especially given the limited materials we had, and it gave us

confidence that our control system would perform as expected once built.
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Fig (Il1.13): Proteus Simulation of the BLDC Motor Control System.
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111.3 The Base circuit

This circuit diagram illustrates a setup for controlling a BLDC (Brushless DC) motor using an

Arduino-based system. The circuit uses two Arduino boards:

; ESC 30A |

sssssunnnn
[Fm=sTY e S

(== 1.{

Fig (I11.14): The Base circuit diagram.

e Arduino Mega 2650: appears to serve as the primary controller, processes this input and
generates a corresponding PWM signal through its digital pin 9, which were sent to the ESC
to regulate motor speed and direction, while leveraging the board’s computational power to
process sensor feedback (or simulated signals) and maintain stable motor performance.

e Arduino UNO R3: Due to limited resources, we used the Arduino Uno to simulate a speed
sensor for the BLDC motor, generating control signals to provide fictional speed feedback in
the code (referred to as currentSpeed). In a real system, current Speed would represent the
actual motor speed measured in RPM, RPS, or counts per second using sensors like Hall effect
sensors, rotary encoders, optical sensors, or ESC telemetry. However, since we lacked these
sensors, we programmed the Arduino Uno to act as a virtual sensor by running a loop every
20 ms , pin 6 is set HIGH for one second, then set LOW for one second, and finally set HIGH
again, repeating this sequence continuously, allowing the PID controller to compare this
simulated speed with the target setpoint and adjust the ESC signal accordingly.
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e ESC 30A (Electronic Speed Controller): The ESC is connected between the Arduino and the
BLDC motor. It receives PWM (Pulse Width Modulation) signals from the Arduino to regulate
the speed and direction of the BLDC motor.

e BLDC Motor (A2212/13T/1000KV): The motor is powered and controlled via the ESC. The
three wires from the ESC connect to the three terminals of the BLDC motor, enabling three-
phase operation.

e DC Power Supply: The power supply provides the necessary voltage and current to the ESC
and, consequently, the BLDC motor. The positive and negative terminals of the power supply
are connected to the ESC’s power input.

e Potentiometer: A potentiometer is connected to Analog Pin A0 on Arduino Mega 2560. It
allows the user to vary the voltage signal sent to the Arduino, which is then used to adjust the

PWM signal output to the ESC, thus controlling the motor speed.

I11.4 Application results

This section presents our experimental project setup for controlling a BLDC motor using
Arduino, with all components clearly labeled in the Fig (111.15). a breadboard, and connecting
cables. A DC power supply delivers the required power, while a PC is used to upload and run the

control code. An oscilloscope is used to monitor the output signals.

This configuration demonstrates the practical implementation of our control system and

highlights the integration between hardware and software.
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1- BLDC Motor

2- ESC

3- Potentiometer

4- Breadboard

5- Arduino Mega 2560
6- Cables

7-Arduino Uno R3

8- PC

9- Code of Arduino
10- Run of code

11- DC Power Supply
12- Oscilloscope

Fig (111.15): Photo of the assembled Set-up.

- This Fig (II1.16) shows the oscilloscope display capturing the output waveform from Arduino
Uno R3, which simulates the current speed feedback of a BLDC motor. Due to the absence of
actual speed sensors such as Hall effect sensors or encoders, the Arduino Uno was programmed
to generate a virtual speed signal. Specifically, pin 6 of the Arduino is toggled too HIGH for
one second, then LOW for one second, and HIGH again repeating this loop every 20 ms to
simulate a speed signal. The square waveform observed on the oscilloscope corresponds to
this behavior, representing a basic on-off pulse that the PID controller uses as a reference for
“current Speed.” This artificial signal allows the control system to compare it with a target set
point and modulate the ESC accordingly, emulating real-time speed regulation. Although it’s
a simplified simulation, this approach allows for effective testing of the control algorithm in

the absence of physical speed sensing hardware.
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Fig (Il1.16): Observation of the virtual current speed sensor Signal.

Since we couldn't obtain the actual speed curve due to the absence of a physical speed sensor,
we adopted an alternative approach to estimate the motor speed. By using the voltage applied to
the motor and referring to the motor's datasheet, which provides the relationship between voltage
and RPM, we can approximate the motor's rotational speed. This method allows us to infer the
motor's performance and validate the control system behavior despite the lack of direct sensor
feedback. It serves as a practical solution for estimating speed in sensorless experimental setups.

- BLDC motor speed estimation Based on Voltage-RPM Characteristics. We know that:
1V = 930KV (IIL.T)

Thus,
930 % 12.32 = 11457,6 RPM
We conclude that the estimated motor speed is: 11457.6 RPM
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I11.5 Interpretation and comments

Throughout the development of this project, several key observations were made that

highlighted the importance of closed-loop control:

- After implementing the Arduino Uno loop, we observed effective speed regulation,
simulating feedback in the absence of real sensors.

- In open-loop mode, the motor speed varied randomly and chaotically, with no consistency
or stability. With the introduction of the closed-loop control using PID, the motor speed
stabilized and fixed around the calculated reference value.

- During initial open-loop tests, there were noticeable fluctuations in current and voltage,
affecting performance.

- Once the closed-loop was activated, both current and voltage values stabilized, aligning

with the desired levels and improving overall system efficiency.

I11.6 Conclusion

In conclusion, this project successfully bridged the gap between theoretical knowledge and
practical application. By carefully selecting and integrating both hardware components such as the
BLDC motor, ESC, and Arduino boards, and software tools like Arduino IDE and Proteus, we were
able to build a fully functional control system. Although we faced significant challenges,
particularly a lack of time and limited materials, our determination and problem-solving approach
allowed us to overcome these obstacles. Ultimately, we achieved our main objective and gained

valuable hands-on experience in system design, programming, and motor control.
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Conclusion

This document offers a comprehensive study of brushless motors, organized into three main
chapters. The first chapter introduces brushless motors by defining their key components and
explaining their operating principles. It highlights their advantages over traditional motors, such as
higher efficiency and longer lifespan, along with their broad industrial applications. The chapter
also covers fundamental concepts, mathematical modeling, and simulation techniques, focusing on
how differential equations describing motor behavior are implemented in MATLAB/Simulink. The
role of the classic PID controllers, particularly those tuned via the MATLAB/APPS/System

identification tool, is emphasized for effective speed control.

The second chapter explores the Harris Hawks Optimization (HHO) algorithm, a modern
metaheuristic inspired by the hunting tactics of Harris hawks. This method was applied to optimize
PID controller parameters for the motor system, demonstrating improved speed response, reduced
speed drops under load, and minimized torque ripple compared to traditional PID control.

The third chapter focuses on a practical application of BLDC motors, showcasing the integration
of microcontroller platforms like Arduino Mega 2560 with Proteus simulation software. This
combination facilitates the implementation, simulation, and validation of BLDC motor control
strategies, offering a versatile and accessible solution for both educational purposes and

engineering development.

Additionally, this work can be expanded through further research aimed at improving BLDC

motor control. Potential directions include:
« Experimental validation of the proposed control strategies.
e Applying the HHO optimization method to other BLDC motor control techniques.
« Exploring and adapting alternative optimization criteria.

Future work:

The research underscores the significant potential of HHO algorithms for BLDC motor speed

control. Future investigations could further advance this area by:
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Genetic algorithm (GA) fused with HHO to optimize controller gains and reduce torque

ripple.

Hybrid HHO with PSO (Particle Swarm Optimization) or ACO (Ant Colony Optimization)

for faster and better optimization.
Self-tuning fuzzy controllers where HHO adjusts rules and membership functions.

Adapting HHO-based control strategies for use in high-precision medical devices that

utilize BLDC motors, such as robotic surgical tools or prosthetics.
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» Annex A:

In the figure below there is a simulation of the BLDC motor in Open-loop for System
identification APP.
We created in MATLAB/Simulink an open loop simulation in the aim to estimate the system

transfer function in MATLAB/APPS/System identification:
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> AnnexB:

In the figure below there is a simulation of the BLDC motor in Open-loop.

We created in MATLAB/Simulink an open loop simulation in the aim to see the system dynamic

response:
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ANNEX

> Annex C:

In the figure below there is a simulation of the BLDC motor in closed-loop.

We created in MATLAB/Simulink a closed-loop simulation in the aim to control the speed of the
BLDC motor using PID-ZN/PID-APPS:

-

1

» Annex D
In the figure below there is a simulation of the BLDC motor in closed-loop using HHO based
controller.

We created in MATLAB/Simulink a closed-loop simulation in the aim to control the speed of the
BLDC motor using HHO based PID controller (PID-HHO):
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