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ABSTRACT 

Fast depletion of fossil fuels, environmental pollution, and global atmospheric challenges 

are the major driving forces to explore alternative environmental friendly energy sources. 

In line with this, fossil fuel driven vehicles contribute a significant share in environmental 

pollution. Electric vehicles (EV) are alternative solutions. However, energy efficiency and 

utilization are the major issues in EV. According to the current research status, BLDC motor 

drives have better efficiency out of different electric drives even though it has relatively high 

torque ripple. Energy efficient and better dynamic performance features of BLDCM drive 

for EV application can be achieved by using appropriate control techniques. In this regard, 

a neural network (NN) based nonlinear PID (NPID) speed controller, genetic algorithm 

(GA) based PI current controller, and pulse-width-modulated (PWM) based inverter drive 

of BLDCM for the propulsion of EV Bajaj Qute are implemented for this work. To achieve 

this, vehicle dynamics, BLDCM, and inverter models are done mathematically. Also, for 

implementation purpose the corresponding models are done using MATLAB software tool. 

Different cascade control architectures (like ZN-PID speed and PI current, GA-PID speed 

and PI current, GA-NPID speed and PI current, and NN-NPID speed and GA-PI current) 

for the specified application are implemented and performance evaluations are done. 

Accordingly, NN-NPID speed controller has a settling time of 0.0275sec, 0% overshoot, and 

0% steady-state error under a constant load of 20Nm condition and per 1500rpm rated 

speed. On the other hand, the GA-NPID speed controller has better performance than ZN-

PID and GA-PID controllers, and it has a settling time of 0.03sec and 0% overshoot. 

However, due to a sudden load change of 30Nm, it has a +0.7% steady-state error which is 

twice that of the NN-NPID controller result (0.3%). Furthermore, GA-PI current controller 

results settling time of 0.02sec and 0% overshoot. Besides, ZN-PI current controller is 

performed and it has a settling time of 0.09sec and +50% overshoot which is less 

performance than the GA-PI controller. In addition, the performance of PWM based inverter 

drive showed 6% torque ripple compared to relay based inverter drive with 20% torque 

ripple. In general, the performance evaluations of the implemented different cascade 

controllers revealed that NN-NPID speed and GA-PI current cascade controller along with 

PWM based inverter drive for the specified application outperformed other controllers.  

Key words: Bajaj Qute, BLDCM, NN-NPID and GA-PI cascade controller, and PWM 
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CHAPTER 1 

 

1. INTRODUCTION 

1.1. Background 

The advent of the internal combustion engine has significantly influenced human life. As 

the main propulsion technology used in vehicles, the internal combustion engine has become 

an integral part of modern life. However, as internal combustion engine vehicles increase in 

number, they constitute one of the largest sources of air pollution and greenhouse gas 

emissions. Automotive industries are targeting sustainable transportation in the future for 

reducing air pollution. Hence electric and hybrid vehicles are going to be popular due to 

their energy saving, sustainability, and less carbon emission [1]. 

Scientists, engineers, and vehicle manufacturers have attempted to design and improve 

electric vehicles (EV) for about a century. The first electric car produced in 1839 by Rodert 

Anderson. In 1870 David Salomon developed an electric car with a light electric motor. The 

batteries were heavy, at the time, therefore performance was poor [2]. But, nowadays with 

an improvement in battery technology EV have better performance. Gasoline bajajs are the 

type of vehicles but not cars and they are classified as three-wheel and four-wheel bajaj 

vehicles [L1]. Bajaj Auto came into existence in India as Bachraj Trading Co. Ltd. on 

November 29, 1945. The company got a license to manufacture the two and three-wheeler 

vehicles locally in 1959. Currently, the company distributes its product in 16 countries 

including our country, Ethiopia.  

Bajajs have been commonly used for the transportation industry in Ethiopia especially in 

regional state cities. Until fourteen years ago, public transport was limited to minibuses and 

buses. Hence, three-wheel vehicle taxis, made in India, first come to Ethiopia in 2005 [L1]. 

They become very popular as a convenient method of transportation in the cities. But three-

wheel bajaj vehicles are not good for safety, comfort as well as less fuel efficiency.  

The company could introduce four-wheeler bajaj vehicles specifically in cities in the next 

ten and fifteen years it could replace the three-wheeler bajaj. It provides better safety, 

comfort, and better fuel efficiency when compared to three-wheelers [L1]. Although these 

four wheeler bajaj vehicles have better fuel efficiency, they are not co-friendly to the 

environment, so these types of gasoline bajaj vehicles should be replaced by electric ones 
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[3]. EV is more advantageous over internal combustion engine automobiles, including a 

significant reduction of air pollution and gas emissions. Electric energy stored in the battery 

used by EV to drive the motor and the power can be rejuvenated with electricity generation 

using renewable energy. The electric motor plays a significant role in any electric vehicle. 

The most suitable motor among various electric motors for EV is BLDC motor because it 

has many advantages over brushed DC motor and induction motor [4]. These are: 

▪ Less maintenance,  

▪ Low electric noise,  

▪ Low inertia which improves dynamic response,  

▪ Better speed versus torque characteristics,  

▪ Long operating life, 

▪ High efficiency, 

▪ High reliability, high power density, low cost, and lower weight. 

BLDC motors are synchronous motors. The three phase configuration of the motor is 

commonly used in high and medium power applications. BLDC motor control depends on 

the position of the rotor [5]. The inverter switching and instability of the system due to the 

complicated design of the speed and current regulator increases the complexity of the BLDC 

motor drive. Battery power optimization in EV is essential. For the fast braking operation 

and controlling the torque in the vehicle, precise model and simulation of BLDC motor drive 

especially speed control is required. Several techniques and algorithms have been proposed 

by researchers for the BLDC motor speed controller [5] [6]. Among them are PI, PID, fuzzy 

and adaptive fuzzy PID controllers have been widely used for speed control of BLDC motor.  

The BLDC motor has a highly nonlinear characteristic because the rotor made of permanent 

magnet leads to magnetic saturation. This makes the developed torque nonlinear. It has a 

nonlinear relationship between the winding current and rotor speed. As a result, the linear 

PID controller may have difficulty in speed control. On the other hand, the nonlinear PID 

control gives accurate results for speed control of BLDC motor. However, it could produce 

high starting current which can be dangerous for the motor and control circuitry. The 

cascaded NPID speed and PI current control configuration achieves better dynamic 

performance, gives better setpoint tracking, disturbance regulation, and reduced starting 

current overshoot.  
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BLDC motor has high torque ripple compared with other motors. Torque ripple makes the 

vehicle vibrate and reduces the life span of the vehicle. Torque ripple is due to stator current 

harmonics. Due to electronic commutation, the stator current has harmonics and torque is 

proportional to the stator current. To reduce this effect to some extent BLDC motor requires 

better inverter switching techniques. There are different types of BLDC motor inverter 

switching commutation techniques. The variable voltage source drive is the one and the 

simplest BLDC motor drive technique. This driving scheme used in the case of variable 

voltage source power supply and the application without considering current harmonics.  

The other one is relay based inverter drive. The inverter switch depends on the difference 

between the stator current and reference current. The motor current harmonics depend on 

the bandwidth of the relay and usually, it is high to reduce the inverter loss. Field orientated 

control (FOC) is another inverter drive technique and it has fewer current harmonics than a 

relay-based drive. FOC works based on space vector modulation (SVM), clark, and park 

transformation [6]. As a result, it is very difficult to implement practically. The last one and 

the proposed scheme is PWM based inverter drive and it has fewer current harmonics than 

others and it is easy to implement practically. It needs only the controlled signal and the 

carrier signal with at least the frequency twice the controlled signal frequency.  

In this research work, the comparison of ZN-PID speed and PI current, GA-PID speed and 

PI current, GA-NPID speed and PI current, and NN-NPID speed and GA based PI current 

cascade controllers for BLDC motor control is performed. The result shows NN-NPID speed 

and GA-PI current cascade controller gives better speed and current dynamic performance 

than the others. Besides, PWM based BLDC motor inverter drive is compared with a relay-

based inverter drive. As the result, PWM based inverter drive gives lower current harmonics. 

The electric bajaj qute vehicle dynamics mathematical modeling is performed. Also, the 

mathematical model and the principle of a three-phase star-connected BLDC motor drive 

with ideal trapezoidal back-EMF waveform is discussed. The linear and nonlinear model of 

BLDC motor drive for the application of electric vehicle bajaj qute is designed and simulated 

using MATLAB software.  

1.2. Statement of the Problem 

The reduction of greenhouse gases is mandatory to create a better environment. Since the 

pollution levels are rising at an alarmingly high rate. The usage of fossil fuels for 

transportation is a major cause of pollution and the emission of harmful gases into the 
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atmosphere. In line with this, the depletion of fossil fuel is increasing at a high rate and its 

cost is also increasing. To reduce certainly the above mentioned problems fossil fuel-based 

vehicles must be replaced by electric vehicles. However, energy efficiency and utilization 

issues are the major issues that need research for sustainability apart from reducing the 

environmental pollution role of electric vehicles. The motor is the main part of EV which 

needs an efficient and appropriate closed-loop motor drive control system. According to the 

current research status regarding the efficiency of electric drives, BLDC motor drives are 

considered as drives with better efficiency out of the many different electric drives. 

However, it has high torque ripple compared with other electric motors. The source of torque 

ripple is current distortion. Torque ripple can be solved by reducing the stator current 

harmonics, that is, by designing suitable inverter switching technique in the BLDC motor 

drive. 

Due to the permanent magnet of the BLDC motor in the rotor, the magnetic saturation is 

present and making the developed torque nonlinear. As a result, a precise speed control 

system is complex due to nonlinear coupling between winding currents and rotor speed. 

Since the BLDC motor has a high starting current, this may lead to heating of the motor 

stator windings and the burning of the motor and its drive. The speed and current dynamic 

performance characteristics of the motor are essential in the case of an electric vehicle. To 

overcome the above mentioned problems an intelligence based speed control scheme along 

with the current regulator is required in the BLDC motor drive. In this research work, the 

NN-NPID speed and GA-PI current cascade controller and PWM inverter switching 

technique are proposed and developed. The proposed control and drive systems are 

implemented and simulated by using MATLAB software.  

1.3. Research Questions 

This work intends to answer the following basic research questions.  

▪ How to determine the maximum load of an electric bajaj vehicle? 

▪ How to select the BLDC motor rating and specifications? 

▪ How to model and optimize the current and speed controllers of the system? 

▪ How to reduce the current harmonics (torque ripple)? 

▪ How to drive a BLDC motor with better speed dynamic performance? 

▪ How to model the entire system with MATLAB/Simulink? 
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1.4. Objectives of the Study 

1.4.1. General Objective 

The general objective of the research thesis is to improve the speed and current dynamic 

performance of brushless DC motor for electric vehicle bajaj qute propulsion. 

1.4.2. Specific Objectives 

The specific objectives of this research thesis are: 

▪ To design the maximum load of electric vehicle four-wheel bajaj. 

▪ To select the appropriate BLDC motor for electric vehicle four-wheel bajaj.  

▪ To design AI-based speed and current controllers for BLDC motor drive.  

▪ To reduce torque ripple and current harmonics distortion of BLDC motor. 

▪ To simulate the system by using MATLAB software to cheek performance.  

1.5. Scope of the Study 

The thesis focuses on the mathematical modeling and simulation design of both the vehicle 

(bajaj qute) dynamics and brushless DC motor. Simulation of intelligence based speed and 

current control of brushless DC motor using MATLAB/Simulink for the propulsion of 

electric vehicle (bajaj qute) application are implemented. The performance of BLDC motor 

drive techniques in case of both speed and current controllers and inverter driving techniques 

are developed and discussed.  

1.6.  Limitations of the Study 

The thesis is limited to the simulation of the system using MATLAB/Simulink by showing 

how the different components of the system interact with each other. This is because the 

implementation of a real system is difficult to procure the components. Along with it takes 

the additional time and cost incurred in making the actual prototype implementation.  

1.7. Motivation of the Study 

Currently, many countries have an agreement to replace the gasoline based vehicles into the 

electric vehicle due to environmental pollution and the cost of fossil fuel. A plenty of related 

researches have been conducted especially in the area of electric drive control, battery 

optimization, and making fast charger. The future will have a huge market in the area of 

electric vehicles and it is important to be professional in electric vehicle propulsion design, 

modeling, and control.  
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Due to its better torque-speed characteristics, smaller and compact size, higher efficiency, 

wide speed range and longer operational life, the popularity of the brushless DC permanent 

magnet motors is increasing rapidly in the speed servo applications. The ratio of torque 

generated to the size of the motor is higher, in the applications where space and weight are 

critical factors like in EV application BLDC motor has been recommended. BLDC motor 

has been increasingly used in transportations, field of process control systems, computer 

application areas, aerospace engineering, medical equipment, industrial automation and 

robotics equipment, and instrumentation control system areas.  

1.8. Significance of the Study  

Energy wastage and air pollution are the major issues in the world as well as in our country. 

So, the world is shifting the energy source usage from non-renewable sources that will not 

available after a few decades to the renewable energy source. Renewable energy sources are 

co-friendly with the environment. Currently, these types of energy sources are accepted in 

many countries due to the above-mentioned problems. Especially, for ASTU Center of 

Transportation and Vehicle Engineering (CTVE) and E-Bajaj center of excellences are very 

important because of the members are trying to design and develop their electric vehicle for 

Ethiopian market.  

1.9. Thesis Organization 

This thesis organizes into five chapters. 

Chapter 1: Presents introduction of the research work, statement of the problems, objectives, 

research questions, significance, scope, and limitation of the research. 

Chapter 2: Includes a literature review on the background of BLDC motor drive and different 

control mechanisms to the application of electric vehicles. 

Chapter 3: Describes the methodology followed in this research thesis. 

Chapter 4: Presents the proposed results and discussions. 

Chapter 5: Discusses the conclusions and recommendations. 
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CHAPTER 2 

 

2. LITERATURE REVIEW 

2.1. Chapter Overview 

In this chapter different electric vehicle models with their traction motors are reviewed. The 

performance evaluation of a brushless DC motor is compared with those of other electric 

motor types. The worldwide application areas of BLDC motors, the existing controlling 

mechanism, the driving techniques, and other related applications of BLDC motor are 

discussed. Closely related works especially in speed and current regulators along with their 

merits and demerits are reviewed and discussed. The drive train of the BLDC motor closely 

related works also reviewed and disused. 

2.2. Electric Vehicles 

The electric motor drive used in an EV cannot be compared with drives used in industrial 

applications because an EV motor drive needs to face different circumstances like frequent 

start/stop, usage in different environments. To satisfy the need for an electric vehicle, the 

electric motor drive must have high torque generating capacity, high acceleration, and a high 

power density [7].  

Since an EV need to run on any harsh environments, it must have high torque when operating 

at slow speeds with high efficiency as well [8]. Also, the efficiency must be high concerning 

the regenerative braking capacity since the battery needs to be charged as well when dealing 

with harsh environments. The torque being generated also depends on the speed at which 

the EV is generated. The maximum available torque at a time in an EV depends inversely 

on the operational speed.  

Some of the EV models by different manufacturers are listed in Table 2.1 along with the 

electric motor used. Since each company uses a different electric motor drive for its 

propulsion system accordingly. It can be seen from Table 2.1 that BLDC and induction 

motors are the most popular from the manufacture’s point of view. 
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Table 2.1 Different models of electric vehicles and their motors [7] [8] [L2] 

No EV name 
Manufacturer 

company 

Capacity of 

passenger 

Electric 

motor 
Country 

1 Berlingo  PSA Peugrot-Citroen 5 DC France 

2 Nissan leaf Nissan 5 BLDC Japan 

3 Mitsubishi-MiEV Mitsubishi 4 BLDC Japan 

4 BYD E6 BYD Auto 5 BLDC China 

5 Morgan Pulse E Morgan Motors 2 BLDC UK 

6 Toyota RAVA 4 Toyota 4 BLDC Japan 

7 Tesla Tesla Motors 5 BLDC/IM USA 

8 BMW/X5 BMW 4 IM Germany 

9 Renault Renault/Kangoo 4 IM France 

10 Chevrolet Chevrolet/Silverado 4 IM USA 

11 Nissan/Tino  Nissan 4 PMSM Japan 

12 Honda/Insight Honda Motors  4 PMSM Japan 

13 Toyota/Prius  Toyota 4 PMSM Japan 

14 Holden Holden/ECOmmodore 4 SR Australia 

 

To select an appropriate motor that can mostly fulfill the EV motor technology requirements, 

an overall comparison of electric motors is needed based on EV requirements. The most 

important requirements of the EV motors are [9]: 

▪ High speed and torque dynamic response;  

▪ High torque at low speeds especially when climbing hill; 

▪ High torque/power to size ratio; 

▪ Under wide speed range power is constant; 

▪ Accurate electronic controllability of the motor; 

▪ Robustness and reliability of the motor and its drive; 

▪ Low current harmonics and torque ripple of the motor;  

▪ High efficiency of the motor and the gear transformation; 

▪ Size and weight of the motor with the load requirement of the vehicle;  

▪ Initial and maintenance cost of the motor and controller; 

All electric motors cannot fulfill all of the above listed electric vehicle requirements and 

characteristics. The following section discusses the various electric motors with their 

structure as well as parameters performance comparison.   
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2.3. Electric Motor Varieties  

Varieties of electric motors are classified and differentiated by structure and power sources 

as shown in Figure 2.1. Generally, the motors are categorized into three types: DC motor, 

AC motor, and other types of motors [10]. Hence BLDC motor categorized under other types 

because the motor has the characteristics of the DC and AC motor types.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Motor classification 

2.3.1. Brushed DC Motor  

A brushed DC motor consists of a commutator and brushes that convert a DC current in an 

armature coil to an AC current, as shown in Figure 2.2. As current flows through the 

commutator of the armature windings, the electromagnetic field repels the nearby magnets 

with the same polarity and causes the winging to turn to the attracting magnets of opposite 

polarity [11]. 

As the armature turns, the commutator reverses the current in the armature coil to repel the 

nearby magnets, thus causing the motor to turn continuously. The fact that this motor can be 

driven by DC voltages and currents makes it very attractive for low-cost applications [12]. 
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However, the arcing produced by the armature coils on the brush-commutator surface 

generates heat, wear, and EMI, and is a major drawback.  

 

Figure 2.2 Brushed DC motor [11] 

2.3.2. Brushless DC Motor  

A BLDC motor accomplishes commutation electronically using rotor position feedback to 

determine when to switch the current [11]. The structure is shown in Figure 2.3. Feedback 

usually entails an attached hall sensor. The stator windings work in conjunction with 

permanent magnets on the rotor to generate a nearly uniform flux density in the air gap. This 

permits the stator coils to be driven by a constant DC voltage, which simply switches from 

one stator coil to the next to generate an AC voltage waveform with a trapezoidal shape [12]. 

 

Figure 2.3 Brushless DC motor [11] 

2.3.3. AC Induction Motor (IM)  

A sinusoidal AC current runs through the stator to create a rotating variable magnetic field 

that induces a current in the rotor [11]. This induced current circulates in the bars of the rotor 

to generate a magnetic field. These two magnetic fields run at different frequencies (usually 

ωs greater than ωr) and to generate torque. Figure 2.4 shows the structure of an IM.  
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Figure 2.4 Induction motor [11] 

2.3.4. Permanent Magnet Synchronous Motor (PMSM) 

The PMSM motor shares some similarities with the BLDC motor, but it is driven by a 

sinusoidal signal to achieve lower torque ripple [11]. The sinusoidal distribution of the multi-

phase stator windings generates a sinusoidal flux density in the air gap. However, newer 

designs can achieve this sinusoidal flux density with concentrated stator windings and a 

modified rotor structure [12].  

Rotor magnet position can significantly alter the electrical properties. Mounting the rotor 

magnets on the surface results in lower torque ripple, while burying the magnets inside the 

rotor structure increases saliency, which increases the reluctance torque of the motor. The 

structure of the PMSM is shown in Figure 2.5.  

 

Figure 2.5 Permanent magnet synchronous motor [11] 

2.3.5. Stepper Motor and Switched Reluctance (SR) Motor  

Both stepper and SR motors have similar physical structures [11]. The stator consists of 

concentrated winding coils while the rotor is made of soft iron laminates without coils. It 

has a doubly salient structure as shown in Figure 2.6. When the current switches from one 
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set of stator coils to the next, the magnetic attraction between rotor and stator teeth induces 

enough torque to rotate the rotor to the next stable position. The rotation speed and distance 

are determined by the frequency of current pulse and number of pulses respectively. Since 

each step results in a small displacement, it is typically limited to low speed position control 

applications [12].  

There is no reactive torque in an SR motor because the rotor cannot generate its magnetic 

field. Instead, both rotor and stator poles have protrusions so that the flux length is a function 

of angular position, which gives rise to saliency torque. This is the only torque-producing 

mechanism in an SR motor, which tends to result in high torque ripple. However, due to 

their simple design, SR motor is very economical to build and is perhaps the most robust 

motor available.  

 

Figure 2.6 Stepper motor and Switched reluctance (SR) motor [11] 

2.3.6. Performance Comparison of Various Motor Types  

A basic comparison of various machine parameters of a BLDC motor with DC and IM 

motors and have highlighted the advantages of BLDC motor over the other types. The 

comparison describes how it can be widely accepted compared to the other types for the use 

in EV as well as for most of the other applications. And also, the comparison shows how 

BLDC motor has the capacity to replace all the other types owing to its wide range of merits 

and its capability to be applied to almost all applications where a motor is required with just 

a small drive system. 

Table 2.2 and Table 2.3 summarizes the advantages of the BLDC motor when compared 

against DC and IM motors [7] [13] [14]. 
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Table 2.2 Comparison between brushed DC and brushless DC motors 

Feature BLDC motor Brushed DC 

motor 

Actual advantages 

Commutation 

Electronic 

commutation 

based on rotor 

position 

information 

Mechanical 

brushes 

commutator 

Electronic switches replace the 

mechanical devices. 

Efficiency High Moderate 
The voltage drop on an electronic 

device is smaller than that on brushes. 

Maintenance Little/None Periodic No brushes/commutator maintenance. 

Thermal 

performance 
Better Poor 

Only the armature windings generate 

heat, which is the stator and is 

connected to the outside case of the 

BLDC. The case dissipates heat better 

than a rotor located inside of brushed 

DC motor. 

Output power/ 

Frame size 

(ratio) 

High Moderate/Low 
Modern permanent magnet and no 

rotor losses. 

Speed/Torque 

characteristics 
Flat Moderately flat 

No brush friction to reduce useful 

torque. 

Dynamic 

response 
Fast Slow 

Lower rotor inertia because of 

permanent magnets. 

Speed range High Low 
No mechanical limitation imposed by 

brushes or commutators. 

Electric noise Low High 
No arcs from brushes to generate 

noise, causing EMI problems. 

Lifetime Long Short No brushes and commutators. 
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Table 2.3 Comparison between AC induction and BLDC motors 

Feature BLDC 

motor 

AC induction motor (IM) Actual advantage 

Speed/Torque 

characteristics 
Flat 

Nonlinear - lower torque at 

lower speeds 

Permanent magnet design with 

rotor position feedback gives 

BLDC higher starting and low-

speed torque. 

Output power/ 

Frame size 

(ratio) 

High Moderate 

Both stator and rotor have 

windings for induction motor. 

Dynamic 

response 
Fast Low 

Lower rotor inertia because of the 

permanent magnet. 

Slip between 

stator and rotor 

frequency 

No 

Yes; rotor runs at a lower 

frequency than stator by slip 

frequency and slip increases 

with the load on the motor. 

BLDC is a synchronous motor; 

the induction motor is an 

asynchronous motor. 

Torque ripple High  

 

 

Less  

Due to electronic commutation, 

BLDC motor has a high torque 

ripple than the induction motor. 

 

A graphical comparison amongst various electric motors used in an EV has been made based 

on certain parameters like power density, cost of motors and their controller, dynamic 

response, efficiency, operation life, and the torque versus speed characteristics [15] [16]. 

Figure 2.7 shows the general graphical comparison of different electric motors.  

Except for the controller and its cost, BLDC motor is the most efficient motor. Induction 

and SR motor both having almost similar efficiency but the least efficient being is the DC 

motor. The BLDC motor has a high cost and followed by the DC and SR motor, and the 

least is IM. Considering the power density, the BLDC motor leads and followed by IM and 

SR motor. Here once again the BLDC motor and IM have better operation life than the 

others. Hence due to the wearing and sparking of brushes, DC motor is the least in case of 

operation life [17]. The result shows BLDC motor has good performance parameters than 

other types.   
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Figure 2.7 Performance comparison of different electric motors  

2.4. Related Works on Brushless DC Motor Drive 

Trapezoidal based BLDC motor has two type of drives. These are by using hall effect sensors 

and sensor less detection of rotor position. The main components of BLDC motor drives are 

the power source, inverter, and motor driver [18]. The common schematic diagram of three 

phase BLDC motor and its drive is depicted in Figure 2.8. The driver consists of speed and 

current controllers, and inverter switching commutation schemes. Parameters controller and 

commutation schemes are always depending on the requirement of specific applications.  

 

Figure 2.8 The three phase BLDC motor drive [18] 
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Based on the hall effect rotor position detection drive, there are different drives commonly 

used in the BLDC motor drive. Among them are summarized in the following sections.    

2.4.1. Variable Voltage Source (VVS) Based BLDC Motor Drive 

VVS based inverter commutation of BLDC motor drive is applicable in the case of a variable 

voltage source is used and, in the application, without considering the effect of current 

harmonics [19]. This scheme can be used for both sinusoidal and trapezoidal back-EMF 

BLDC motor drive types. The inverter commutation signals are generated directly from the 

hall decoded signals. The signal from the speed controller output determines the input 

voltage to the three phase inverter as shown in Figure 2.9. The inverter switches will be 

controlled depending on the rotor position sensor decoded signals [20]. This inverter scheme 

has high current harmonics (30%) than other techniques reported in the literature [21]. This 

leads to high torque ripple in the motor and it is not advisable to use in EV motor drive.   

 

 

 

 

 

 

 

 

 

Figure 2.9 Variable voltage source based BLDC motor drive 

2.4.2. Relay Based BLDC Motor Drive 

Relay based BLDC motor drive is used in the application considering the effect of current 

harmonics. This inverter commutation drive technique is used for trapezoidal back-EMF 

brushless DC motor drive. It works based on the motor feedback current signal and the 

reference current signal generated from the speed controller output and hall sensor decoder 

[22]. The output of the speed controller will not directly control the input voltage of the 

BLDC motor as VVS. Figure 2.10 shows the block diagram of the relay based BLDC motor 

drive. This scheme has 20% current harmonics, which is better than VVS based drive 

developed and reported in the literature [22]. But the result of current harmonics in this 

scheme needs to be reduced to some extent using other driving techniques.     
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Figure 2.10 Relay based BLDC motor drive 

The reference current of each phase is produced by multiplying the output of the speed 

control current signal and the decoded hall sensor signals. Then the difference of the 

reference current and the stator current passes through the relay bandwidth [23]. The output 

of the relay is a square wave signal determines the ON-OFF states of the inverter switches 

by using logical NOT circuits for each leg of the three phase inverter. In the case of the first 

leg when the upper switch S1 is ON the lower switch S4 is OFF and vice versa. Figure 2.11 

depicts the process of relay inverter commutation drive.  

 

 

 

 

 

Figure 2.11 Relay based BLDC motor drive for each phase 

2.4.3. Field Oriented Control (FOC) of BLDC Motor Drive 

FOC is applicable for both sinusoidal and trapezoidal back-EMF types of BLDC motor 

drives. It is a vector control method based on stator current control in the field rotating 

reference flux [24] [25]. It works based on clark and park transformations, and space vector 

modulation (SVM). Fundamental requirements for the FOC are the knowledge of phase 

voltages and currents, and the rotor flux position [26]. The basic schemes of vector control 
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are indirect and direct methods of vector control. This method is applicable in torque and 

speed control applications and it is sophisticated for practical implementation. It is time 

computing for debugging the program in the computer processor. This scheme is used relay 

control to implement the torque and flux control system [27]. It generates 15% current 

harmonics. Figure 2.12 depicts the application FOC in speed control of the motor.     

 

Figure 2.12 FOC based on direct torque control of BLDC motor [27] 

 

Figure 2.13 Graphical comparison of different BLDC motor drives 

A graphical comparison of different motor drives has been performed as shown in Figure 

2.13. It has been made based on torque ripple and complexity parameters. FOC has less 

torque ripple than other types but it is complex in case of implementation. VVS based BLDC 

motor drive has less complexity but it has high torque ripple than others. 
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2.5. Related Works on Cascade Control System of BLDCM 

Several research papers reported on the BLDC motor cascade control system by using 

different tuning and optimization algorithms. The cascade control system of a BLDC motor 

is a combination of speed and current regulators. ON-OFF speed control firstly makes sense 

as the simplest control scheme but this control technique has less accuracy and stability [28]. 

On the other hand, the PID control method is accurate for speed control with disturbance 

rejection but it will give rise to produce high starting current which can be dangerous for 

control circuitry or motor for high capacity operation. 

The cascaded PID configuration achieves better dynamic performance, gives the best 

setpoint tracking, disturbance regulation, and reduced starting current that can be used for 

low and high capacity motors [29]. The closely related works to the proposed research work 

with their corresponding output result merits and demerits are discussed. The discussions 

are made based on speed and current dynamic performances in the application of constant 

and variable setpoint as well as load conditions, current harmonics, and torque ripple.  

The authors in [30] developed a comparative analysis of BLDC motor speed using ANFIS 

and PI controllers for EV. The EV is weighted about 1000kg and electric power consumption 

of 25kW per speed of 60km/hr is designed. In the case of speed ANFIS regulation, it has 

better dynamic performance than PI regulation, specifically the overshoot and settling time 

are 0% and 0.2sec respectively under variable and constant setpoint condition. But, settling 

time is relatively high compared with other related work [31] and needs to improve to some 

extent. The drawback of the paper is that it didn’t discuss the current regulator, reduction of 

torque ripple, and speed dynamic performance due to variable load conditions. 

The comparative analysis of the BLDC motor speed control system based on the PI and 

fuzzy-PI controllers under the VVS based inverter drive for pure EV was performed in 

literature [32]. The result of the study shows that the fuzzy-PI controller has a better speed 

dynamic performance than the PI controller. Its overshoot and settling time results are 0% 

and 0.025sec respectively under 3000rpm rated speed and constant load condition. The 

system is not simulated under variable setpoint and load conditions, and there is no 

mechanism to limit the motor starting current overshoot problem. These problems can be 

considered as a limitation of the study. The disadvantage of the study is, it has 30% of current 

harmonics and this leads to approximately 30% torque ripple which makes the vehicle 

vibrates.      
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BLDC motor speed control system using fuzzy-PID controller under variable load and 

setpoint condition for EV was developed in literature [33]. The system is simulated using 

VVS based inverter drive without a current control system and compared with the PID 

controller as shown in Table 2.4. 

Table 2.4 Dynamic performance analysis of BLDC motor  

 

 

Controller 

Set 

Point 

(rpm)  

Without load With load 

tr  

(ms) 

ts 

(sec) 

Mp 

(%) 

tr  

 (ms) 

ts 

(sec) 

Mp 

(%) 

 

PID 

600 35.12 - 1.74 79.26 - 1.68 

700 33.37 - 1.74 80.68 - 1.68 

 

Fuzzy-PID 

600 68.54 0.23 7.44 115.10 1.99 0.21 

700 68.76 0.23 7.44 115.10 1.99 0.21 

 

where tr, ts, and Mp are rise time, settling time, and maximum overshoot respectively. The 

result shows that the fuzzy tuned PID can improve the performance of BLDC motor speed 

in variable setpoint and dynamic load conditions. Although the fuzzy-PID controller gives 

better performance than the conventional PID controller, its dynamic performance can be 

further improved. Also, the current harmonics are high due to VVS inverter drive and can 

be considered as a limitation of the study. VVS is not recommended for the propulsion of 

EV because it generates high torque ripple.     

Speed control system for 1500rpm rated speed of BLDC motor using ANFIS controller was 

developed and compared with other types of controllers under variable setpoint and load 

conditions in literature [31]. The result shows that ANFIS speed control of BLDC motor has 

better dynamic performance than others. The result has 0.04sec rise time, 0% overshoot, and 

0.05sec settling time. The system is simulated using relay based inverter drive and its torque 

ripple has a value of 20%. This is too high and can be further improved. The other drawback 

is that the system hasn’t current regulator, and may lead to high current in the starting.        

In a similar manner, the closed-loop speed control of the BLDC motor drive using position 

sensors is performed in literature [34]. The result shows that it has good speed dynamic 

performance but its torque ripple is about 15%. BLDC motor speed control is developed by 

using a fuzzy-PI controller and relay based inverter drive. The result shows that the speed 

dynamic performance of the motor have 0.05sec rise time, 10% overshoot, and 0.09sec 



 

21 

 

settling time. Even though the fuzzy-PI controller gives better control performance than the 

PI controller, it has high overshoot and settling time compared with the same controller used 

in the literature [32]. The other drawback of the study is, it has high current harmonics i.e. 

about (+20%) [35] [36]. And also, the authors didn’t discuss the application of variable speed 

and load conditions, and current regulator.  

Fuzzy-PID supervised online ANFIS speed controller has been presented for the comparison 

of the dynamic performance of BLDC motor in literature [37]. The system is simulated 

under constant and variable load as well as set point conditions. The result shows the fuzzy 

PID supervised online ANFIS controller has better performance than other controllers in 

various aspects. Its result has 0.02sec rise time, 0% overshoot, and 0.03sec settling time. The 

system is simulated using relay based inverter drive and its torque ripple has a value of 

+20%. The other drawback is that the system hasn’t current regulator, this may lead to high 

current at starting.        

In general, the performances of BLDC motor with PI, PID, fuzzy-PI and PID, ANFIS, and 

fuzzy PID supervised online ANFIS speed controllers for EV and other applications are 

discussed. Accordingly, a fuzzy PID supervised online ANFIS speed controller gives better 

dynamic performance than others. Although the performance of fuzzy PID supervised online 

ANFIS speed controller is better than others, the PID term is a linear controller and it is not 

recommended for the nonlinear systems. Hence, BLDC motor is a nonlinear machine, as a 

result in the PID controller a fixed gain is effective in a limited operating range, its 

performance degrades and it may become unstable in some cases when it is out of the range. 

This problem can be improved to some extent by introducing the nonlinear PID controller. 

Form the reviewed literatures in this section, the BLDC motor current regulator is not 

discussed and proposed as a controller. Hence electric motors have high starting current 

(high overshoot), leads to heating in the motor winding and burning of the control circuitry. 

Therefore, the current regulator is required in cascaded with the speed controller. The current 

harmonics and torque ripple are very large in literatures. If the controller output is stable and 

smooth, the PWM inverter commutation technique is recommended because the signal 

depends on the stability and smoothness of the controller output signal. This research thesis 

focused on the analyses of speed and current dynamic performance of the BLDC motor and 

reducing the current harmonics by using PWM based inverter drive technique. 
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CHAPTER 3 

 

3. METHODOLOGY 

3.1.  Introduction 

This chapter deals with data collection and analysis, mathematical modeling of the vehicle 

dynamics and BLDC motor, and design of cascade control and inverter switching techniques 

for the BLDC motor drive. A nonlinear PID control technique is applied for speed control 

of the motor. The different artificial intelligence based nonlinear PID controller tuning 

techniques are performed for speed control of BLDC motor. Internal AI-based linear PI 

current regulator is developed to limit the starting current of the motor. Then modeling of 

the overall BLDC motor drive is performed. Finally, the system is simulated by using 

MATLAB/2016a software both in Simulink and script. 

3.2.  Materials  

In this research work, software such as MATLAB/2016a, Microsoft office 2019, and 

MathType 6.0 equation are used. MATLAB is the computing software which consists of 

technical toolboxes and Simulink. Microsoft office is used for editing the thesis 

documentation. MathType 6.0 is used for writing mathematical formulas and equations in 

Microsoft offices word and PowerPoint presentation tools. 

3.3. Methods  

The method used in this thesis to accomplish the required task is shown in Figure 3.1. The 

closely related papers and literatures are reviewed. Then the necessary data used throughout 

this research are collected and analyzed. The electric bajaj vehicle and reducer including 

gear transmission ratio specification data were taken from gasoline based bajaj qute with 

similar size manufacturing company. Electric vehicle BLDC motor specifications have taken 

from the manufacturing company and some of the other specifications taken from literatures. 

The collected data is analyzed mathematically and graphically for developing system 

modeling. The dynamics modeling and the maximum power requirement of electric bajaj 

qute vehicle are analyzed. The BLDC motor cascade control drive is designed with inverter 

commutation techniques. Based on the bajaj data and the motor controller result, the bajaj 

speed is analyzed in km/h with the battery state of charge. The proposed modeling and 

simulation result of the system is compared with different artificial intelligence based control 
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algorithms for speed and current control. Different three phase inverter commutation 

techniques are applied and compared throughout the work. The block diagram in Figure 3.1 

summarizes the method followed throughout the research work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Block diagram of the research methodology 
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3.4. The Proposed Block Diagram of BLDC Motor Drive 

The proposed system block diagram of the cascade control of the BLDC motor drive for the 

propulsion of electric vehicle bajaj qute is shown in Figure 3.2. The difference in the 

reference speed and actual rotor speed is controlled by using a speed regulator. For this, a 

neural network based NPID speed controller is proposed. Three phase reference current is 

generated from the speed controller output and hall sensor decoded signals.  

Usually, the motor needs the current limiter due to the high starting current. Two phases of 

the stator current are taken as the stator current feedback because once the two current phases 

are known the third phase is a negative summation of the two phases. The difference of phase 

current and the corresponding reference current is controlled by using the GA-PI controller. 

The motor armature current has harmonics and leads to torque ripple. To reduce this effect 

PWM based three phase inverter commutation signal generation is performed and proposed. 

PWM consists of a comparator, output of the current controller converted to voltage, carrier 

signal including its switching frequency and the logical circuit which is used to generate 

inverter driving signals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Block diagram of the proposed drive control system 

3.5.  Analysis of Bajaj Qute Electric Vehicle Dynamics 

Pure electric vehicle power system train mainly includes the battery, drive motor, reducer, 

gearbox, clutch, etc. Among them, drive motor and battery are the core part. In order to 
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increase transmission efficiency and reduce the mechanical transmission device, the 

traditional automobile clutch can be omitted in the power transmission system of electric 

vehicle arrangement [38]. The power system of a pure electric vehicle designed in this work 

contained the motor, battery, mechanical driving device, and control system [39]. The 

structure diagram of the pure electric vehicle power system is shown in Figure 3.3. The 

double arrow indicates that the energy flow from the battery to the motor and vice versa 

converted to mechanical and electrical energy vice versa respectively. 

 

 

 

 

 

 

  

Figure 3.3 Pure electric vehicle power system structure 

3.5.1. Driving Force and Power of Bajaj Qute Electric Vehicle 

In this thesis, the drive motor and battery parameters are matched mainly according to the 

design specifications of four wheel bajaj vehicle dynamics. When deriving a mathematical 

model for the bajaj platform, it is important to study and analyses dynamics between the 

road, wheel, and vehicle platform [40]. Several forces are acting on the bajaj platform when 

it is running. The modeling of the bajaj vehicle dynamics involves the balance between the 

acting on the running platform forces, forces categorized into road-load, and driving force. 

The road-load force consists of the gravitational force at the inclined surface or hill climbing 

force, rolling resistance of the tires, the aerodynamic drag force, and so on [41]. The resultant 

force is the sum of all these acting forces i.e., the driving force. 

It is seen in Figure 3.4 that, the changes of the inclination angle in the road surface introduce 

a disturbance to the system. Therefore, the controller must have the capability to eliminate 

disturbances. The disturbance torque to vehicle platform is the total resultant torque, 

generated by the acting forces, and can be expressed by:  

                                                       t r c oF F F F= + +                                                 (3.1) 

where Fr is the rolling resistance force, Fc is the hill-climbing resistance force, and Fo is 

other forces. 

Battery  Inverter Motor  Reducer  

Wheel  
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Figure 3.4 Forces acting on the moving four wheel bajaj vehicle platform 

3.5.1.1.  Rolling Resistance Force  

Rolling resistance force is produced by flattening of the tire at the contact surface of the 

roadway [41] [42] [43]. The rolling resistance force is a conservative force with the 

possibility to partly recover. It depends on the platform’s speed and is proportional to the 

platform weight. It is given by:  

                                                  r rF M g C cos( )=                                              (3.2) 

                              
0

r 2

m
F 990kg 9.81 0.01 cos(11.30 ) 95.2363N

s
=    =                    

where M is the mass of the bajaj platform and cargo (kg), α is the gradient angle (rad), g is 

the acceleration due to gravity (m/s2), and Cr is the rolling resistance coefficient. The power 

required to overcome the rolling resistance force is: 

                           r r

m 70000m
P F speed( ) 95.2363N 1.852kW

sec 3600sec
=  =  =                  (3.3) 

Table 3.1 shows the coefficient of friction for different types of surfaces. 

Table 3.1 Coefficient of frictions for different types of surfaces [42] [43] 

Contact surface Coefficient of friction  

  Concrete surface (good/fair/poor) 0.010/0.015/0.02 

  Asphalt (good/fair/poor) 0.012/0.017/0.022 

  Macadam (good/fair/poor) 0.015/0.022/0.037 

  Snow/dirt 0.025/0.037 

  Mud (firm/medium/smooth) 0.037/0.09/0.15 

  Grass (firm/soft) 0.055/0.037 

  Sand (firm/soft/dune) 0.060/0.15/0.3 

Gradient force 

α 

 
Normal force 

Aerodynamic 

drag force 

Rolling 

force 
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3.5.1.2. Hill-Climbing (Gradient) Resistance Force 

While the vehicle platform is moving up or down the hill, the weight of the vehicle platform 

will create a hill-climbing resistance force directed downward [41] [42]. This force opposes 

or contributes to the motion. It is a conservative force, with the possibility to partly recover 

[43]. The component of gravity in the dimension of travel is the hill-climbing resistance 

force and it is expressed as: 

                                                     cF M g sin( )=                                       (3.4) 

      
0

c 2

m
F 990kg 9.81 sin(11.30 ) 1903.01N

s
=   =                   

where M is the mass of the vehicle platform and cargo (kg), g is the acceleration due to 

gravity (m/s2), 𝛼 is the road or the hill-climbing angle, road slope (rad.).  

The power required to overcome the hill-climbing force at a speed of 35km/hr is: 

                          c c

m 35000m
P F speed( ) 1903.01N 18.5015 kW

sec 3600sec
=  =  =        (3.5) 

In Equation (3.5) the speed of the vehicle is assumed half of the maximum speed (i.e. 

35km/hr) to increase the torque when climbing the hill. 

3.5.1.3. Aerodynamic Drag Force   

Aerodynamic drag force is the force opposing the motion of the vehicle platform due to air 

drag. When a bajaj is moving there will be a zone in front of the vehicle platform where the 

air pressure is high and a zone behind the vehicle platform where the air pressure is low. 

These two zones will oppose the motion of the platform. The resulting force on the vehicle 

is the shape drag [42] [43].  

The second component of the aerodynamic drag is skin friction and created because two air 

molecules with different speeds create friction. Since the air, close to the vehicle platform, 

moves almost with the same speed as the vehicle platform, in contrast to the air speed far 

away from the bajaj vehicle, there takes place friction [44]. The aerodynamic drag force is a 

function of the vehicle platform linear velocity, V and can be written by 

                                             
2

a d aF 0.5 A C (V V )=    +                                     (3.6) 

where A is the frontal area of the bajaj, Cd is the aerodynamic drag coefficient, V and Va are 

the speed of bajaj and air, respectively. Hence, the air speed is less than the vehicle speed, 

and the power required to overcome it can be ignored. There are also other forces to consider 

when designing the bajaj electric vehicle dynamics like aerodynamic lift force, wheel force, 
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and others. Usually, they are minimal compared to the two forces mentioned above and can 

be considered as a maximum of 1.5kW. Therefore, the required maximum power for BLDC 

motor to drive a four wheel bajaj electric vehicle in all conditions of motion, that is, the 

maximum tractive power required to propel the vehicle will be: 

                    out total(max)P 1.5kW 1.852kW 18.5015kW 21.8535kW = + + =              (3.7) 

In addition, the losses due to the transmission of power to the bajaj wheel must be considered 

[42]. The mechanical output power required to drive the vehicle is given by Equation (3.8). 

                                   

out total(max)
total driving power

gear transmission efficiency

P
P

21.8535kW
                   23kW

0.95

 
  

  

=


= 

                                 (3.8) 

Equation (3.8) shows the total driving power of the motor for the propulsion of the bajaj 

qute. Based on this result, the motor rated specifications are selected as shown in Table 3.2.  

3.5.1.4. The Effect of Bajaj Speed on the Power Requirement   

The relationship between the speed and driving power of the bajaj is analyzed and plotted 

as shown in Figure 3.5. This shows that the vehicle power consumption and speed in km/hr 

have a linear relationship. As the speed of vehicle increases, its power consumption also 

increases [38] [39]. The vehicle can move at the speed of 70km/hr with a power consumption 

of 25kW. This relation fulfills with the identified maximum power requirement. 

 

Figure 3.5 Driving power vs speed of the bajaj vehicle   

 

(70km/hr, 25kW) 
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3.5.1.5. Motor Rated Power and Peak Power Matching  

The selection of rated speed, torque, and power of the BLDC motor should conform to the 

requirements of the torque versus speed characteristic curve [44]. When the vehicle starts, 

the motor speed is low and works in constant torque state, as long as the speed is higher than 

the rated speed, it works in constant power state [45]. The rated torque and power of the 

1500rpm base speed electric vehicle BLDC motor have a value of 63.5Nm and 10kW 

respectively as shown in Figure 3.6.  

 

Figure 3.6 Torque versus speed characteristics of the BLDC motor 

3.5.1.6. The Effect of Gradient Angle on the Power and Speed of Vehicle 

The speed of the bajaj qute should be reduced while climbing the hill to increase torque.  

 

Figure 3.7 Driving power vs gradient angle of the vehicle  

 

(11.3o,25kW) 

(1500rpm, 63.5Nm, 10kW) 
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The vehicle needs more torque while climbing the hill [38] [39]. The maximum driving 

power is used when the vehicle is clamping the hill of maximum gradient angle which is 

11.30o with its full load at a constant speed of 35km/hr. Figure 3.7 describes the power need 

to be supplied by the motor to drive the bajaj at a constant speed of 35km/hr with various 

gradient angle. From Figure 3.7, 25kW power is enough to propel the car over a maximum 

gradient angle of 11.3o at the fifth gear.  

3.5.2. Electric Vehicle (Bajaj Qute) Specification 

Table 3.2 shows the specifications of a four wheel bajaj electric vehicle and taken based on 

the gasoline bajaj qute from the manufacturing company [L1] [L4]. 

Table 3.2 Bajaj qute electric vehicle and driving motor specifications 

Parameters Value [Unit] 

  Maximum power 25 [kW] 

  Gross weight 990 [kg] 

  Rated power 10 [kW] 

  Maximum torque 130 [Nm] 

  Rated torque 63.5 [Nm] 

  Maximum speed  70 [km/hr.] 

  Rated speed  1500 [rpm] 

  Maximum gradient angle 11.3 [degrees] 

  Capacity of seating 4 [person] 

 

3.5.3. Reducer and Gear Specifications 

Reducers are frequently used in vehicles for power transmission because the torque 

requirement of a vehicle varies with speed [46]. The main functions of a reducer are as 

follows: 

▪ It provides torque that is needed to move the vehicle under a variety of road, 

environment, and load conditions. It can be obtained by changing the gear ratio 

between motor crankshaft and vehicle drive wheels. 

▪ It shifts gears to reverse so the vehicle can move in a backward direction. 

▪ It shifts gears to neutral for rest and starting position. 

The structure of a reducer or gearbox and a shaft for the general model of electric vehicle is 

shown below in Figure 3.8.    
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Figure 3.8 Reducer (gearbox) and shaft [L3] 

Table 3.3 shows the specifications of the gearbox used in gasoline based four wheel bajaj. 

The required data are taken from the gasoline based vehicle manufacturing company.  

Table 3.3 Gear box specifications [L3]  

Parameters  Values 

 Maximum Speed 4000rpm 

 Maximum Torque  130Nm 

 Gear ratio 4.014 

 

3.5.4. Traction Motor 

While designing an EV, the first and foremost component to be selected is the electric motor 

because the internal combustion engine of conventional vehicles is replaced by an electric 

motor in an electric vehicle [47]. Therefore, the electric motor used in an EV must produce 

appropriate power and other characteristics that are required for traction purposes. 

3.5.4.1. Selection of Traction Motor 

In literature [4] [30] [32], it is shown that BLDC motor is the best selection for EV compared 

to an induction motor, SR motor and DC brushed motor. But PMSM motor is highly 

competent with BLDC motor especially in the case of weight, efficiency, and so on [26]. 

Even though these two motors are highly competent to each other, BLDC motor has better 

futures in case of having a higher power output, higher torque density, cost, and simplicity. 

Generally, BLDC motor has larger output power and torque density than PMSM but it is 

inferior to PMSM motor in high speed range and field weakening operational application. 

Furthermore, the BLDC motor has a higher torque ripple than PMSM [48]. Table 3.4 

explains the performance comparison between the BLDC and PMSM motors. 
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Table 3.4 Performance comparison between BLDC and PMSM motors [26] [48] 

Feature BLDC motor PMSM motor Actual advantage 

Speed/Torque 

characteristics 
High Moderate 

If they have the same rated 

speeds, BLDC motor can 

have 15% more electric 

torque than PMSM. 

Output Power/ 

Frame size 

(ratio) 

High Moderate 

BLDC has a 15% power 

density than PMSM at equal 

copper losses. 

Dynamic 

response 
Fast Fast 

Lower rotor inertia because 

of the permanent magnet. 

Torque ripple High 

 

 

Moderate 

Because of trapezoidal back 

EMF and stator current 

generation, BLDC motor 

leads to less suitable in 

position control applications. 

Rotor position 

sensor 

Rotor position 

feedback is needed 

every 60-degree 

(less resolution 

sensor is required). 

Continuous rotor 

position feedback is 

needed (high-

resolution sensor is 

required). 

This is an advantage of the 

BLDC over PMSM in speed 

control applications. 

Controller/ 

driver cost 
Less expensive Very expensive 

For this reason, we can’t use 

PMSM for electric bajaj qute. 

 

3.5.4.2. Traction Motor Specification 

According to the maximum power of the bajaj qute, some of the BLDC motor specifications 

are taken from the manufacturing company and the others are taken from literature. The 

torque and back EMF constants are determined by the following derivations from the motor 

two phase equations [49]. The rated power of the motor is expressed by the product of the 

motor current and the back EMF for considering two phases.  

                                                  (rated) m mPower 2E I=                                             (3.9) 

The motor back-EMF is expressed in terms of rated power and current as follows:  
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                                    (rated)
m

m

Power 10kW
E 64.935V

2 I 2 77A
= = =

 
                             (3.10) 

Hence, the back EMF of the motor is directly proportional to the motor speed.  

                                           m
b

(rated)

E 64.935V
K

2W
1500 rad / sec

60

= =




                                  (3.11) 

                 
64.935V

0.4134Vsec/ rad
157.0796rad / sec

= =                           

For two phase operating system the constant back-EMF gain should be doubled. 

bK 2 0.4134 0.8268Vsec/ rad=  =                                  

The torque is directly proportional to the motor current and inversely with the motor speed, 

and it can be calculated as in Equation (3.12).  

                                         m m
(rated) t m

(rated)

2E I
Torque K I

W


=  =                                 (3.12) 

Then the torque constant of the motor is calculated by 

                             m
t

(rated)

2 E 2 64.935V
K 0.8268Nm / A

W 157.0796rad / sec

 
= = =                  (3.13) 

Table 3.5 shows the parameter specifications of three phase BLDC motor used for the study.  

Table 3.5 Parameter specifications of BLDC motor used in this thesis [L4] [50]  

Parameters Value [Unit] 

 Number of poles 4 

 Power factor 0.85 

 Efficiency at rated 93.6 [%] 

 Control input rated voltage 144 [V] 

 Rated motor current 77 [A] 

 Rated motor power 10 [kW] 

 Armature phase winding resistance 2.875 [] 

 Armature phase inductance 0.0085 [H] 

 Rated speed 1500 [rpm] 

 Viscous friction model 0.001 [Ns/m] 

 Torque constant 0.8268 [Nm/A] 

 Back emf coefficient 0.4132 [Vs/rad] 

 Inertia moment of the rotor 0.0089 [kgm2] 
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The motor rated power, voltage, current, torque, and speed are selected based on the 

requirement of the maximum power of the bajaj qute vehicle.    

3.5.5. Battery Specifications 

3.5.5.1. Matching Power Battery Parameters 

The power source of the pure electric vehicles is a battery. A lithium battery is selected as 

the power source for electric vehicles due to its long life and high energy density [51]. It 

consists of the packs of standard lithium battery modules in serial. Each battery module has 

4kWh storage. Hence the voltage rated of the motor is 144V and the lithium-ion battery has 

90Ah as shown in Table 3.6. Then the total energy of the lithium battery is the product of 

the rated voltage and the ampere-hour rating of the battery and its result is 12960VAh 

(12.96kWh). Accordingly, there are four serially linked battery modules to fulfill the 

requirement of total energy. Therefore, the selection of battery parameters must meet the 

demand for endurance mileage requirements and the maximum power of the vehicle  [52]. 

                                        maxP P 0.15 0.85 P(zero grad)=  +                                (3.14) 

                                                             m

m

P
P =


                                                    (3.15) 

                                                       
m

road m

P S
W P t

V
= =                                            (3.16) 

                                            
rated road

rated

(W W ) 100%
SOC(%)

W

− 
=                             (3.17) 

where P is the power required for the vehicle at a constant speed, S is endurance mileage, 

Wroad is the energy needed for mileage S, Pm is the input power of the motor drive and ηm is 

the efficiency of motor and motor drive assembly [49] [53]. 

Table 3.6 Parameter specifications of Lithium-ion battery [L4] [49] 

Parameters Value [Unit] 

 Cell type Lithium-ion 

 Total battery power pack 16[kWh] 

 Capacity 90[Ah] 

 Rated voltage 144 [V] 

 Nominal voltage 4.2[V] 

 Energy density  154 [Wh/kg] 

 Operating temperature -10 to 50 [oC] 

 Energy 666 [Wh] 
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3.5.6. Selection of Power Semiconductor Device 

For this work, metal oxide semiconductor field effect transistor (MOSFET) is selected for 

the BLDC motor drive. MOSFET ratings are fulfilling the requirements of the BLDC motor 

drive. Hence in the application of switched mode power supply like inverter and chopper, 

MOSFET and (insulated gate bipolar transistor) IGBT are highly competent. Usually, they 

are selected based on their ratings [54]. MOSFET is a low voltage device. High voltage 

MOSFET is available up to 600V but with limited current and can be paralleled quite easily 

for higher current capability. 

Ratings of MOSFET: Voltage VDS < 500V, current IDS < 300A and frequency f are up to 

MHz. The gate drive circuit is simple, and turning on and off is very simple. 

➢ To turn on: VGS = +15V 

➢ To turn off: VGS = 0 V  

IGBT is a combination of BJT and MOSFET characteristics. Gate behavior is similar to 

MOSFET and easy to turn on and off. Low losses like BJT due to low on-state collector to 

emitter voltage (2-3V).  Ratings of IGBT are: Voltage: VCE < 3.3kV, Current: IC < 1.2kA 

currently available. (Latest high voltage IGBT (HVIGBT): 4.5kV/1.2kA). The switching 

frequency of IGBT is up to 100kHz. Even though IGBT has a good performance than the 

MOSFET device, the rating is not suitable for the BLDC motor drive power requirement 

[54] [55]. Hence the rating of BLDC motor used in this work is 144V (input voltage) and 

77A (current) for the propulsion of electric vehicle bajaj qute. MOSFET has the capability 

of carrying the requirement of the BLDC motor rating.  

3.6. Modeling of BLDCM Drive for Electric Vehicle Propulsion 

The electric vehicles power system component requires an accurate and precise model of 

electric motor drive design [56]. In order to design the BLDC motor control system for the 

propulsion of a four wheel bajaj electric vehicle, the precise model of BLDC motor is 

required. The three phase star connected BLDC motor with hall rotor position sensor control 

system is considered in this research work.  

To study the various control schemes of the motor drive, an accurate model of the BLDC 

motor which gives, the precise values of rotor speed, armature current, torque, and back-

EMF is required. In this section, the modeling of BLDC motor and the overall motor drive 

systems are discussed theoretically and mathematically.  
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3.6.1. Mathematical Modeling of Brushless DC Motor 

BLDC motor is considered as an electronic motor and requires a three phase inverter in the 

front end as shown in Figure 3.9. In self-control mode, the inverter acts like an electronic 

commutator that receives the switching logical pulse from the position sensors [56]. The 

drive is also known as an electronic commutated motor. The BLDC motor has three stator 

windings and a permanent magnet on the rotor [57]. Rotor induced currents can be neglected 

due to the high resistivity of both magnets and stainless steel. The following assumptions 

are made to simplify the overall BLDC motor mathematical equation. 

▪ The three-phase system is balanced on the motor.  

▪ Magnetic circuit saturation is ignored. 

▪ Inverter semiconductor switches are ideal. 

▪ Hysteresis and eddy current losses are eliminated. 

▪ No damper winding is included.  

 

 

Figure 3.9 Stator connected three phase circuit diagram of BLDC motor winding [L5] 

The circuit equations of the three windings in phase variables can be found in the literature 

[56] [58]. The per-phase circuit equations of the three phase windings are described by: 

                                  
a b c

as s a a ab ac a

di di di
V R i L L L e

dt dt dt
= + + + +                           (3.18) 

                                  
b a c

bs s b b ba bc b

di di di
V R i L L L e

dt dt dt
= + + + +                          (3.19) 

                                  
c a b

cs s c c ca cb c

di di di
V R i L L L e

dt dt dt
= + + + +                           (3.20) 

It is assumed that resistances of all the windings are equal. It is also assumed that if there is 

no change in the rotor reluctance with angle because of no salient rotor and so that: 

BLDC motor electrical circuit Three phase inverter 
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                                                      a b cL L L L= = =                                             (3.21) 

                                      ab ba ca ac bc cbL L L L L L M= = = = = =                            (3.22) 

where Rs is the stator resistance per phase, L is the self-inductance per phase, and M is the 

mutual inductance per phase. The stator phase currents are considered to be balanced. 

                                                         a b ci i i 0+ + =                                                (3.23) 

After rearranging Equation (3.23) and multiplying both sides by M gives: 

                                                      b c aMi Mi Mi+ = −                                            (3.24) 

From Equations (3.18) and (3.22):       

                                     
a b c

as s a a

di di di
V R i L M M e

dt dt dt
= + + + +                             (3.25) 

                                     
a

as s a b c a

di d
V R i L (Mi Mi ) e

dt dt
= + + + +                             (3.26) 

Substituting Equation (3.24) into (3.26) gives Equation (3.27):   

                                       
a

as s a a a

di d
V R i L ( Mi ) e

dt dt
= + + − +                                 (3.27) 

The per-phase terminal voltage in terms of the motor armature parameters and back emf 

motor voltage is given by: 

                                           
a

as s a a

di
V R i (L M) e

dt
= + − +                                       (3.28) 

The other phase voltage equations are obtained in a similar fashion: 

                                           
b

bs s b b

di
V R i (L M) e

dt
= + − +                                      (3.29) 

                                           
c

cs s c c

di
V R i (L M) e

dt
= + − +                                       (3.30) 

Rearranging Equations (3.28), (3.29), and (3.30) gives the two phases of current differential 

equations as follows: 

                                         
a as s a adi V R i e

dt L M L M L M
= − −

− − −
                                    (3.31) 

                                         
b bs s b bdi V R i e

dt L M L M L M
= − −

− − −
                                    (3.32) 

                                         
c cs s c cdi V R i e

dt L M L M L M
= − −

− − −
                                    (3.33) 

Equations (3.31), (3.32), and (3.33) can be represented in the form of a matrix as:  
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d

dt

a

b

c

i

i

i

 
 
 
  

= 

s

s

s

R
0 0

L M

R
0 0

L M

R
0 0

L M

 
− −

 
 −
 −
 
 −
 − 

a

b

c

i

i

i

 
 
 
  

+

as

bs

cs

V
1

V
L M

V

 
 
 −
  

a

b

c

e
1

e
L M

e

 
 

−
 −
  

    (3.34) 

The state space form is given by: 

                                               
dx

Ax b(V e)
dt

= + −                                               (3.35) 

where 

         

s

as a

s
bs b

cs c
s

R
0 0

L M V e
R 1

0 0 , V , e ,b
L M L M

V e
R

0 0
L M

 
− −

    
    = − = = =
    − −
        

 −
 − 

A V e          (3.36) 

3.6.1.1. Rotor Position Hall Sensors Modeling 

Hall effect sensors provide the portion of information need to synchronize the motor 

excitation with rotor position in order to produce constant torque. They detect the change in 

the magnetic field. The rotor magnets are used as triggers for hall sensors [56] [57]. Three 

hall sensors placed 120o apart are mounted on the stator frame and used for sensing the rotor 

position. The output of the sensor signal is decoded to get the switching sequence of three 

phase inverter power semiconductor switches as shown in Table 3.7.  

Table 3.7 Hall effect signals and inverter switches status of the BLDC motor [57] [58] 

Electrical 

degree 
Hall A Hall B Hall C 

Inverter switch status 

S1 S2 S3 S4 S5 S6 

0-60 0 1 0 on off off off off on 

60-120 1 1 0 on off off on off off 

120-180 1 0 0 off off off on on off 

180-240 1 0 1 off on off off on off 

240-300 0 0 1 off on on off off off 

300-360 0 1 1 off off on off off on 
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3.6.1.2. Modeling of Ideal Back-EMF 

As mentioned before, it was assumed that back-EMF ae , be , and ce have trapezoidal wave 

from. The three-phase BLDC motor back-EMF can be described by the following equations:      

                                                  

a as r

b m m bs r

c cs r

e f ( )

e f ( )

e f ( )

   
   

=   
   
      

                                    (3.37) 

Applying multiplication then the back-EMF voltages are as follows:   

                                                       a m m as re f ( )=                                                  (3.38) 

                                                       b m m bs re f ( )=                                                  (3.39) 

                                                       c m m cs re f ( )=                                                  (3.40) 

Hence the back-EMF voltages are a function of the electrical rotor angle r , motor speed 

m , and flux linkage m . Each phase in the balanced three phase system is in phase with 

each other with a 120o phase shift. The rotor angle functions fas(θr), fbs(θr), and fcs(θr) have 

the same shape as ae , be , and ce with a maximum magnitude of ±1. Equations (3.41), (3.42), 

and (3.43) show the mathematical functions of the rotor angle in a three phase system.   

                                      

r r

r

as r r r

r

r r

6
( ) 0

6

5
1

6 6

6 5 7
f ( ) ( ) 6

6 6

7 11
1

6 6

6 11
( ) 1 2

6


    


    




 
 = −  +   


  

−   



−  −    

 

                              (3.41) 

Since in the balanced three phase system each rotor position sensor is separated by 120o, the 

rotor angle functions in phase-b and c are derived based on the function of the phase-a.  

                                                    bs r as r

2
f ( ) f ( )

3


 =  +                                           (3.42) 

                                                    cs r as r

2
f ( ) f ( )

3


 =  −                                            (3.43) 

The back-EMF and the motor current are drawn along with the rotor position sensor signals 

as shown in Figure 3.10. The induced-EMFs do not have sharp corners because these are in 

trapezoidal nature in trapezoidal based BLDC motor drive.   
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Figure 3.10 Back-EMF and rotor position hall sensor modeling [L5] 

3.6.1.3. Dynamics Modeling of BLDC Motor 

The electromagnetic torque for the three phase BLDC motor in Newton’s is defined as:  

                                             
rotor a a b b c c

e

m m

P i e i e i e
T

+ +
= =

 
                                   (3.44) 

The moment of inertia is described by: 

                                                            m lJ J J= +                                                  (3.45) 

The equation of motion system with inertia J, friction coefficient B, and load torque Tl. 

                                                   
m

m e l

d
J B T T

dt


+  = −                                         (3.46) 

3.6.2. Modeling of Armature and Dynamics Transfer Functions of BLDCM 

3.6.2.1. Armature Transfer Function 

For the sake of easy reference, the armature model is derived in brief and given in the 

following equations [55] [59] [60]. During two phase conduction, the entire DC voltage is 

applied to the two phases having an impedance of: 

                                         s a a

d d
Z 2(R (L M)) R L

dt dt
= + − = +                             (3.47)                       

                                                            a SR 2R=                                                     (3.48) 

                                                        aL 2(L M)= −                                                 (3.49) 
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                                                       2 2
a aZ R L= +                                                 (3.50) 

The voltage equation for the stator is given by: 

                                            is a a as as cs

d
V (R L )I E E

dt
= + + −                                  (3.51) 

where the last two terms are the induced-EMFs in phase-a and phase-c, respectively. But the 

induced-EMFs in phase-a and phase-c are equal and opposite during the regular operation 

of the drive scheme and given as: 

                                                     as cs m mE E= − =                                              (3.52) 

where λm is the flux linkages per phase and Ωm is the rotor speed. Substituting Equation 

(3.52) to Equation (3.51) gives the stator voltage equation as: 

                                             is a a as m m

d
V (R L )I 2

dt
= + +                                     (3.53) 

where the EMF constant for both the phases is combined into one constant as: 

                                                     b mK 2=   [V/rps]                                               (3.54) 

                                              is a a as b m

d
V (R L )I K

dt
= + +                                     (3.55) 

                                                    
is

is is a a

I 1

V E R L s
=

− +
                                          (3.56) 

3.6.2.2. Motor Dynamics Transfer Function 

Note that the electromagnetic torque for two phases combined is given by: 

                                                         e m asT 2 I=   Nm                                             (3.57) 

The machine contains an inner loop due to the induced-EMF. The inner current loop will 

cross this back-EMF loop creating complexity in the development of the model [59][60]. 

The interactions of these loops can be decoupled by suitably redrawing the block diagram. 

The load is assumed to be proportional to speed and is included in the feedback path [55]. 

                                                             l mT B=                                                      (3.58) 

The speed to air gap torque or dynamics transfer function can be evaluated as: 

                                    
m

e l

(s) 1 1

T (s) T (s) B Js 0.001 0.0089s


= =

− + +
                           (3.59) 

where B is the friction coefficient of the motor and J is the inertia of the machine.  

3.6.3. Modeling of Three Phase Inverter Transfer Function 

The inverter is also represented as a first-order lag with a gain [55] as in Equation (3.60): 



 

42 

 

                                                   
is i

i

c i

V (s) K
G (s)

V (s) 1 Ts
= =

+
                                        (3.60) 

where Ki is the gain and it is computed from inverter line to line voltage and the carrier 

voltage signal, Ti is the delay time of the inverter switches which is calculated as: 

                                      
dc

i

cm

V 144v
K 0.65 0.65 9.36

V 10v
=  =  =                              (3.61) 

                                   5
i

c

1 1
T 8.33 10 sec

2 f 2 6000Hz

−= = = 
 

                          (3.62) 

Provided that, Vdc is the DC-link voltage input to the inverter, Vcm is the maximum control 

voltage, and fc is the switching frequency of the inverter.  

3.6.4. Modeling of Current Feedback Sensor Transfer Function 

The noise signal generated by the current feedback sensor may not be small as compared to 

the motor current signal. In such a situation, it is necessary to design a low-pass filter in the 

input path of current sensing to improve measurement accuracy. In this work, a low-pass 

filter is used. The filter transfer function is given by: 

                                              
f

f

f

K 1
G (s)

1 T s 1 0.0001s
= =

+ +
                                   (3.63) 

where Kf and Tf is the gain and the time constant of the filter and their parameter values are 

set to 1 and 0.0001sec, respectively.  

3.6.5. Modeling of Speed Feedback Sensor Transfer Function 

In general, the amplitude of the noise signal generated by the speed sensor is very small as 

compared to that of the motor speed. Since the vehicle itself works as a low-pass filter in 

this work, no filter is used in the speed feedback loop.  

3.7. Cascade Control System for BLDCM Drive 

In designing a vehicle control system, one major issue is to design a controller for stabilizing 

the speed of motor at the desired level under variable load and setpoint conditions. A fixed-

parameter linear PID controller can perform satisfactorily as long as the vehicle is operating 

at a nominal operating point. However, it may have difficulty in maintaining the desired 

control performance when the operating point is shifted from one to another [61]. On the 

other hand, a nonlinear PID (NPID) controller gives very accurate results for speed control 

of BLDC motor. However, it may produce high current at starting [62] [63]. Therefore, to 

cope with these problems, designing a cascade controller incorporating the AI technique is 
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considered. Figure 3.11 shows the proposed cascade control system of the BLDC motor.  

 

 

 

 

 

 

Figure 3.11 The proposed cascade control system block diagram of BLDC motor 

3.7.1. Nonlinear PID Controller for BLDC Motor Speed Control  

Although a fixed parameter PID controller is effective in an operating range, its performance 

may degrade and become unstable in some cases when it is out of the range. The integral 

term addresses how long and how far the output has been away from the setpoint and 

continuously sums up error e. Thus, even a small error, if it persists, will have a sum total 

that grows over time and the influence of the integral term will similarly grow. This problem 

can be solved to some extent by introducing a nonlinear PID (NPID) control structure. 

Through the previous work [64], the authors proposed the structure of the NPID controller 

which consists of the linear PD-term and the nonlinear I-term employing a nonlinear gain in 

cascade with the integral action of a conventional PID controller. Figure 3.12 shows the 

closed loop control system with the NPID controller structure.  

                                    

Figure 3.12 A NPID controller structure     

Gp(s) denotes the plant, Ys, Y, and us are the setpoint, the plant controlled variable, and the 

control input, respectively and e is the error (e =Y-Ys). The time domain equation of the 

NPID controller is given by: 
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s ps ds

is

ps is ds

1 de(t)
u (t) K [e(t) V(t)dt T ] (3.64)

T dt

de(t)
       K e(t) K V(t)dt K

dt

  = + +                              

   = + +





                             

where Kps, Tis , and Tds are the proportional gain, the integral time, and the derivative time 

respectively and Kis = Kps/Tis and Kds = KpsTds are the integral gain, and the derivative 

gain of the speed controller, respectively [64]. The scaled error V(t) in the integral term and 

the nonlinear gain K(e) are given by in Equations (3.65) and (3.66) respectively. 

                                                      V(t) K(e) e(t)=                                               (3.65) 

                                                    

2

2

s

e
K(e) exp( )

2 Y
= −


                                         (3.66) 

where ΔYs is the speed setpoint change. An example of K(e) is illustrated in Figure 3.13 with  

the typical values of ΔYs = 0.5, 1, and 1.5. Its shape looks like the bell-shaped curve with a 

center 0. A small ΔYs expects that e will be clustered around the center, whereas a large ΔYs 

does that e will be spread out over a large range of values. It can be expected that about 

99.7% of values of e will be within ±3 times ΔYs. It was demonstrated in [65] that the use of 

K(e) in the integral loop can enhance the controller performance in terms of swiftness and 

closeness of the response without excessive control. 

 

Figure 3.13 Shapes of K(e) versus e for different Ys  

3.7.1.1. Implementation of Nonlinear Gain using Fuzzy Logic 

In the previous section, a brief overview of the NPID controller was given. The nonlinear 

gain K(e) was implemented by an exponential function. By the use of K(e), when the error 

is large, the controller prepares for the occurrence of overshoot by scaling it down and when 
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the error is small, the controller reduces the steady state error by scaling to maintain its value. 

This section deals with implementing the nonlinear gain using fuzzy logic for the BLDC 

motor speed control system. Figure 3.14 depicts the implementation of nonlinear gain in the 

NPID controller using fuzzy logic. 

 

 

 

 

 

Figure 3.14 Implementation of nonlinear gain using fuzzy logic for NPID controller 

Fuzzy logic is one of the types of artificial intelligence based techniques [66]. It works in 

three main steps: fuzzification, fuzzy inference with the knowledge base, and defuzzification 

which is shown in Figure 3.15. Fuzzification is the process of converting crisp sets into fuzzy 

sets. These sets are then mapped to output using fuzzy logic. This process is known as fuzzy 

inference [67]. There are two types of fuzzy inference systems that can be implemented in 

the fuzzy logic: Mamdani-type and Sugeno-type. These two types of inference systems 

differ in the way outputs are determined. 

 

 

 

 

Figure 3.15 Fuzzy logic structure block diagram 

For the actual system to use the output, the fuzzy logic must convert its internal fuzzy output 

variables into crisp values. This conversion process is called defuzzification [68]. In this 

study, Sugeno-type is considered for the design of the nonlinear gain. The integral gain is 

nonlinearly adjusted depending on the size of e using fuzzy logic. That is, it is decreased to 

prepare for the occurrence of overshoot when e grows and enlarged to reduce the steady-

state error when e shrinks. Where, C1 is user-defined positive constant, and N, Z, and P are 

fuzzy sets with the following membership function forms. 
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Figure 3.16 depicts the shapes of the membership functions of the fuzzy logic model. In this 

figure N, Z, and P are representing negative, zero, and positive respectively. The following 

codes are the if then rules of fuzzy logic input-output mapping of the nonlinear gain. 

 

Figure 3.16 The input membership function of the fuzzy logic 

If e is N then K(e) is C1 

If e is Z then K(e) is 1 

If e is P then K(e) is C1 

where C1 is a positive constant determined by a user and it must be between 0 and 1. Figure 

3.18 shows the shape of K(e) in the typical values of C1. K(e) converges to the value C1 

when e= ± ∞ and to the value of 1 when e=0. The final inferred output for K(e) is the 

weighted average of the three rule outputs based on the Takagi Sugeno method. 

                                     

j

3
j

j 1 1 1 2 3 1

3
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j

j 1

K (e)
C C

K(e)
=

=


 +  + 

= =
 +  + 






                              (3.67) 

where αj is the value when the nonlinear gain K(e) curve converges to C1 and one. Its values 

are -e/3(ΔYs), 0, and e/3(ΔYs). The rule view of the fuzzy model is shown in Figure 3.17. 

As an example when the input e is 0.000305 the output of K(e) is about 0.988. 
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Figure 3.17 The fuzzy logic system rule view 

The output of the designed fuzzy logic system in three and two dimensional views are shown 

in Figure 3.18. Its result is a nonlinear exponential graph.   

 

Figure 3.18 The surface view of the output in three 3D (left) and 2D (right) 

The fuzzy logic based nonlinear gain K(e) result is multiplied with speed error at every 

sampling time to optimize the linear gain of an integral controller in the specified operating 

range. Figure 3.19 depicts the Simulink implementation of the nonlinear gain K(e). 

 

Figure 3.19 MATLAB/Simulink implementation of the nonlinear gain 
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Hence, practically the fuzzy model should be converted to user defined programming. The 

MATLAB code using math function to implement the nonlinear gain based on the fuzzy 

logic system used in this research work is shown in Appendix (D).  

3.7.2. PI Controller for BLDC Motor Current Control  

Usually in BLDC motor, the starting current is high, which may lead to heating in the motor 

stator windings and burning of the control circuitry. This problem can be solved by 

designing an appropriate current regulator in cascaded with the speed controller. The current 

controller then adjusts the stator current to maintain at the desired internal current level. The 

reference current is generated from the speed controller output signal. In this work, a linear 

PI current controller is considered to reduce the complexity in the cascade control system. 

Due to the application of low pass filter the derivative controller is not required. The 

controller time domain equation is given by: 

                                             
c pc

ic

1
u (t) K [e(t) e(t)dt]

T
= +                                     (3.68)                             

where Kpc and Tic are the proportional gain and the integral time respectively and Kic =

Kpc/Tic is the integral gain of the current controller. 

3.7.3. Implementation of BLDCM Cascade Control System using GA  

The NPID controller has no specific tuning mechanism like the PID controller has Ziegler 

Nicholas. The only tuning mechanisms are either GA or particle swarm optimization (PSO). 

In this study, GA is considered to have an optimal linear and nonlinear gains because GA is 

easy to use and understand, and has almost similar characteristics with that of the PSO.  

GA is a particular class of evolutionary algorithms that use techniques inspired by 

evolutionary biologies such as inheritance, mutation, selection, and crossover (also called 

recombination) [69]. Evolution usually starts from a population of randomly generated 

individuals and happens in generations. In each generation, the fitness of every individual 

in the population is evaluated, multiple individuals are selected from the current population 

(based on their fitness), and modified (recombined and possibly mutated) to form a new 

population [70]. The new population is then used in the next iteration of the algorithm. 

Traditionally, solutions are represented in binary as strings of 0s and 1s. Commonly, the 

algorithm terminates when either a maximum number of generations has been produced, or 

a satisfactory fitness level has been reached for the population [69] [70]. If the algorithm has 

terminated due to the maximum number of generations, a satisfactory solution may or may  
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not have been reached. The general stapes of GA optimization as the form of a flow chart is 

shown in Figure 3.20. 

 

Figure 3.20 Flow chat of genetic algorithm optimization  

The complete response of the system for each NPID and PI control parameter values and 

initial fitness value of integral absolute error (IAE) are computed and optimized using GA 

[64]. This process will be repeated every generation until the end of the generations where 

the best fitness value is achieved [71]. 

The ultimate aim of GA is to seek global NPID speed control values (Kps, Kis, Kds, and the 

fuzzy constant C1) and PI current control values (Kpc, Kic) with minimum fitness value to 

operate the BLDC motor cascade control system in the entire range. The block diagram 
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shown in Figure 3.21 depicts the implementation of GA optimization for the cascade control 

system of the BLDC motor. 

 

 

 

 

 

 

 

Figure 3.21 Block diagram of GA implementation in cascade control of BLDC motor 

The GA is implemented in MATLAB programming. So, each subsystem transfer functions 

in the cascade control system are converted into an ordinary time domain differential 

equations. These equations are coded in MATLAB/script programming. As an example, the 

three phase inverter model is expressed as the form of input/output transfer function as 

shown in Equation (3.69). 

                                          
is i

i

c i

V (s) K Y(s)
G (s)

V (s) 1 Ts U(s)
= = =

+
                                   (3.69) 

By rearranging the terms in Equation (3.69) the simplified equation in the frequency domain 

of the three phase inverter is determined as follows:  

                                              
i

i i

Y(s) K U(s)
sY(s)

T T

− 
= +                                       (3.70) 

Conversion of the frequency domain into time domain of Equation (3.70) using inverse 

Laplace transformation is computed as follows: 

                                               
i

i i

dy(t) y(t) K u(t)

dt T T

− 
= +                                       (3.71) 

The general expression of the time domain state space equation in the form of state variables 

is shown in Equation (3.72).  

                                                   
i

i i

x(t) K u(t)
x

T T

− 
= +                                          (3.72) 

Using the built-in function, Equation (3.72) is converted into an m-file by assigning x as the 

inverter output, x as the state variable, u as the inverter input, and t as the operating time.  
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function xdot= Inverter(t,x,u) 

Kr= 9.36; Tr= 8.333e-5; 

xdot=-x/Tr+Kr*u/Tr; 

By following the same procedure of the inverter time domain analysis, other subsystems in 

the cascade control system of BLDC motor are converted into the time domain. The 

converted time domain functions are coded in MATLAB/script as shown in Appendix (B). 

The time domain differential equation computations in the cascade control system are solved 

by Rang Kutta (RK4) 4th order method by setting the sampling time to 0.0001sec. RK4 

function method is developed as a built-in function in MATLAB and it can be called easily 

by setting the appropriate input/output variables. The following code is an example of RK4 

computing the output of inverter time domain function in the cascade control system.  

xi= RK4(@Inverter,t,xi,ui_sat,h); 

where xi is the updated output of the inverter function at every sampling time, ui_sat is the 

input of the inverter function, h is the sampling time, and t is the total operating time. The 

NPID controller programing is also developed in MATLAB as shown in the sample code.  

function u= NPID(r,y,h,gains,dr,iv) 

persistent ee, z; 

ee= r-y; 

% Retrieves the parameters of the NPID controller 

            Kp = gains(1); Ki = gains(2); Kd = gains(3);  

e = r-y;     % Error signal 

up = Kp*e;     % The proportional control implementation 

fe = exp(-0.5*(e/deltar)^2)*e;  %The nonlinear gain implementation 

z = z+Ki*0.5*h*(fe+fee);        % The integral control implementation 

fee = fe; 

ui = z; 

ud = Kd*(e-ee)/h;   % The derivative control implementation 

u = up+ui+ud;         % Returns the control input 

The detail of NPID speed and PI current cascade controller of BLDC motor MATLAB/script 

programming code is shown in Appendix (B). 
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3.7.3.1. Parameter Tuning of Cascade NPID and PI Controller 

The NPID and PI cascade controller has six tuning parameters: Kps, Kis, Kds, C1, Kpc, and 

Kic. The details of GA optimization parameters used in the simulation including the 

maximum generation, population, and parameter boundary are shown below in Table 3.8. 

Table 3.8 Parameter settings of the genetic algorithm optimization 

Parameter Type and value 

  Maximum generations 30 

  Population size 30 

  Encoding Binary 

  Selection Uniform 

  Crossover Single point crossover 

  Mutation Uniform 

  No of parameters 6 

  Lower boundary [0 0 0 0 0 0] 

  Upper boundary [30 10 1 1 10 10] 

 

The graphical result of the optimized object function (IAE) parameter of the cascade control 

system is shown below in Figure 3.22. Its value after many times re-optimization is 3.1303. 

 

Figure 3.22 Fitness values vs generation for object function 

The model of the cascade control system of BLDC motor NPID and PI controller is 

performed in GA optimization. The parameters of the NPID speed (Kps, Kis, Kds, and C1) and 

PI current (Kpc, Kic) controllers based on GA are obtained as shown in Table 3.9.  
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Table 3.9 The GA optimized parameters of the cascade NPID and PI controllers 

 

Controllers  

Optimized 

parameters 

Optimized 

results 

 

NPID speed 

controller  

Kps 23.8933 

Kis 1.4326 

Kds 0.0237 

C1 0.8575 

PI current  

controller 

Kpc 4.3912 

Kic 0.4587 

 

Then the system is simulated at different speed ranges based on the motor rated speed as 

shown in Figure 3.23. The GA based NPID speed controller result of the brushless DC motor 

is zoomed out at a simulation time of 0.5sec and a speed of 1500rpm. The result shows that 

the speed overshoot is about 0% and the settling time is about 0.03sec, this shows that the 

controller has good speed dynamic performance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.23 GA based NPID speed controller result of BLDC motor 

In the cascade control system, the current controller has the setpoint from the speed 

controller output.  The speed controller output has a limiter between ±77 because the rated 

current of the motor is 77A. Based on steady state values (i.e. when the Laplace term s=0) 

the current controller limiter is designed at the value of ±28 for rated speed of the motor. 

The GA-PI controller of BLDC motor output current result is shown below in Figure 3.24.  

Zoomed out part 
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Figure 3.24 GA based PI current controller result of BLDC motor 

The GA based PI current controller result of the BLDC motor is zoomed out at a simulation 

time of 0sec and a current of 75A. GA based cascade control system of BLDC motor has 

good speed dynamic response and current overshoot minimization under a constant load. 

But due to the effect of road types, carrying capacities, and other factors every time the 

vehicle has variable load conditions. In this case, the motor speed is affected and sometimes 

it cannot follow the desired speed. To reduce this effect to some extent, the system should 

integrate neural network (NN) based auto-tuning technique in the speed regulator side. 

3.7.4. NN-NPID Speed and GA-PI Current Cascade Control of BLDCM  

Figure 3.25 depicts the proposed cascade control system of the BLDC motor. The NPID 

speed controller is tuned online using neural networks and the fuzzy-based nonlinear gain 

and the PI current controller gains are optimized using a genetic algorithm. In this study, in 

order to train and validate the NN, several measured of the NPID speed controller gains were 

used to train the networks. The present work applies a feed forward back propagation NN in 

four layers. The input, two hidden and output layers have 3, (6, 4), and 1 neuron, respectively 

as shown in Figure 3.26.  

The number of neurons in the hidden layer is a very important part of network architecture. 

The hidden layer does not directly interact with the external environment [72]. This layer 

has a significant effect on the final output and the number of neurons in this layer must be 

Zoomed out part 
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selected very carefully. Using too few and too many neurons in the hidden layers will result 

in underfitting and overfitting problems respectively. The problem of underfitting is the 

signal, especially in a complicated system, cannot be detected sufficiently. Overfitting can 

result in several problems because the limited amount of information contained in the 

training set is not enough to train all of the neurons in the hidden layers. It causes an increase 

in training time [73] [74].  

 

 

 

 

 

 

 

Figure 3.25 The proposed cascade control system 

The selection of NN architecture is done by trial and error using a forward selection method 

to find the optimum network architecture. To design and establish the network behavior a 

sigmoid function is used as an activation function. A sigmoid transfer function can introduce 

nonlinearity in the model and/or to make sure that certain signals remain within a specified 

range. Figure 3.26 shows the final neural network structure used in this work.  

The procedure to create and train a network using the toolbox is as follows [75] [76]: 

1. Inputs (error, derivative of the error, and nonlinear based integral of the error) and 

target vectors are generated and loaded to the workspace in MATLAB. 

2. A four layer feed forward back propagation network created in the MATLAB/script  

3. Trainlim and Tansig were chosen as training and transfer function, respectively. 

4. Input and target vectors were introduced to the created network.  

5. Training parameters such as the epochs and error goal were adjusted. 

6. The specified network was trained gradually. This process is finished when the 

defined error was reached. During the training, weights and biases of the network 

were iteratively adjusted to minimize the network performance function. 

7. Finally, after training the network, the Simulink block is generated. 
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Figure 3.26 Neural network structure used in this thesis  

where the idea of us (control signal) is taken from Equations (3.64) and (3.65) of the NPID 

control system structure time domain analysis. 

Figure 3.27 depicts the flowchart of the neural network training of the proposed neural 

network structure in the speed control system of the BLDC motor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.27 Flow chart of the neural network training 

The input and output data are generated from the GA optimization based result Simulink 

implementation as shown in Figure 3.28. After the simulation time is completed, the data 

are transferred from Simulink to the workspace in the form of vectors. 
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Figure 3.28 Generating the input and output data from the GA-based control system 

Below the MATLAB/code is the sample code for the neural network used in this thesis. The 

Levenberg-Marquardt backpropagation is used to train the network and Tansig is the default 

transfer (activation) function of the network. The network has three input parameters and 

one output parameter as described above. Each input and one output have 5000 data. After 

several trainings of the network based on trial and error, the number of hidden layers and 

their neurons are selected based on the performance evaluation toolbox results.  

x = inputs';  % inputs - input data. 

y = output';  % output - target data. 

% 'trainlm' is usually the fastest. 

% Levenberg-Marquardt backpropagation. 

trainFcn = 'trainlm';  

% Create a fitting network 

hiddenLayerSize = [6 4]; 

net = fitnet(hiddenLayerSize,trainFcn); 

% Setup division of data for training, validation, testing 

net.divideParam.trainRatio = 80/100; 

net.divideParam.valRatio = 10/100; 

net.divideParam.testRatio = 10/100; 

net.trainParam.epochs= 1000; 

% Train the network 

[net,tr] = train(net,x,y); 
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% Test the network 

y = net(x); 

e = gsubtract(x,y); 

performance = perform(net,x,y) 

%To generate the NN on Simulink block 

gensim(net)    

After executing the above code, several performance measurements of the trained network 

are available. The Figure 3.29 depicts the validation of the mean squared error and its value. 

At the training epoch of 1000 the mean squared error is 0.0013407. 

 

 

Figure 3.29 Validation of the mean squared error 

The regression plots also display the network outputs with respect to targets for training, 

validation, and test sets as shown below in Figure 3.30. For a perfect fit, the data should fall 

along a 45-degree line, where the network outputs are equal to the targets. In this work, the 

neural network has been retrained many times to have the perfect fit for its output and target. 

This is done by changing the hidden layers and their neurons. This change updates every 

time the weights and biases of the network, and it produce an improved network after 

retraining. For this work, the fit is perfect for all data sets, with R values in each case is 1. 
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Figure 3.30 Regression plots of the training, validation, and test sets  

After training of the network, the following Simulink block in Figure 3.31 is generated. It 

includes the input and output of trained data, the structure of the network, the weights, and 

the biases of each layer and neurons. 

 

Figure 3.31 The Simulink block of the trained neural network structure 

Figure 3.32 demonstrates the proposed speed control system of the BLDC motor in the 

cascade control system. The diagram consists of GA tuned fuzzy logic based nonlinear gain 

for integral control, and the neural network based proportional, integral, and derivative gains 

for the NPID speed controller of BLDC motor.  
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Figure 3.32 Neural network based NPID speed control system of the BLDC motor 

Below Figure 3.33 shows the result of the proposed NN-NPID speed controller of the BLDC 

motor. The system is simulated based on the linear and nonlinear Simulink model of the 

BLDC motor drive. The result shows that the speed overshoot is about 0% and the settling 

time is about 0.0275sec, this shows that the controller has better speed dynamic performance 

parameters than the GA-NPID speed controller.  

 

Figure 3.33 NN based NPID speed controller of the BLDC motor output result 
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3.7.5. ZN Based PID Speed and PI Current Controllers of BLDCM  

Ziegler Nicholas (ZN) PID tuning is frequently used in the industrial process control 

systems. In this thesis also Ziegler Nicholas based linear PID controller is implemented for 

performance comparison purposes.  

3.7.5.1. Tuning of PID Controller Using ZN Based Relay Control  

Astrom and Hagglund's method determines the ultimate point using a relay test signal as the 

system input [77] [78]. The test signal is automatically produced as described in Figure 3.34. 

The method is based on the fact that system with a phase lag of at least π at high frequencies 

can oscillate under the ultimate period Tu. 

 

 

 

 

 

 

 

 

Figure 3.34 Block diagram for ultimate point estimation 

The square signal of the relay output is represented by a Fourier series as in Equation (3.73): 

                            r

4d 4d 4d
u (t) sin( t) sin(3 t) sin(5 t) ...

3 5
=  +  +  +

  
                   (3.73) 

By neglecting higher frequencies terms:  

                                                      r

4d
u (t) sin( t) 


                                             (3.74) 

where d  and a are the amplitude of the relay square wave and output signal of the process. 

Neglecting higher frequencies is possible since most physical systems act as low pass filters. 

The transfer function of the relay for a sine wave input with amplitude a is given by: 

                                                           
4d

N(a)
a

=


                                                   (3.75) 

The system will show continuous cycling when the following condition is satisfied. 

                                                 u1 N(a) G(i ) 0+   =                                             (3.76) 

Placing Equation (3.75) into Equation (3.76) will result in: 

                                                 u

1 a
G(i )

N(a) 4d


 = − = −                                         (3.77)

 

Note that the imaginary part of G(iωu) is zero. So, the frequency is the ultimate frequency 

of the process and the ultimate gain is 1/G(iωu). 
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                                                    u

u

2
;

T


 =  u

4d
K

a
=


                                           (3.78) 

Once the ultimate frequency and gain have been estimated, a PID controller can be tuned 

using ZN closed loop tuning rules. Table 3.10 provides the tuning parameters for the given 

ultimate gain and period of the process. 

Table 3.10 ZN-PID parameters according to the ultimate point 

Controller Kp Ti Td 

P 0.5Ku - - 

PI 0.45Ku Tu/1.2 - 

PID 0.6Ku Tu/2 Tu/8 

 

3.7.5.2. Design of PI Current Controller of BLDCM using ZN Tuning 

Applying the feedback calculation on the motor dynamics and moving the back-EMF 

constant to the left of the torque constant block. Then the reduced block of the motor 

dynamics along with armature transfer function is shown in Figure 3.35.  

 

 

 

 

 

 

Figure 3.35 Reduced block diagram of the internal loop of the main block diagram 

Considering the armature transfer function and its feedback block diagram, the internal 

current controller of the BLDC motor block diagram is developed as shown in Figure 3.36.  

The PI controller gains are determined by applying and replacing with a relay current 

controller. The system is implemented in MATLAB/Simulink as shown in Figure 3.37. The 

setpoint of the relay current controller is set as zero and the relay current controller 

parameters are adjusted to have a sinusoidal output current signal.  
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Figure 3.36 Internal current controller of the BLDC motor block diagram 

 

Figure 3.37 Simulink model of BLDC motor internal loop using a relay controller 

The output is a sinusoidal current signal for a zero current setpoint as shown in Figure 3.38.  

 

 Figure 3.38 Output armature current based on relay current controller 

The amplitude of the relay square wave internal signal and its value is the average of a peak 

to peak of the square wave.  
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The amplitude of the output current signal and its value is determined in Equation (3.80). 

                                                          a 0.02086=                                                  (3.80) 

The ultimate gain is determined from the parameters in a relay and controlled output signal. 

                                       uc

4d 4 0.2
K 12.2075

a 0.02086


= = =

 
                               (3.81) 

The value of Tu is determined by measuring the time for one full cycle from Figure 3.38. 

Taking points from 0.3045 to 0.3075 for 5 full cycles then the difference of these two points 

is 0.0030. The result is divided by 5 to get one full cycle time.  

                                            uc

0.0030sec
T 0.0006sec

5
= =                                    (3.82) 

The proportional integral controller gains can be calculated according to Table 3.10. 

                                   pc ucK 0.45 K 0.45 12.2075 5.4934=  =  =                        (3.83) 

The integral time can be calculated as: 

                                        
uc

ic

T 0.0006sec
T 0.0005sec

1.2 1.2
= = =                                (3.84) 

The integral gain is determined in Equation (3.85) from proportional gain and integral time. 

                                          pc
ic

ic

K 5.4934
K 10987.43

T 0.0005
= = =                                   (3.85) 

Then the controller transfer function is easily determined from the proportional gain and 

integral time (integral gain) as follows: 

                               c pc

ic

1 1
G (s) K (1 ) 5.4934 (1 )

T s 0.0005s
=  + =  +                     (3.86) 

c

5.4934s 10987.43
G (s)

s

+
=                                     

The internal current loop under the cascade control system is simulated by modeling in 

MATLAB/Simulink independently. Figure 3.39 shows the MATLAB/Simulink model of 

the BLDC motor internal current loop using ZN tuning based PI controller. The reference 

current is given manually based on the rated current. But the actual reference current is 

generated from the speed controller output in the cascade control system. 

Figure 3.40 shows the result of output current using Ziegler Nicholas PI current controller. 

The system implemented without a speed control system. As a result, the controller 

performance is analyzed based on the reference current given manually below the motor 

rated current.      
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Figure 3.39 The MATLAB/Simulink model of internal current loop using PI controller  

The PI current controller result of the BLDCM is zoomed out at a simulation time of 0.5sec 

and 70A. The result shows that the current overshoot is about 33% and the settling time is 

about 0.002sec.  

 

   

 

 

 

 

 

 

 

 

 

 

 

Figure 3.40 BLDC motor output current result using ZN-PI current controller 

3.7.5.3. Design of PID Speed Controller of BLDCM using ZN Tuning  

In this portion, the PID speed controller is designed based on ZN tuning technique by 

cascaded with the PI current controller designed in the previous section. The MATLAB/ 

Simulink diagram using the relay controller is implemented as shown in Figure 3.41. 

Zoomed out part 
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Figure 3.41 MATLAB/Simulink model of BLDC motor relay based speed controller 

Using the sinusoidal output speed signal as shown in Figure 3.42, the PID speed controller 

gains are determined based on ZN manual closed loop tuning technique.  

 

Figure 3.42 Output motor speed result based on relay controller 

By applying the same procedure as in relay current controller tuning technique, the speed 

controller PID gains are determined. The amplitude of the internal relay square wave signal 

is calculated in Equation (3.87). 

                                    
high lowU U 0.2 ( 0.2)

d 0.2
2 2

− − −
= = =                                 (3.87) 

The amplitude of output speed sinusoidal signal a is 0.010707 and the ultimate gain is 

determined in Equation (3.88).  

                                      us

4d 4 0.2
K 23.783311

a 0.010707


= = =

 
                            (3.88) 

From Figure 3.42, between time values from 0.02 to 0.021025 the sine wave signal contains 

one full cycle. The value of Tu can be determined by subtracting these two-time values.  
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                                                      usT 0.001025sec=                                             (3.89) 

The proportional integral derivative controller gains are calculated according to Table 3.10. 

                                 ps usK 0.6 K 0.6 23.783311 14.26998=  =  =                       (3.90) 

The integral time is calculated as: 

                                   
us

is

T 0.001025sec
T 0.0005125sec

2 2
= = =                           (3.91) 

The derivative time is determined as: 

                                
us

ds

T 0.001025sec
T 0.000128125sec

8 8
= = =                         (3.92) 

The integral gain is determined in Equation (3.93) from proportional gain and integral time. 

                                       ps
is

is

K 14.26998
K 27843.86

T 0.0005125
= = =                               (3.93) 

The derivative gain can be also calculated from proportional gain and derivative time.  

                      ds ps dsK K T 14.26998 0.000128125 0.00182834=  =  =               (3.94) 

The PID speed controller of BLDC motor gains are determined mathematically. Fine tuning 

is applied along with ZN tuning to increase performance. The system is simulated at 

different speed ranges and its result is shown below in Figure 3.43.  

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 3.43 BLDC motor speed result using ZN-PID speed controller 

 

Zoomed out part 
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The PID speed controller result of the BLDC motor is zoomed out at a simulation time of 

0.5sec and a speed of 1500rpm. The result shows that the speed overshoot is about 30% and 

the settling time gives 0.09sec.  

ZN-PID speed and PI current cascade controller is performed. Figure 3.44 depicts the current 

result under the cascade control system, the reference current is generated from the speed 

controller output. Hence the system hasn’t any limiter especially in speed controller output. 

So, the current result shows it has very high current at starting and setpoint change conditions 

because of the reference current has +50% overshoot. Even though the reference current is 

very high at setpoint change conditions, the output current trucks the reference current. The 

result shows that the current overshoot is about +50% and the settling time is about 0.09sec.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.44 Current result of linear PID-PI cascade control system 

3.7.6. GA Tuning of Cascade PID and PI Controller  

ZN based tuning of linear PID speed and PI current cascade controller has poor performance 

especially in case of overshoot, it is very high. The GA based PID speed and PI current 

cascade controller is implemented. The details of the GA optimization parameters setting 

used in the simulation for the tuning of linear PID and PI cascade controller of BLDC motor 

control are shown in Table 3.11. 

Zoomed out part 
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Table 3.11 Parameter settings of the genetic algorithm optimization 

Parameter  Type and value 

  Maximum generations 30 

  Population size 30 

  Encoding Binary 

  Selection Uniform 

  Crossover Single point crossover 

  Mutation Uniform 

  No of parameters 5 

  Lower boundary [0 0 0 0 0] 

  Upper boundary [30 10 1 10 10] 

The graphical result of the optimized object function (IAE) parameter of the cascade control 

system is shown in Figure 3.45. Its value after many times re-optimization is 7.67077 which 

is greater than the GA-NPID controller result and shows it is less efficient.   

 

Figure 3.45 Fitness values vs generation for object function 

The model of the cascade control of BLDC motor PID and PI controller is performed in GA 

optimization. The parameters of the PID speed (Kps, Kis, Kds), PI current (Kpc, Kic) controllers 

based on GA are obtained as shown below in Table 3.12.  
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Table 3.12 The GA optimized parameters of the cascade PID and PI controllers 

 

Controllers  

Optimized 

parameters 

Optimized 

values 

PID speed 

controller 

Kps 9.8296 

Kis 0.3190 

Kds 0.0364 

PI current  

controller 

Kpc 9.3062 

Kic 0.7038 

 

Figure 3.46 depicts the result of GA optimization based linear PID speed control of BLDC 

motor output speed. The result of the brushless DC motor output speed is zoomed out at a 

simulation time of 0.5sec and a speed of 1500rpm. The result shows that the speed overshoot 

is about 0% and the settling time is about 0.05sec, this shows that the GA-PID controller has 

better speed dynamic performance than ZN based speed controller results. But it is inferior 

to NN-NPID and GA-NPID speed controller results. The current controller has the same 

performance parameter result with the cascade NPID speed and PI current controller result.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.46 GA-PID controller speed result 

 

Zoomed out part 
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3.8. The Proposed BLDC Motor Drive Setup 

The Simulink design of a nonlinear BLDC motor system with NN-NPID speed and GA-PI 

current cascade controller, and PWM based inverter switching technique are performed and 

proposed for the propulsion of electric vehicle bajaj qute. The entire proposed linear and 

nonlinear BLDC motor drive Simulink block with each subsystem is sown in Appendix (D).   

3.8.1. Lithium-Ion Battery Source 

Because of its advantages mentioned in the previous sections, the lithium-ion battery is 

selected and proposed for the power source of the BLDC motor drive and the entire power 

system source of the four wheel electric vehicle bajaj qute.  

3.8.2. Three Phase Inverter BLDC Motor Drive 

Three phase inverter with MOSFET power semiconductor switches is considered for this 

research work. For energy flow from motor to battery during braking operation and reverse 

motion, the freewheeling diode is connected in parallel with each MOSFET in the inverter 

drive as shown in Figure 3.47. Since a signal from the hall sensor changes every after 60°, 

six steps are necessary for the completion of an electrical cycle.  

  

  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.47 Three phase inverter and energy flow for BLDC motor 

The phase commutation sequence is AB-AC-BC-BA-CA-CB and each conducting stage is 

called one step. Only two phases conduct at a time and the third phase is floating. To produce 

maximum torque, the inverter should be commutated after every 60° so that the current is in 
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phase with the back EMF. In this work, three PWM is used for the purpose of inverter 

switching signal generation. 

3.8.3. The Proposed Cascade Control System 

The different cascade control systems of BLDC motor are applied and compared based on 

speed and current controllers dynamic performance parameters. Among them ZN tuned PID-

PI, GA tuned PID-PI, GA tuned NPID-PI, and NN-NPID and GA-PI cascade controllers are 

performed in the previous sections. The results show that NN-NPID and GA-PI current 

cascade controller gives better speed and current dynamic performance than other 

controllers. As a result, the obtained cascade controller parameters in MATLAB/code are 

used in the nonlinear MATLAB/Simulink BLDC motor model. 

3.8.4. BLDCM Rotor Position Sensor Signal Decoder Implementation  

The hall sensor signal is generated based on the rotor position. These signals are decoded 

into rectangular based three level signals to create emf type reference motor current [56]. 

Logical based hall sensor decoder is used to convert the signals form each hall sensor into a 

rectangular three level signals with -1, 0, and 1 which represent the normalized ideal phase 

currents to injected in the motor phases. The hall sensor decoder can be performed by using 

the following truth Table 3.13.  

Table 3.13 Truth table of hall sensor decoder [57] [58] 

No Hall sensors  

 

 

 

 

 

 

        

Decoded signals amplitude  

H1 H2 H3 emf_a emf_b emf_c 

0 0 0 0 0 0 0 

1 0 0 1 0 -1 +1 

2 0 1 0 -1 +1 0 

3 0 1 1 -1 0 +1 

4 1 0 0 +1 0 -1 

5 1 0 1 +1 -1 0 

6 1 1 0 0 +1 -1 

7 1 1 1 0 0 0 

 

By using Table 3.13 the Simulink modeling of hall position sensor signal decoder is 

developed as shown below in Figure 3.48. This block is used to extract the induced EMF 

information from the hall signals and it includes logical and arithmetic operations.  

Decoder 
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Figure 3.48 MATLAB/Simulink model of hall sensor signal decoder   

The output signals of the decoder with the corresponding hall effect sensor signals are drawn 

as shown below in Figure 3.49. The hall sensors are shifted from each other by 60 degrees. 

The upper inverter switches (S1, S3, and S5) are on when the rotor reaches nearby the 

corresponding hall sensor. 

 

Figure 3.49 Three phase hall sensor and its decoded signal  
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3.8.5. Reference Current Generation 

The three phase reference current is generated based on the multiplication of the decoded 

hall position sensor signals and the current signal from the speed controller output. Hence 

the wave shape of the reference signals is similar to the decoded hall signals as shown in 

Figure 3.50.  

 

Figure 3.50 Three phase reference current signal 

3.8.6. Pulse Width Modulation (PWM) Based BLDCM Drive 

PWM works for any type of signal and it needs two signals for operation. These are 

controlled and carrier signals. Usually, the frequency of the carrier signal must be at least 

twice that of the modulating signal frequency. By comparing these two signals the 

rectangular wave switching signal can be generated. In this work, PWM based inverter drive 

is considered and it consists of the voltage signal, carrier signal, comparator, and logical 

circuit. The output of the current controller is converted into a voltage signal by applying an 

appropriate resistance based on the selected carrier voltage amplitude. The result gives the 

corresponding phase voltage controlled modulating signal Va, Vb, and Vc as shown in 

Simulink Figure 3.51.  

The controlled voltage signal is compared with a triangular carrier signal. If the controlled 

voltage signal is greater than the amplitude of the carrier signal, the switching signal is one 

and the corresponding switch will be ON and if the controlled voltage signal is less than the 

amplitude of the carrier signal the switching signal is zero and the corresponding switching 

state will be OFF. The output signal of PWM is connected to the logical NOT in each phase 
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for switching the semiconductor switches in the same leg. When the upper switch is ON the 

lower switch should be OFF and vice versa under the same leg of the inverter. 

 

Figure 3.51 The proposed PWM based BLDC motor drive Simulink diagram 

The triangular carrier signal is generated by considering the inverter switching frequency of 

6kHz and the amplitude of 10v. The amplitude is selected based on the modulation index 

(0.9) criteria because the maximum controlled voltage has 9v. The selection of switching 

frequency is depending on the inverter loss. If the switching frequency is more the loss will 

be less and vice versa. The generated carrier signal is shown in Figure 3.52. 

 

Figure 3.52 Triangular carrier voltage signal 

3.8.7. Relay Based BLDCM Drive 

In this work relay based BLDC motor drive is performed for comparison purpose. When the 

current controller is used like PI controller, relay based inverter drive will not applicable to 

trigger the inverter power semiconductor switches. Because it works based on the 

comparison between the stator current and the corresponding reference current. The error 

signal is given to a two level relay comparator. Each phase requires one relay comparator. 
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The output of the relay comparator becomes one or zero based on the bandwidth of the relay. 

The advantages of this scheme are, its simplicity and easy to implement practically. Its 

disadvantages are, it has high current overshoot, leads to harmonics due to the bandwidth of 

the relay comparator. Figure 3.53 depicts the implementation of switching signal generation 

in Simulink. The output relay comparator is connected to the logical NOT in each phase for 

switching the semiconductor in the same legs. When the upper switch is ON the lower switch 

should be OFF and vice versa under the same leg of the inverter. 

 

Figure 3.53 Relay based BLDC motor inverter drive 
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CHAPTER 4 

4. RESULTS AND DISCUSSIONS 

This chapter includes the result and analysis of the proposed cascade control system and 

drive system of the BLDC motor for a bajaj qute electric vehicle. The simulation results of 

the proposed system are compared with the related works mentioned in the literature to fulfill 

the specific objectives of the research. The simulation results explained in this chapter are 

performed for the same values of the system parameters under study. In this research work, 

both the linear and nonlinear MATLAB models of the BLDC motor drive is used. The linear 

system generally used to simulate the speed and current controllers of different artificial 

intelligence tuning techniques. Also, the nonlinear Simulink system is used to analyze the 

current harmonics and torque ripple of the motor. Besides, the nonlinear Simulink system 

helps to analyze the BLDC motor output result like induced back-EMF, stator current, 

electromagnetic torque, three phase inverter output voltage, and battery state of charge along 

with the speed of the electric vehicle bajaj qute so on.  

4.1. The Proposed BLDCM Control and Drive System Result 

In this work, the NN-NPID and GA-PI current cascade controller with PWM based BLDC 

motor drive are proposed. The results are explained in detail in the following sections.   

4.1.1. The Proposed Cascade Control System Results of BLDCM  

An autotuning (neural network) based NPID speed and GA-PI current cascade controller is 

simulated in both linear and nonlinear BLDC motor drive. The result of the speed controller 

in both drives has a similarity of 98% in the speed dynamic performance. Different cascade 

control techniques are discussed and compared.     

4.1.1.1. NN Based NPID Speed Controller Result of BLDCM 

Figure 4.1 depicts the result of an autotuning of the NPID proposed speed control system of 

the linear brushless DC motor drive system. The result shows that the speed of the motor 

follows its reference speed with better dynamic performance (settling time, rise time, peak 

time, overshoot, and steady state error). The speed result in Figure 4.1 has similar speed 

dynamic performance with the result under the nonlinear Simulink model of BLDC motor 

shown in Figure 4.9. The system is simulated in different speed setpoint values because the 

vehicle moves at different speeds.   
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Figure 4.1 The proposed speed control result of the BLDC motor 

4.1.1.2. GA-PI Current Controller Result of BLDCM  

The linear BLDC motor system of MATLAB simulation of the GA-PI current controller 

result is shown in Figure 4.2. The motor current tracks the reference current from the 

proposed speed controller output. The result of the proposed current control system of the 

brushless DC motor has good current overshoot (0%), and it is always below the rated motor 

current. Hence the rated current of the motor is 77A, the result shown in the figure below is 

less than 77A and it is about 75A. Theoretically, the motor drive is in a safe condition.  

 

Figure 4.2 The proposed current control result of the linear BLDC motor drive system 
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4.1.2. PWM Based Nonlinear BLDCM Drive Output Results 

4.1.2.1. BLDCM Stator Current Result 

The BLDC motor has always current harmonics and one of the objectives of the thesis is to 

reduce the distortion to some extent. Figure 4.3 shows the three phase stator current of the 

motor under the PWM based BLDC motor drive study and its harmonics value in percentage 

is 6%. The stator current frequency is directly proportional to the motor speed. When the 

speed is large/minimum the frequency of the stator current is large/minimum respectively. 

As an example, when the time between 1 to 1.5sec the speed is 1500rpm and the frequency 

is large, and when the speed is 0 between the time 2.5 to 3sec the frequency is zero.   

 

Figure 4.3 Three phase BLDC motor stator current result  

4.1.2.2. BLDCM Three Phase Trapezoidal Back-EMF Result 

The three phase BLDC motor trapezoidal back-EM waveform result is generated as shown 

in Figure 4.4. It is taken at the same simulation time with that of the nonlinear model speed 

dynamic performance shown in Figure 4.9. From the result, when the speed is increasing the 

induced back-EMF is also increasing. As an example, from the simulation time of 2.5 to 

3sec the speed is zero correspondingly the induced back-EMF is also zero. And also, from 
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time 1 to 1.5sec the speed is 1500rpm and the back-EMF is about 75v. This result shows 

that the speed and induced back-EMF voltage are directly proportional to each other.  

 

Figure 4.4 BLDC motor three phase back-EMF result 

Figure 4.5 shows the trapezoidal back-EMF zoomed out result from the simulation time of 

0.5 to 0.6 sec. The figure explains the structure of induced back-EMF waveform.  

 

Figure 4.5 BLDC motor three phase trapezoidal back-EMF zoomed out result 
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4.1.2.3. BLDCM Electromagnetic Torque Result 

The electromagnetic torque and stator current of BLDC motor are directly proportional to 

each other. As a result, the stator current harmonics of the BLDC motor leads to torque 

ripple. Figure 4.6 explains the result of electromagnetic torque vs the applied load torque of 

BLDC motor under the nonlinear MATLAB/Simulink drive system. Its torque ripple is 

about 6%, the result shows it is proportional to the stator current harmonics result.  The 

system is simulated about a constant load of 20Nm for different speed setpoints below its 

base speed i.e. 1500rpm. Hence in speed versus torque characteristics below base speed, the 

torque is constant. The result shows also the torque is constant below the rated speed.     

 

Figure 4.6 BLDC motor electromagnetic torque result  

4.1.2.4. Three Phase Inverter Output Voltage of BLDCM 

The output of the three phase inverter voltage of the BLDC motor is generated as shown 

below in Figure 4.7. Its output waveform is a rectangular wave type with a switching 

frequency of 6kHz. The three phase inverter switching commutation signal is designed based 

on a PWM switching technique. The inverter output voltage follows the inverter switching 

frequency. However, because of stator inductance the stator phase current can’t follow the 

inverter switching frequency rather it follows the frequency of its reference current 

generated from the speed controller output signal and decoded hall output signals. 



 

82 

 

 

Figure 4.7 Three phase inverter output voltage   

The output power of the BLDC motor is the product of the speed and electromagnetic torque. 

Figure 4.8 depicts the result of the output power of the BLDC motor, when the speed of the 

motor is 1500rpm (157.079 rad/sec) at 20Nm then the output power is 3.142kW. The system 

is simulated about a constant load for different speed setpoints below its base speed i.e. 

1500rpm. Hence in the speed versus torque characteristics curve below base speed, the 

power is variable. The result also shows the power is variable below the rated speed.  

 

Figure 4.8 The power output of BLDC motor under the nonlinear drive system 
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4.1.2.5. Vehicle Speed vs Battery State of Charge 

The result of electric vehicle bajaj qute speed versus battery state of charge is shown in 

Figure 4.9. The speed of electric bajaj follows its command speed with a better dynamic 

performance like the motor speed result. It is computed in km/hr based on the output of the 

motor speed, the reducer (gear transformation), and the radius of the wheel or tire. 

 

Figure 4.9 Vehicle speed vs percentage of battery state of charge  

In addition, the state of charging in the range of different vehicle speed performance is also 

shown in the result. Accordingly, in the case when the speed of the vehicle or motor is 

increasing the discharging rate of the battery also increases (i.e. the slope of the state of 

charge is increasing negatively). In another case when the direction of the rotation of the 

rotor vehicle movement is reversed, specifically from 3 to 3.5 sec, the battery is getting the 

charge through the freewheeling diode in the inverter and its slope of the state of charge is 
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tries to become positive. In this case, the motor acts as the generator. The relationship 

between electric vehicle battery state of charge versus distance in km is performed and its 

result is shown in Figure 4.10 below. The vehicle drives at 70km/hr constant speed on road 

by ignoring the impact of external factors and the environment. As can be seen from Figure 

4.10, battery SOC decreased with increasing mileage. Mileage which can be seen from the 

figure is 90km, achieves the performance index of the mileage for at least 70km. 

 

Figure 4.10 SOC versus mileage in kilometer at 70km/hr constant speed 

4.2. Discussion of Results 

In this portion, the results of the cascade controllers and inverter switching techniques of the 

BLDC motor drive are discussed in detail. The comparison of each speed and current 

controllers and inverter switching techniques are described in tabular and graphical forms.  

4.2.1. Discussion of BLDCM Cascade Control System Result 

Different cascade control systems are performed for BLDC motor speed and current control. 

The results of each controller are compared and discussed in tabular and graphical forms.  

4.2.1.1. Speed Dynamic Performance of BLDCM 

In this study, different speed controllers are performed. These are ZN-PID speed controller, 

GA-PID speed controller, GA-NPID speed controller, and the proposed NN-NPID speed 

controllers. For the comparison purpose, the simulation is performed in constant and variable 

setpoint conditions. Figure 4.11 shows the constant setpoint condition speed result (at 

1500rpm). The comparison result is from the modeling of linear BLDC motor drive system. 

From control system theory, the system is said to have better dynamic performance if it has  
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the lower rise time, lower percent overshoot, lower settling time, and lower peak time. 

 

Figure 4.11 BLDC motor speed result using different controllers 

The speed result of Figure 4.11 is zoomed out from the simulation time of 0 to 0.09 sec and 

the speed from 1100 to 2000 rpm as shown in Figure 4.12. The result shows that the NN-

NPID speed controller has good speed dynamic performance as shown in Table 4.1. 

 

Figure 4.12 BLDC motor speed zoomed result using different controllers 

Table 4.1 shows the detailed speed dynamic performance parameters of each controllers 

result. ZN-PID speed controller has poor performance than others especially in the case of  
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overshoot and settling time. It has a 30% overshoot and settling time of 0.09sec. The GA-

PID controller has a better result in case of overshoot (0%) and settling time (0.05sec) than 

ZN-PID controller. But the BLDC motor is the nonlinear motor due to this the linear PID 

speed controller of BLDC motor is not suitable.  

Table 4.1 Speed controller comparison of performance parameter results 

Speed 

Controllers  

Performance parameters result in constant 20Nm load condition 

Settling in 

time sec 

Rise time 

in sec  

Peak time 

in sec  

Percentage 

overshoot 

Steady-

state error  

ZN-PID 

controller 

 

0.09 

 

0.027 

 

0.04 

 

30% 

 

0% 

GA-PID 

controller 

 

0.05 

 

0.04 

 

0.045 

 

0% 

 

0% 

GA-NPID 

controller  

 

0.03 

 

0.02 

 

0.025 

 

0% 

 

0% 

NN-NPID 

controller  

 

0.0275 

 

0.02 

 

0.022 

 

0% 

 

0% 

 

The nonlinear PID controller is recommended for the BLDC motor speed control due to 

nonlinear coupling between winding currents and rotor speed. The GA-NPID speed 

controller is performed and it has good speed dynamic performance in all aspects. But, in 

case of load change conditions, the motor speed cannot track the desired speed. As a result, 

the steady state error is increased when the load is increased and its value is >0.7% (i.e. 

>10rpm speed error) as shown in Figure 4.15. To reduce this effect to some extent neural 

network is used based on the GA-NPID result. Neural network tunes the NPID controller 

gains online. The result of the NN-NPID speed controller shows that it has better 

performance than GA-NPID speed controller results as shown in Table 4.1. 

The speed control systems are simulated under setpoint change condition, and all have 

similar performance parameter results with the results listed in Table 4.1. The result of all 

speed control systems together is shown in Figure 4.13. The system is simulated with similar 

parameters considered under study. For the comparison purpose, the simulation time is taken 

2sec because it is easy to see the effect of the setpoint change condition and also it is easy 

to zoom out at the particular setpoint change condition.   
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Figure 4.13 BLDC motor speed result using different controllers for setpoint change  

Figure 4.14 demonstrates the speed dynamic performance parameters (settling, rise, and 

peak times) graphical results of each speed controller. The graph shows that the NN-NPID 

speed controller has better performance parameters than the others. 

 

Figure 4.14 Graphical representation of speed dynamic performance parameters result   
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All the previous speed control system discussions were conducted at a constant load (20Nm) 

condition. The results of the speed dynamic performance parameters in the case of GA-

NPID and NN-NPID controllers are almost similar and competent, just they have small 

differences in case of constant load condition.  

In order to distinguish the two controllers, the system is simulated under the application of 

sudden load (30Nm) change and constant setpoint condition for all performed control 

systems. The ZN-PID controller has zero speed steady state error but the settling time is 

increased to 0.16sec which means it is a slow process. The GA-PID and GA-NPID speed 

controllers have 1% and 0.7% steady state error respectively but NN-NPID has 0.3% steady 

state error, which is half of the steady state error of GA-NPID controller result. Figure 4.15 

depicts the result of the BLDC motor output speed for all performed control systems under 

sudden load change and constant speed setpoint conditions.    

 

Figure 4.15 BLDC motor speed result using different controllers at 30Nm 

The general performance parameters result for sudden load change condition is shown in 

Table 4.2. The result shows that when there is a sudden load change the speed dynamic 

performance is decreased. Specifically, the settling time, rise time, and peak time values are 

increased when compared to the system simulated under 20Nm condition. This shows that 

when the load is increased the system performance will be decreased. There is no variation 

in the case of overshoot result with the system simulated under 20Nm load.  
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Table 4.2 Speed controller performance parameter results under 30Nm load 

Speed 

Controllers  

Performance parameters result at constant 30Nm load condition 

Settling in 

time sec 

Rise time 

in sec  

Peak time 

in sec  

Steady state 

error in rpm  

Percentage steady 

state error  

ZN-PID 

controller 

 

0.16 

 

0.027 

 

0.04 

 

0 

 

0% 

GA-PID 

controller 

 

0.06 

 

0.04 

 

0.05 

 

15 

 

1% 

GA-NPID 

controller  

 

0.05 

 

0.04 

 

0.05 

 

10 

 

0.7% 

NN-NPID 

controller  

 

0.04 

 

0.036 

 

0.04 

 

4 

 

0.3% 

 

The percentage graphical representation of steady state speed error of the BLDC motor result 

is shown in Figure 4.16. ZN-PID and NN-NPID speed controllers have less steady state error 

than others. But, the ZN-PID speed controller has a large settling time which means it is 

slower than others. In general, the NN-NPID speed controller has better transient and steady 

state performance than the other speed controllers and it is recommended for the three phase 

BLDC motor speed controller for the propulsion of electric bajaj qute vehicle.   

 

Figure 4.16 Steady state error graphical representations of speed controllers 
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4.2.1.2. Current Dynamic Performance of BLDCM  

For the comparison purpose, two current regulators are implemented in this work. These are 

ZN-PI and GA-PI current controllers. ZN-PI current controller has a 0% overshoot and 

settling time of 0.09sec. However, the reference current by itself has large overshoot (i.e. 

greater than 77A or >50%) as shown in Figure 4.17.  

 

Figure 4.17 BLDC motor current zoomed result using different controllers 

The GA-PI current controller has good dynamic performance with 0% overshoot and 

0.02sec settling time. Hence the reference current from the NN-NPID speed controller has 

a maximum of 77A. The motor current follows the constant reference current as shown in 

Figure 4.17. For the comparison purpose, the simulation is performed in constant and 

variable setpoint conditions. The comparison result is taken from the modeling of linear 

BLDC motor drive. Table 4.3 shows the dynamic performance parameters of each controller 

result. ZN-PI current controller has poor performance than the GA-PI controller results.  

Table 4.3 Current controller comparison of performance parameter results 

Current  

Controllers 

Performance parameters 

Settling time 

in sec  

Rise time 

in sec  

Peak time 

in sec 

Percentage 

overshoot 

ZN-PI controller 0.09 0.0025 0.006 >50% 

GA-PI controller 0.02 0.005 0.01 0% 
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The current control systems are simulated under setpoint change condition based on the 

reference current from the speed controller output and all have similar performance 

parameter results with Table 4.3. The result of all current control systems together is shown 

in Figure 4.18. The system simulated with similar parameters considered under study. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18 BLDC motor current result using different controllers for setpoint change 

Figure 4.19 shown below demonstrates the current dynamic performance parameters 

(settling, rise, and peak times) graphical results of each current controllers. The GA-PI 

current controller has better performance parameters than ZN-PI current controller. 

 

Figure 4.19 Graphical representation of current controllers parameter result  
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4.2.2. Discussion of BLDC Motor Drive Results  

In this work, two BLDC motor drive schemes are considered for comparison purposes. The 

results of each drive techniques are compared and discussed in tabular and graphical forms.  

4.2.2.1. PWM Based BLDCM Drive Results Discussion  

The PWM based BLDC motor inverter switching scheme is performed. Figure 4.20 

demonstrates the zoomed out result of stator current in phase-A and it follows the reference 

current with the harmonic distortion of 6%.   

 

Figure 4.20 The zoomed out result of the stator current under PWM based drive 

Hence the stator current is directly proportional to the electromagnetic torque of the BLDC 

motor. Figure 4.21 below depicts the electromagnetic toque result and its ripple is 6% as 

compared to the load torque. 

 

Figure 4.21 The result of electromagnetic torque under PWM based drive  
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4.2.2.2. Discussion of Relay Based BLDCM Drive Result 

For the comparison purpose, the relay based BLC motor drive is performed. Its stator current 

result shows in Figure 4.22 below with 20% harmonics distortion. This shows that it has 

high current harmonics leads to high torque ripple.  

 

Figure 4.22 The result of the stator current under relay based drive  

The electromagnetic torque zoomed out result based on relay based BLDC motor drive is 

shown in Figure 4.23. The result shows that the torque ripple is high due to the stator current 

harmonic and its value is 20%.    

  

Figure 4.23 The result of electromagnetic torque under relay based drive  

In general, the PWM based BLDC motor drive gives better current harmonics and torque 

ripple than relay based drive. Figure 4.24 depicts the percentage comparison graphical 
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representations of electromagnetic torque ripple of BLDC motor in both drive schemes. As 

a result, the PWM based drive is recommended for the three phase BLDC motor inverter 

switching for the propulsion of electric bajaj qute vehicle.   

 

Figure 4.24 Percentage of torque ripple graphical representations  
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CHAPTER 5 

 

5. CONCLUSIONS AND RECOMMENDATIONS 

5.1. Conclusions 

Fossil fuel cars are one of the sources of carbon dioxide emission to the environment and 

they take a high percentage of fossil fuels currently. Besides, the cost of fossil fuel is 

increasing and its amount is decreasing from year to year. To overcome this, one of the best 

first steps to start with prefers EVs over conventional internal combustion engines. By 

switching over to EVs the pollution levels can be controlled to a greater extent. 

Over the years various electric drive systems like DC, PMSM, BLDC, IM, and SR motors 

were developed. Among them, IM and BLDC motors are the most popular drive trains used 

in EVs today. High power density, high torque at low speed, better efficiency and dynamic 

response, robustness, and low noise susceptibility are some of the important requirements 

of electric motors to use in EV propulsion. Since the characteristics of BLDCM can fulfill 

the requirements mentioned above and it was proposed as the Bajaj Qute EV traction motor.  

BLDC motor needs an appropriate control algorithm to fulfill the above mentioned 

requirements. Over the years several types of BLDC motor inverter commutation or drive 

mechanisms have been proposed by researchers. Among them, Relay, VVS, and FOC based 

drives were discussed in the literatures. In addition to this, several speed control systems of 

BLDCM were reviewed and distinguished based on their dynamic performance. The major 

drawbacks of the result of literatures were, they have high torque ripple, less dynamic 

performance, and high starting current due to lack of current regulator.  

In this thesis work, different cascade control systems along with inverter commutation 

schemes of BLDC motor were developed in both linear and nonlinear MATLAB/Simulink 

modeling. The cascade control system includes speed and current control systems were 

performed by using NN-NPID and GA-PI controllers respectively along with PWM based 

three phase inverter commutation scheme. In addition, for the comparison purpose, the 

system was simulated by using ZN-PID and PI, GA-PID and PI, and GA-NPID and PI 

cascade controllers. The speed dynamic performance of the BLDC motor drive by using the 

NN-NPID controller found to have the rise time of 0.02sec, settling time of 0.0275sec, the 

peak time of 0.0275sec, and 0% overshoot and steady state error per rated motor speed of 
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1500rpm and 20Nm applied load torque. GA-NPID speed controller has better performance 

than ZN-PID and GA-PID controllers, and it gives settling time of 0.03sec and 0% 

overshoot. But due to sudden load change (30Nm), it has a +0.7% steady state error which 

is twice that of the NN-NPID speed controller result (0.3%). On the other hand, the current 

dynamic performance of BLDC motor drive by using GA-PI controller results settling time 

of 0.02sec and 0% overshoot which is better than ZN-PI controller. The system also 

simulated under setpoint change conditions but the dynamic performance in both controllers 

is similar to the system results using constant setpoint condition.   

Furthermore, the proposed PWM based inverter drive was compared with relay based 

inverter drive. The result shows PWM based inverter drive scheme results a 6% torque ripple 

which is better than when relay based inverter drive is used. As a result, NN-NPID speed 

and GA-PI current cascade controller with PWM based inverter drive was found to be 

focused because of its better performance response than others. After a few decades, the 

conventional internal combustion engine based vehicles will be replaced by electric vehicles 

because of environmental impact, incremental of the cost of fossil fuel, and the depletion of 

fossil fuels in the future. Because of these reasons, BLDC motor drives must be studied and 

improved further and further for EV propulsion. 

5.2. Recommendations 

The BLDC motor control and drive system can be further improved by adding the 

application of four quadrant DC-DC drive for fast dynamic braking operation. Besides, the 

percentage of torque ripple and current harmonics can be further improved by using 

multilevel inverters. But this will be costly and it needs very complex algorithms to generate 

inverter commutation signals. The hardware implementation of BLDC motor drive 

including NN-NPID speed and current cascade controller along with PWM inverter 

commutation using real time operating systems like digital signal processor (DSP) kit is 

recommended. Furthermore, it is also recommended the student to practice and implement 

the proposed control system in electric drives and control systems laboratory, the center of 

excellences in ASTU like the center of transportation and vehicle engineering (CTVE) and 

E-Bajaj center of excellences.  
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Appendixes 

Appendix A: Appendixes related to analysis of data  

MATLAB code for the analysis driving power vs speed of the bajaj vehicle   

clear all; close all; 

m=990; fric=0.01; g=9.81; a=1; r=0.25324;  % Radius of the wheel in meter 

K_friction=0.01;  %Coefficient of friction by considering the asphalt road 

F_tot=0;  Tot_effcen.M=0.95;  Cw=0.3; v=10;  %speed of the rotor in m/se=51.444km/h 

Adnsty=1.2;  Af=2;  vo=0;  %Kd/m3 , %area in m2 , and %air velocity in m/s respectively 

Vkph=0; Vkph1=0;  d_Vkph=1e-2;  %Initial conditions and unit step increment 

Vkph_final=90; x=1; n=1; %final value in km/hr. and initial conditions 

while(Vkph<Vkph_final), 

Vmps=Vkph*(1000/3600); 

Fadyna=0.5*Adnsty*Cw*Af*(Vmps+vo)^2; 

if Vkph<=100*d_Vkph; 

statfric=0.1; 

else 

statfric=0; 

end 

F_tot=m*g*(K_friction+statfric)+Fadyna+m*a;  % Total force(Nm) 

Power=F_tot*Vmps/0.95;  % Required input power (Watt) 

Vkph=Vkph+d_Vkph; 

if x>16, 

Powern(n)=Power/1000; %Power in KW 

Vkphn(n)=Vkph; n=n+1; x=1; 

end 

x=x+1; 

end 

plot(Vkphn,Powern,'r','LineWidth',2); 

set(gca,'FontSize',12) 

axis([0 90 0 40]); 

grid 

xlabel('Speed of the of the car(Km/hr)') 

ylabel('Power (KW)') 
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MATLAB code for torque versus speed characteristics curve  

clear 

Ratedpower=10000; %Rated power in Watt 

wrpm=0; x=1; n=1; wb=157.17;  d_wrpm=1e-2; wrpm_final=6000; %initial condition, base 

speed in rad/sec, unit step increment, and final value in RPM respectively 

while(wrpm<wrpm_final), 

wm=wrpm*(2*pi)/60; Torque= Ratedpower/wm; 

if Torque>=127/2, 

Torque=127/2; 

end 

if Torque<127/2, 

Torque= Torque; 

end 

Power=Torque*wm;  wrpm=wrpm+d_wrpm; 

if x>16, 

wrpmn(n)=wrpm; Torquen(n)=Torque; Powern(n)=Power/1000; n=n+1; x=1; 

end 

x=x+1; 

endc 

figure(1);    

[AX,Torque,Power]=plotyy(wrpmn,Torquen, wrpmn,Powern); 

axis([0 6000 0 70]); 

set(get(AX(1),'ylabel'), 'string','Motor torque in Nm') 

set(get(AX(2),'ylabel'), 'string','Motor power kW') 

set(Torque,'LineStyle','--') 

set(Power,'LineStyle','-') 

set(gca, 'FontName','TimesNewRoman') 

set(gca, 'FontSize',12) 

set([Torque,Power],'LineWidth',1) 

xlabel('Motor speed in rpm') 

grid on 

MATLAB code for analysis of the effect of the gradient angle in the power of the vehicle  

m=990; fric=0.01; g=9.81; a=0; r=0.25324;  % Radius of the wheel in meter   

c_ofriction=0.01;  %Coefficient of friction by considering the asphalt road 
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d=0.25324; Cw=0.5; Tot_effcen.M=0.95; v=11.722; %speed of the rotor in m/se=35km/h 

Adnsty=1.2; Af=2; vo=0; %Kd/m3, %area in m2, and %air velocity in m/s respectively 

angleR=0; angleR1=0; d_angleR=1e-6;  %Initial condition and %unit step increment 

angleR_final=20;  x=1; n=1; %final value in degree and initial conditions 

while(angleR<angleR_final), 

Fadyna=0.5*Adnsty*Cw*Af*(v+vo)^2; 

theta=angleR*2*pi/360; %Degree to radian conversion 

F_tot=m*g*(sin(theta)+c_ofriction*cos(theta))+Fadyna+m*a; % Total force(Nm) 

Power=F_tot*v;     angleR=angleR+d_angleR; %W 

if x>16, 

Powern(n)=Power/1000+1.5; thetan(n)=angleR;  n=n+1;  x=1;%Power in KW 

end 

x=x+1; 

end 

plot(thetan,Powern,'b','LineWidth',2); 

axis([0 20 0 35]); 

grid 

xlabel('The approaching angle in degree') 

ylabel('Power (kW)') 

Appendix B: Appendixes related to system modeling 

Appendix B1: The GA-NPID speed and PI current controller MATLAB code   

function Sim_FNPID_PI_DCMotor 

t= 0; xi= 0; xa= 0; xd= 0; xf= 0; h= 0.0001; loop= 20000; wr= 800*pi/30; objfunc= 0; 

ui_sat=0;  us_sat=0; Ke= 0.8268; Kt= 0.8268;  ilimit= 28; slimit= 77; Tl=20;  % parameters   

% Setting the gains of the speed and current controllers  

Kps= 23.8933; Kis= 1.4326; Kds= 0.0237; c1=0.8575; Kpi=   4.3912; Kii= 0.4587; alpha= 

1; %IAEU Obj=30.3444; zs= 0; zi= 0; ees= 0; eei= 0; eeke= 0; dwr= wr; es=0; ke=0;  

b= [t xd xa wr ui_sat us_sat es ke dwr 0];  % Initializes a buffer for graphics 

for i= 1:loop 

     if i== loop/4 

     wr= 1500*pi/30;     dwr=700*pi/30; 

     end 

     if i== loop/2 
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     wr= 1000*pi/30;     dwr=500*pi/30; 

     end 

     if i== 15000 

     wr= 300*pi/30;     dwr=700*pi/30; 

     end 

     if i== 20000  

     wr= 0;      dwr=300*pi/30; 

     end 

    xdm= xd+(0*pi/30)*randn;     % Adds Gaussian random noises, N(0,0.1^2) 

    es= wr-xdm; 

    se= abs(es)+alpha*abs(ui_sat); % Measures the performance index 

    if i==1 || i==loop 

       objfunc= objfunc+0.5*h*se; 

    else 

       objfunc= objfunc+h*se; 

    end 

       % Calculates the NPID controller for speed control 

    ke= nonlfun(es,dwr,c1); % calling the nonlinear gain function  

    eke=es*ke; 

    zs= zs+0.5*h*(eke+eeke);     eeke= eke; 

    cs= (es-ees)/h;  ees= es;       

    us= Kps*es+Kis*zs+Kds*cs;     us_sat= Saturation(us, [-slimit,slimit]); % Limits us 

    % Calculates the PI controller for current control 

    ei= us_sat-xf; 

    zi= zi+0.5*h*(ei+eei);     eei= ei; 

    ui= Kpi*ei+Kii*zi;     ui_sat= Saturation(ui, [-ilimit,ilimit]);       

……………………………………………………………………………………………….     

% calls RK4 

    % Calls the Inverter function 

    xi= RK4(@Inverter,t,xi,ui_sat,h); 

    va= xi-Ke*xd; 

     % Calls the Armature function 

    xa= RK4(@Armature,t,xa,va,h); 

     % Calls the Filter function 
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    xf= RK4(@Filter,t,xf,xa,h); 

     % Calculates the driving torque 

    Tm= Kt*xa-Tl; 

     % Calls the Dynamics function 

    xd= RK4(@Dynamics,t,xd,Tm,h); 

……………………………………………………………………………………………….. 

    t= t+h; 

    b= [b;t xd xa wr ui_sat us_sat es ke dwr 0]; 

end  

save 'GA_FNPID_PI' 'b' 

objfunc 

subplot 211 

plot(b(:,1),b(:,4)*30/pi,'r',b(:,1),b(:,2)*30/pi,'b','linewidth',1.5) 

axis([0 h*loop -100 2000]) 

grid on 

subplot 212 

plot(b(:,1),b(:,6),'r',b(:,1),b(:,3),'b','linewidth',1) 

axis([0 h*loop -100 100]) 

grid on 

%calls the BLDC motor modeling 

Implementation of the BLDC motor modeling 

function xdot= Inverter(t,x,u)  % Implements an inverter 

Kr= 9.36; Tr= 8.333e-5; 

xdot= (-x+Kr*u)/Tr; 

function xdot= Armature(t,x,u)  % Implements the armature circuit 

L= 8.5e-3; R= 2.875; 

xdot= (-R*x+u)/L; 

function xdot= Dynamics(t,x,u)  % Implements the mechanical dynamics 

J= 0.0089; B= 0.001; 

xdot= (-B*x+u)/J; 

function xdot= Filter(t,x,u)  % Implements a filter for measurement   

Kf= 1; Tf= 0.0001; 

xdot= (-x+Kf*u)/Tf; 

Implementation of the nonlinear gain function using fuzzy logic controller 
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function [ke]= nonlfun(e,ddyr,c1) 

dyr=abs(ddyr); m= 3; g= 1/dyr; 

N= sigmf(e,[-g, -m*dyr]); 

Z= trimf(e,[-m*dyr, 0, m*dyr]); 

P= sigmf(e,[g, m*dyr]); 

ke= (c1*N+1*Z+c1*P)./(N+Z+P); 

Implementing the object function for GA optimization  

function objfunc= EvalObj_FNPID_PI_DCMotor(pop) 

popsize= size(pop,1);  objfunc= zeros(popsize,1);    

for k= 1:popsize 

t= 0; xi= 0; xa= 0; xd= 0; xf= 0; h= 0.0001;  loop= 20000; wr= 1500*pi/30; % Parameters 

ui_sat= 0; us_sat=0;  Ke= 0.8268; Kt= 0.8268; Tl= 20; ilimit= 28; slimit=77; 

% Setting the gains of the speed and current controllers        

Kps= pop(k,1); Kis= pop(k,2); Kds= pop(k,3); c1= pop(k,4); Kpi= pop(k,5); Kii= pop(k,6); 

alpha= 1; zs= 0; zi= 0; ees= 0; eei= 0; eeke= 0; dwr= wr; 

     for i= 1:loop 

    xdm= xd+(0*pi/30)*randn;       % Measures the error 

    es= wr-xdm; 

    se= abs(es)+alpha*abs(ui_sat);     % Measures the performance index 

    if i==1 || i==loop 

        objfunc(k)= objfunc(k)+0.5*h*se; 

    else 

        objfunc(k)= objfunc(k)+h*se; 

    end 

    if objfunc(k) > 1e+10 

        objfunc(k)= 1e+10; 

        break; 

    end     

   % Calculates the FNPID controller for speed control 

    eke= nonlfun(es,dwr,c1); 

    zs= zs+0.5*h*(eke+eeke);  eeke= eke; 

    cs= (es-ees)/h;  ees= es; 

    us= Kps*es+Kis*zs+Kds*cs;     us_sat= Saturation(us,[-slimit,slimit]); % Limits us 

    % Calculates the PI controller for current control 
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    ei= us_sat-xf; 

    zi= zi+0.5*h*(ei+eei);  eei= ei; 

    ui= Kpi*ei+Kii*zi;    ui_sat= Saturation(ui,[-ilimit,ilimit]);       % Limits ui 

    % calls RK4 

    t= t+h; 

    end 

end 

%calls the BLDC motor modeling 

GA optimization of NPID speed and PI cascade current controller 

% FNPID controller tuning by using the MATLAB ga function 

function MATLABGA_FNPID_PI 

options= optimoptions('ga','PlotFcn',@gaplotbestf); 

options.PopulationSize= 30; 

options.MaxGenerations= 30; n= 6; 

LB= [0 0 0 0 0 0];  UB= [50 20 1 1 100 10]; 

% calls the objfunc function using the MATLAB built in GA syntax 

[x,fval]= ga(@EvalObj_FNPID_PI_DCMotor,n,[],[],[],[],LB,UB,[],options) 

Appendix B2: The proposed NN based NPID speed controller MATLAB code   

x = inputs';  y = output';  % input - input data and % out - target data. 

% For choosing from a list of all training functions type: help nntrain 

% 'trainlm' is usually fastest. 

% 'trainbr' takes longer but may be better for challenging problems. 

% 'trainscg' uses less memory. Suitable in low memory situations. 

trainFcn = 'trainlm'; % Levenberg-Marquardt backpropagation. 

hiddenLayerSize =[6 4]; % Create a Fitting Network 

net = fitnet(hiddenLayerSize,trainFcn); 

% Setup Division of Data for Training, Validation, Testing 

net.divideParam.trainRatio = 80/100; 

net.divideParam.valRatio = 10/100; 

net.divideParam.testRatio = 10/100; 

net.trainParam.epochs= 1000; 

 [net,tr] = train(net,x,y);  % Train the Network 

y = net(x);   % Test the Network 
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e = gsubtract(x,y); 

performance = perform(net,x,y) 

gensim(net) %To genesrate the NN on simulink block 

Appendix B3: The GA-PID speed and PI current controller MATLAB code   

function Sim_PID_PI_DCMotor 

t= 0; xi= 0; xa= 0; xd= 0; xf= 0; h= 0.0001; loop= 20000; wr= 800*pi/30; % parameters 

objfunc= 0; ui_sat=0; Ke= 0.8268; Kt= 0.8268; Tl= 20; limit= 28; us_sat=0; 

Kps= 9.8296; Kis= 0.3190; Kds= 0.0364; Kpi= 9.3062; Kii= 0.7038;  %IAEU Obj= 3.1713; 

zs= 0; zi= 0; ees= 0; eei= 0;  % Setting the gains of the speed and current controllers      

b= [t xd xa wr 0];  % Initializes a buffer for graphics 

 for i= 1:loop   

     if i== loop/4 

     wr= 1500*pi/30; 

     end 

     if i== loop/2 

     wr= 1000*pi/30; 

     end 

     if i== 15000 

     wr= 300*pi/30; 

     end 

     if i== 20000 

     wr= 0; 

     end 

    xdm= xd+(0*pi/30)*randn;     % Adds Gaussian random noises, N(0,0.1^2) 

    es= wr-xdm; 

    se= abs(es)+alpha*abs(ui_sat);     % Measures the performance index 

    if i==1 || i==loop 

       objfunc= objfunc+0.5*h*se; 

    else 

       objfunc= objfunc+h*se; 

    end   

   % Calculates the PID controller for speed control 

   zs= zs+0.5*h*(es+ees); 
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   cs= (es-ees)/h;    ees= es; 

   us= Kps*es+Kis*zs+Kds*cs; us_sat= Saturation(us,[-77,77]);   % Limits us 

    % Calculates the PI controller for current control 

    ei= us_sat-xf; 

    zi= zi+0.5*h*(ei+eei);     eei= ei; 

    ui= Kpi*ei+Kii*zi;  ui_sat= Saturation(ui,[-limit,limit]);     % Limits ui 

% calls RK4 

    t= t+h; 

    b= [b;t xd xa wr us_sat]; 

end  

save 'GA_PID_PI' 'b' 

objfunc 

subplot 211 

plot(b(:,1),b(:,4)*30/pi,'r',b(:,1),b(:,2)*30/pi,'b','linewidth',1.5) 

axis([0 h*loop -200 2000]) 

grid on 

subplot 212 

plot(b(:,1),b(:,3),'k',b(:,1),b(:,5),'r','linewidth',1) 

axis([0 h*loop -100 100]) 

grid on 

%calls the BLDC motor modeling 

Implementation of the object function for GA optimization  

function objfunc= EvalObj_PID_PI_DCMotor(pop) 

popsize= size(pop,1); 

objfunc= zeros(popsize,1); 

for k= 1:popsize 

    clear PID PID1 

Kps= pop(k,1); Kis= pop(k,2); Kds= pop(k,3); Kpi= pop(k,4); Kii= pop(k,5); alpha= 1;  

gains_speed= [Kps Kis Kds -1]; gains_current= [Kpi Kii 0 -1];  % PID and % PI 

t= 0; xi= 0; xa= 0; xd= 0; xf= 0; h= 0.0001; loop= 2000; wr= 1000*pi/30;     % Parameters 

ui_sat= 0; Ke= 0.8268; Kt= 0.8268; Tl= 0; limit= 28; 

    for i= 1:loop 

    % Measures the error 

    xdm= xd+(0*pi/30)*randn; 



 

115 

 

    es= wr-xdm; 

    % Measures the performance index 

    se= abs(es)+alpha*abs(ui_sat); 

    if i==1 || i==loop 

        objfunc(k)= objfunc(k)+0.5*h*se; 

    else 

        objfunc(k)= objfunc(k)+h*se; 

    end 

    if objfunc(k) > 1e+10 

        objfunc(k)= 1e+10; 

        break; 

    end     

   % Calculates the NPID controller for speed control 

    us= PID(wr,xdm,h,gains_speed); 

    % Calculates the PI controller for current control 

    ui= PID1(us,xf,h,gains_current); 

    ui_sat= Saturation(ui,[-limit,limit]);     % Limits us 

% calls RK4 

    t= t+h; 

    end 

end  

%calls the BLDC motor modeling 

GA optimization of PID speed and PI cascade current controller 

% PID controller tuning by using the MATLAB ga function 

function MATLABGA_PID_PI 

options= optimoptions('ga','PlotFcn',@gaplotbestf); 

options.PopulationSize= 30; 

options.MaxGenerations= 30; n= 5; 

LB= [0 0 0 0 0];  UB= [10 10 1 10 10]; 

 [x,fval]= ga(@EvalObj_PID_PI_DCMotor,n,[],[],[],[],LB,UB,[],options) 

Appendix B4: MATLAB code related to discussion of results 

clf 

load 'ZN_PID_PI' 



 

116 

 

y0= b(:,2)*30/pi; y0c=b(:,3); 

load 'GA_PID_PI' 

t= b(:,1); y1= b(:,2)*30/pi; y1c=b(:,3); 

load 'GA_FNPID_PI' 

y2= b(:,2)*30/pi; y3=b(:,4)*30/pi; y2c=b(:,3); 

% load tout and NN_NPID data from workspace 

gh= plot(t,y3,'g',t,y0,'k',t,y1,'r',tout,NN_NPID,'--',t,y2,'b'); 

gh= plot(t,y0c,'g',t,y1c,'k',t,y2c,'r'); 

set(gh,'linewidth',1.5) 

grid on 

set(gca,'xlim',[0,2]); 

Appendix B4: MATLAB code related to battery SOC versus bajaj speed in km/hr  

V1=70; %Km/hr 

Wrated=16; %KWhr 

Pm=12; %KW 

S=0; d_S=1e-4; S_final=100; %unit step increment and % Km final value 

x=1; n=1; 

while(S<=S_final), 

W=Pm*S/V1; 

SOC=(Wrated-W)*100/Wrated; 

S=S+d_S; 

if x>16, 

SOCn(n)=SOC; Sn(n)=S; n=n+1; x=1; 

end 

x=x+1; 

end 

figure(1); 

plot(Sn,SOCn,'r','LineWidth',2); 

axis([0 90 0 100]); set(gca,'xticklabel') 

xlabel('Distance in Km') 

ylabel('SOC (%)') 

title('State of charge vs distance in KM') 

grid 
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Appendix C: Related to the linear BLDC motor MATLAB/Simulink model  

 

Figure C.1 MATLAB Linear Simulink model of the proposed cascade control system 
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Appendix D: Related to the nonlinear BLDC motor Simulink model  

 

Figure D.1 MATLAB/Simulink nonlinear model of the proposed drive control system 
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NN-NPID speed controller Simulink block for both BLDC motor  

 

Figure D.2 NN-NPID speed controller Simulink block 

Implementation of nonlinear gain using MATLAB function in Simulink 

 

Figure D.3 Nonlinear gain function Simulink block 

Implementation of nonlinear gain using MATLAB code  

function ke = nonlfun(e,ddyr,c1) 

dyr=abs(ddyr); 

m= 3; g= 1/dyr; 

N= mysigmf(e,[-g, -m*dyr]); 

Z= mytrimf(e,[-m*dyr, 0, m*dyr]); 

P= mysigmf(e,[g, m*dyr]); 

ke= (c1*N+1*Z+c1*P)./(N+Z+P); 

function mg= mysigmf(x,par) 

a=par(1); c= par(2); 

mg=1./(1+exp(-a*(x-c))); 

function mg= mytrimf(x,par) 

a=par(1); b= par(2); c=par(3); 
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if x>=a && x<=b 

 mg= (x-a)./(b-a); 

elseif x>b && x<=c 

 mg= (c-x)./(c-b); 

else  

 mg=0; 

end 

NPID speed controller Neural Network training tool   

 

Figure D.4 Neural network training tool 
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Figure D.5 Gradient and validation vs epochs result 

Implementation of speed controller limiter using MATLAB function  

 

Figure D.6 Speed controller limiter Simulink block 

Implementation of speed controller limiter using MATLAB code  

function Ip_ref  = fcn(pole, Kb,te_star) 

te_rate = 63.23; 

lamda_p =Kb*(pole/2); 

% torque limit => up to 2 [p.u.] 

te_lim_p = 2*te_rate; te_lim_n = -2*te_rate; 

if (te_star>=te_lim_p) 

te_cmd = te_lim_p; 

elseif (te_star<=te_lim_n) 

te_cmd = te_lim_n; 
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else 

te_cmd = te_star; 

end 

Ip_ref = te_cmd/(2*lamda_p); 

End 

Hall position sensor decoder implementation using MATLAB function in Simulink   

function [H1T, H2T, H3T] = fcn(H1, H2, H3)  

H1T=0;  H2T=0;  H3T=0;  

if ((H1==0) && (H2==0) && (H3==0))  %TH1  

H1T=0;  H2T=0;  H3T=0;  

end;  

if ((H1==0) && (H2==0) && (H3==1)) %TH2  

H1T=0;  H2T=-1;  H3T=+1;  

end;  

if ((H1==0) && (H2==1) && (H3==0)) %TH3  

H1T=-1; H2T=+1; H3T=0;  

end;  

if ((H1==0) && (H2==1) && (H3==1)) %TH4  

H1T=-1;  H2T=0;  H3T=+1;  

end;  

if ((H1==1) && (H2==0) && (H3==0)) %TH5  

H1T=+1; H2T=0; H3T=-1;  

end;  

if ((H1==1) && (H2==0) && (H3==1)) %TH6  

H1T=+1;  H2T=-1; H3T=0;  

end;  

if ((H1==1) && (H2==1) && (H3==0)) %TH7  

H1T=0; H2T=+1; H3T=-1;  

end;  

if ((H1==1) && (H2==1) && (H3==1)) %TH8  

H1T=0;  H2T=0;  H3T=0;  

end; 
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Three phase reference current generation  

 

Figure D.7 Three phase reference current generation Simulink block 

GA-PI current controller Simulink block for nonlinear BLDC motor model 

 

Figure D.8 GA-PI current controller Simulink block 

The lithium ion battery Simulink block for nonlinear BLDC motor drive  

 

Figure D.9 Lithium ion battery Simulink block 
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PWM inverter switching implementation for the nonlinear BLDC motor drive 

 

Figure D.10 Inverter switching signal generation using PWM operation 

Electric bajaj vehicle dynamics and generation of speed in km/hr Simulink block 

 

Figure D.11 Electric bajaj vehicle dynamics modeling and speed in km/hr Simulink block 

Implementation of the three phase inverter using MOSFET and freewheeling diode  

 

Figure D.12 Three phase inverter and BLDC motor Simulink block 
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Appendix E: Appendixes related to data collection 

Data from internet: Data of similar size but engine based (accessed on October 05, 2019). 

 

Data from internet: Data of similar size motor used for EV (accessed on 07/01/2020) 

 

 


