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ABSTRACT

This thesis presents the design architecture and control methods of an

energy-efficient solar-powered brushless DC motor drive, focussing on its

application in low-power electric vehicles. The motor is primarily driven by

a battery in conjunction with a solar photovoltaic array that serves as the

secondary source of power. For the extraction of optimal solar power, a perturb

and observe maximum power point tracking algorithm using virtual resistance

as a control parameter is used. This allows for better adaptation to the dynamic

conditions and suppresses the frequent power oscillations observed in power

point tracking. The other aim of this research is to propose and realise a position

sensorless speed control technique for the brushless DC motor based on

zero-crossing detection of motor back-electromotive forces. The stabilisation

and control of the DC link voltage is achieved through a closed-loop speed

controller and a closed-loop voltage controller acting together. Simulations are

performed in MATLAB Simulink environment to validate the proposal under

diverse circumstances, and the results obtained are examined to justify the

effectiveness of the overall system model. The key contribution of this research

is to reduce redundancy in the design of the motor drive, thereby improving the

reliability of its commutation system by replacing the physical position sensors

with virtual ones. The other importance of the work lies in contributing to

saving energy bills through optimal use of available solar power applying the

proposed maximum power point tracking algorithm.

Keywords:- Brushless DC Machine, Solar Photovoltaic Array, Maximum

Power Point Tracking, Perturb and Observe Algorithm, Back Electromotive

Force, Sensorless Control, Zero Crossing Points
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CHAPTER ONE: INTRODUCTION

1.1 Background

The extraction and exploitation of non-renewable energy sources has been

increasing exponentially every year with an increase in world population.

This not only has led to the rapid depletion of such energy sources but

also has resulted in undeniable impacts on the environment and society.

The carbon-based fuels, like the fossil fuels that are widely used today,

are unsustainable and unsafe because they contribute to greenhouse gas

emissions, air pollution, water and soil contamination, climate change, global

warming, and many other adverse impacts, thereby causing a serious threat to

the modernising world. The transportation sector has been reported to have

one of the largest carbon footprints, contributing significantly to greenhouse

gas emissions and causing several environmental problems [1].

The extensive use of non-renewable energy sources, majorly coal and

petroleum in the transportation sector despite their limited availability and

high cost, has forced several countries to think of their best alternative in

the near future. It is now high time to reduce the carbon footprints of

the transportation sector due to pressing concerns such as pollution, global

warming, depletion of the ozone layer, and the health risks these issues pose

[2]. The search for a perpetual, safer, cleaner, environmentally friendly, and

affordable fuel is never-ending. The possible alternatives to conventional fossil

fuels are renewable energy sources such as the sun, wind, tides, hydropower,

and biomass. Among these alternatives, solar power is the most preferred since

it is the cleanest and most easily accessible sustainable form of energy with

minimum operating costs.

1.1.1 Trend in Low-Power Electric Vehicles

Efforts are being made to transform the transportation sector from fossil

fuel-based technology to clean and green technology with the integration

of several renewable energy sources. Governments in some countries with

expanding automotive markets have made some promising attempts to address
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the issues discussed above by promoting more efficient and decarbonised

electric vehicle (EV) [3]. Various research studies are conducted all over the

world every year to identify the optimal energy source that can be integrated

with EV to meet the desired performance criteria and power requirements. On

the other hand, the drive system of the EVs, including motor type, topology,

design structure, control scheme, etc. are being modified to harness the energy

available at the source end to the fullest extent so as to maximise the overall

efficiency and reliability of the vehicles. In recent years, most well-developed

countries have experienced a steady growth in the number of EVs being used.

According to global statistics, by now more than 10 million EVs are on the road,

and 47 % of these vehicles are only from China [4]. Similarly, in several other

countries, more than 1 % of its market share are contributed by these vehicles.

The increasing trend of low-power electric vehicle (LPEV), such as electric

scooters, electric bikes, and small electric urban cars, is driven by several

factors. Some of these factors are as follows:

• Urbanization and Traffic Congestion: Growing urban populations have

created the demand for compact, efficient, and manoeuvrable vehicles

that can navigate crowded streets.

• Environmental Concerns: Rising awareness of climate change and

air pollution has encouraged the adoption of cleaner, emission-free

transportation options.

• Cost-Effectiveness: LPEVs are generally more affordable to purchase,

operate, and maintain compared to traditional vehicles, which makes

them appealing to cost-conscious consumers.

• Technological Advancements: Improvements in battery technology have

extended the range and reduced the charging time of LPEVs, increasing

their practicality.

• Government Incentives: Many governments are offering subsidies, tax

benefits, and infrastructure development (e.g. charging stations) to

promote the use of EVs.
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• Convenience for Short Trips: LPEVs are ideal for short-distance

commutes and last-mile connectivity, which aligns with the needs of many

urban residents.

This trend reflects a shift towards more sustainable and efficient

transportation solutions in response to modern social and environmental

challenges. The demand for light commercial vehicles has grown rapidly in

recent years, forcing manufacturers to compete to maximise their performance

and minimise costs. The use of permanent magnet electric machines is growing

every year in these vehicles due to their higher efficiency, power density, and

ability to improve vehicle range and performance in contrast to conventional

full-winding-based electric machines [5]. The permanent magnet machines

commonly used in such vehicles include brushless DC (BLDC) motors,

permanent magnet synchronous machine (PMSM) motors, synchronous

reluctance motors, hybrid PMSM motors, etc. Although challenges related to

the cost of permanent magnets, their availability, and sustainability still prevail,

ongoing advancements in motor technology and manufacturing processes are

expected to overcome these barriers soon, thereby paving the path for wider

adoption across the globe.

1.1.2 Solar Powered Electric Vehicles

Figure 1.1: Basic topology of a solar electric car (greenmatch.co.uk)
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Solar-powered EVs are a sustainable form of transportation that integrate solar

panels to harness the energy of the sun and use it to power the vehicle.

The concept combines renewable energy with EVs, offering a greener, more

eco-friendly alternative to traditional fossil fuel vehicles. Solar-powered EVs

typically have solar panels installed on their roofs or other surfaces. These

panels capture sunlight and convert it into electricity, which can be used either

to charge the vehicle’s battery or directly power the embedded electric motor.

This, in turn, loosens the reliance on conventional charging stations, which

is beneficial in reducing energy bills. However, the power generated from the

panels used might not be sufficient to fully power the vehicles used for long

trips. So, conventional charging is still required for longer distances. Figure 1.1

shows a typical topology of an electric car with integrated solar photovoltaic

panels on the roof.

With the latest developments in permanent magnet machines, the

manufacturers of EVs are rapidly shifting towards the adoption of permanent

magnet motors as the key element in the electric propulsion system of vehicles.

The integration of renewable energy sources such as solar photovoltaic arrays

into these vehicles has led to an improvement in the performance and energy

efficiency of the vehicles and therefore contributed significantly to saving

energy bills. BLDC motor being powered by a solar photovoltaic (SPV) system

is one of the compelling alternatives to improving the efficiency of such

EVs with minimal emissions [6]. Despite the limited literature available

on SPV-integrated BLDC motors, many researchers have shown interest in

extending the application of SPV systems in LPEVs [7–9]. This can potentially

be the best substitute for the induction motor, the giant in the industrial market,

which will indeed reduce the size and weight of the vehicle [10].

1.2 Statement of Problem

The implementation of a SPV system-driven BLDC motor drive must face

several technical challenges. The first challenge is the irradiance and

temperature dependence of solar power, leading to fluctuations in power

generation. The irradiance and temperature depend further on the altitude,

geographical, and climatic conditions of the place. Moreover, in an EV,

conditions such as shading and non-uniform irradiance on PV panels cannot

be ignored due to several reasons such as vehicle orientation with respect
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to sunlight, design constraints, nearby trees and buildings, cloud coverage,

smoke and fog, etc. In a conventional single-input single-output (SISO) DC-DC

converter-based system, the extraction of power from PV units is effective only

when uniform irradiance is available throughout the panel surface. In such a

system, solar power generation, while even working at MPPT, is significantly

reduced by partial shading and impedance mismatching of series and parallel

connected PV modules. Therefore, in the context where there are frequent

changes in the working conditions of the SPV array, a significant drop in drive

performance cannot be overlooked. Thus, to overcome this challenge, a rapidly

converging maximum power point tracking (MPPT) control algorithm for the

SPV array, along with a suitable converter topology to interface the array with

the DC bus is required.

The second challenge is stabilisation and control of the DC bus voltage in

the SPV system-driven BLDC motor drive against varying source (SPV array and

battery) power generation and load requirements. In BLDC motors, controlling

the speed above its base value is cumbersome and requires sophisticated

control techniques only to achieve a slightly higher speed. However, controlling

the speed below the base speed is easy and can be achieved by controlling

the armature voltage directly without affecting motor health in the long run.

However, the robustness and flexibility in speed control, in turn, depend

on the electrical characteristics of the components, such as the battery and

the DC-link capacitor. The inherent shortcomings of electrolytic capacitors

include their poor lifespan, low-frequency operation and overweight. Most

conventional EVs are still found to operate using these capacitors as a DC

link, because of their low cost. In addition, to improve vehicle performance, a

battery with a higher energy density, longer cycle life, fast charging capability,

and more resistant to temperature must be preferred, which should also

meet the desired safety standards. A combination of a film capacitor and

a Lithium-ion battery is treated as a good choice to meet both the dynamic

and steady-state requirements for LPEVs. However, an accurate study of the

electrical characteristics of the battery as well as the characteristics of the motor

drive is required before designing an appropriate control system to adjust the

DC link voltage.

The third challenge is associated with the sensors used in BLDC motors

that affect their design complexity and reliability. There are several inherent
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shortcomings associated with the BLDC motors that are based on position and

speed sensors. Adding such sensors increases the design complexity and cost

of the motor. Most of these sensors are sensitive to temperature, vibrations,

and electromagnetic interference (EMI) and can lead to device failure, thereby

reducing the reliability of the machine. They may require frequent maintenance

when operating in harsh environments. Constraints such as the volume and

weight of the machine could be a big challenge for sensor-based motors,

especially when used in critical applications. Thus, the omission of these

sensors contributes to reducing redundancy and thus improving the reliability

of the BLDC motor drive. This, however, is feasible solely when the output from

these physical sensors can be obtained through another method, by leveraging

the electrical and mechanical properties of the motor.

In summary, the major problems to be addressed in the design and control

of solar-powered BLDC motor drive can be listed as follows:

1. fluctuating input power from SPV array due to shading effect, varying

irradiance and temperature

2. stabilisation and control of DC bus voltage against varying source power

and load requirement

3. shortcomings of sensor-based motor drive such as poor reliability,

increased cost, more space and weight requirements, etc

1.3 Objectives of Research

The general objective of this research is to propose, design, and simulate an

energy-efficient and position sensorless model of solar-powered BLDC motor

drive for LPEVs. The control approaches to be implemented will focus on

overcoming the challenges/problems discussed in Section 1.2. The ultimate

goal is to contribute to improving the efficiency and reliability of the overall

system and reducing its redundancy through the careful selection and design

of all the major components that make up the system.
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The specific objectives of the project are listed below:

1. to extract optimal power available from SPV array through MPPT at any

weather and temperature conditions

2. to stabilise DC-link voltage at all load conditions irrespective of battery

state of charge (SoC) and solar power input

3. to realise sensorless commutation and speed control of BLDC motor

1.4 Overview and Scope of Research

The research work undergoes a comprehensive design of a solar-powered

BLDC motor drive especially meant for LPEV applications such as e-rickshaws,

electric cars, electric scooters, and e-bikes, followed by its control based

on load requirements and available input power. The study starts with a

detailed literature survey (presented in chapter TWO) on the existing MPPT

techniques for extracting maximum solar input power and position sensorless

control methods for a BLDC motor. Chapter THREE describes the overall

system framework and detailed steps involved in selecting and designing major

system components, accompanying calculations of several critical parameters

that justify the design requirements. The major components involved in the

design process include the BLDC motor, battery bank, SPV arrays, DC-DC

converters, voltage source inverter (VSI) and DC-link capacitor. The control

approaches of different components being used, such as MPPT control, DC-link

voltage control and sensorless speed control of BLDC motor are described

sequentially in detail including preliminary theoretical concepts wherever

required. Chapter FOUR deals with the MATLAB Simulink model of the

overall system. It explains various circumstances under which the simulations

are performed and the parameters selected for different components while

conducting the simulations. The results of these simulations are showcased

and discussed in chapter FIVE. Finally, chapter SIX presents the conclusion of

the research describing the effectiveness of the proposed model, its limitations,

and potential extension.

The findings of this research provide critical insight into the selection

of appropriate components, their sizes and capacities used in the topology

design of solar powered BLDC motor drives. The research work demonstrates
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robust and safe control techniques used in controlling the battery charge, DC

link voltage, motor speed, and solar power, which can be a helpful guide for

researchers and engineers in improving the control system models applied

in relevant applications. By demonstrating an adaptive and fast-converging

MPPT technique, the work is supposed to contribute to improving the energy

efficiency and performance of solar-driven EVs. Moreover, the proposed model

in the research can pave new paths in improving the reliability of the BLDC drive

system, since it introduces and validates a position sensorless commutation

mechanism for the motor. Last but not least, the research will also help

identify opportunities for further innovation by illustrating the limitations of

the proposed models and the potential room for improvement.
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CHAPTER TWO: LITERATURE REVIEW

2.1 Maximum Power Point Tracking Control

Solar power generation is mainly dependent on two parameters, irradiance and

temperature. These parameters further rely on conditions such as the altitude

and geography of the place, air quality, orientation of the panel with respect

to sunlight, weather conditions, etc. For a particular working temperature and

available irradiance, the power drawn from the panel varies with the input

impedance seen by the terminal. This input impedance decides the slope of

the load line, and the point of intersection of this line with the current-voltage

(i-v) characteristics curve, in turn, gives the working point in terms of current,

voltage, and power. Adjusting the slope of the load line so that the power being

extracted can be maximised for a given temperature and irradiance conditions

is called the maximum power point tracking (MPPT) control. Several algorithms

for the MPPT control have been proposed and implemented in different works

of literature over time. Each of these algorithms has its own benefits and

limitations, which are discussed here.

The perturb and observe (P&O) algorithm is the most widely used and

oldest algorithm. The method involves making small perturbations in voltages

and monitoring the change in power (positive or negative) unless the change

reduces to an acceptable degree close to zero. With an increase in voltage, if

the change in power is positive, then the maximum power point (MPP) lies to

the right of the current operating point, and therefore the effect is to further

increase the voltage. However, if the change in power is negative, then the MPP

lies to the left of the current operating point, and thus the effect is to reduce

the voltage. Similarly, with the decrement in voltage, if the change in power is

negative, then the MPP lies to the left of the current operating point, and thus

the next step is to further decrease the voltage. However, if the change in power

is positive, then the MPP lies to the right of the current operating point, and

thus the effect is to increase the voltage. The perturbation in voltages is done at

fixed time intervals indirectly using the duty ratio of the interface converter as

a control variable. The conventional P&O method as described in [11, 12] uses
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a fixed perturbation size. The downside of fixed perturbation step size is slow

convergence if the predetermined size is very small and higher oscillations if the

size is too large. This challenge of optimal trade-off between power oscillation

and convergence speed is overcome using modified P&O techniques discussed

in [13] through adaptation of the perturbation size with the degree of change in

the controlled power. Although the method is easy to implement and facilitates

fast tracking of the MPP, the method still has an inherent inability to track global

MPP under partial shading conditions where multiple MPPs arise.

The problem of oscillations around the MPP, as seen in P&O is mitigated

in the incremental conductance (IncCond) algorithm as proposed in [14, 15].

The algorithm suits better in dynamic working conditions and performs well

under partial shading. The technique employs the calculation of incremental

conductance, which is the ratio of change in current to change in voltage of the

SPV array. This value (𝑑𝑖/𝑑𝑣 ) is compared with the negative of the measured

current and voltage ratio, i.e. −𝑖/𝑣 at the same time instant. If 𝑑𝑖/𝑑𝑣 < −𝑖/𝑣 ,

then the current operating point lies to the right of the MPP; therefore, the

voltage must be reduced in the next step. However, if 𝑑𝑖/𝑑𝑣 > −𝑖/𝑣 , then the

current operating point lies to the left of the MPP; therefore, the voltage requires

an increment in the following step. Condition 𝑑𝑖/𝑑𝑣 ≈ 0 implies near-to-MPP

operation. The method requires more computational resources for the precise

measurement of current and voltages and calculation of derivatives.

The simplest and lowest-cost method, called the constant voltage method

[16, 17], is often used for its simplicity and the least-cost requirement. The

method uses a fixed voltage value as the MPP voltage, which is usually between

70% and 80% of the open circuit voltage of the SPV array based on standard

test conditions (1000 𝑊𝑚−2 irradiance and 25 ◦𝐶 temperature). The method

can be realised using both analogue and digital circuits. The demerit is that

the method is not suitable for dynamic conditions since it assumes a fixed MPP

voltage and offers less accuracy under non-standard working conditions.

Apart from the aforementioned classical algorithms, various intelligent

MPPT control techniques harnessing machine learning principles have been

proposed. The most common of these algorithms are fuzzy logic controller

(FLC) based [18, 19] and artificial neural network (ANN) based [20, 21]. Both

algorithms offer a high degree of accuracy at the expense of computational
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resources such as training data and experiments. They can better adapt

to varying irradiance and temperature conditions, resulting in a reduced

oscillation of the operating point. The differences between these methods are

that the former uses a predefined rule-based lookup table to make decisions

on the output, whereas the latter requires training a model based on input and

output data sets. In addition, the former can be less accurate at times despite

offering a faster response, whereas the latter is relatively more accurate once

trained.

In recent times, the applications of evolutionary algorithms have been

extended to the MPPT control, inspired by their ability to optimise complex

mathematical objective functions involving multiple optimal points. These

algorithms are generally used in integration with the intelligent control

algorithms discussed earlier to extend their strength. The most dominant ones

are based on genetic algorithm (GA) [22, 23] and particle swarm optimization

(PSO) [24, 25]. Unlike other methods that often fail to track the global MPP

arising during partial shading conditions, these methods are very reliable in

tracking the global or actual MPP and are less affected by noise. However, the

setback of GA and PSO-based MPPT algorithms is that they take relatively more

time to converge to the global optimum, offering a slower response. Besides,

they require higher computational resources for real-time applications. The

study of various evolutionary algorithms proves the superiority of PSO over

GA in terms of the speed of convergence. In [26], a hybrid method has been

proposed combining the conventional PSO with the P&O method to harness

the higher accuracy offered by the PSO method and the fast response feature of

the P&O method.

A summary of the MPPT techniques discussed is presented in Table 2.1. The

solar panel mounted on the roof of an EV experiences fluctuating irradiance

due to several reasons such as vehicle direction of motion and its orientation

relative to sunlight, design constraints, nearby trees and buildings, cloud

coverage, smoke and fog, etc. Thus, the vehicle operates most of the time under

dynamic conditions and therefore requires an adaptive and fast convergent

MPPT algorithm to stabilise the operating point at or close to the actual

MPP suppressing power oscillations. As mentioned in [27], a virtual optimal

resistance (VOR)-based P&O algorithm seems to be highly effective under such

dynamic working conditions. The resistance is simply the voltage to current
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ratio seen by the SPV array that can be used as a hidden control parameter

to indirectly adjust the operating point to the actual MPP by generating an

appropriate duty ratio. The study shows that the change in array’s current

rather than the array’s voltage is more sensitive to the shift in the MPP due to

fluctuation in temperature and irradiance. Hence, unlike in the conventional

P&O MPPT technique where voltage is used as the perturbation parameter,

optimisation of solar output power can be better achieved by perturbing the

ratio of current to voltage (i.e. the inverse of VOR).
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Table 2.1: Summary of MPPT control algorithms

Refs.
Control

Techniques
Description Key Features Limitations

[11–13]

Perturb and
Observe (P&O)

perturbs voltage and
observes power
changes

simple
implementation, fast
tracking of the MPP

• struggles under partial
shading

• trade-off between
power oscillations and
convergence

[14,15]

Incremental
Conductance
(IncCond)

uses incremental
conductance to
determine MPP
direction

• better for dynamic
conditions

• good performance
under partial shading

• requires more
computational
resources

• precise measurement
needed

[16,17]

Constant
Voltage Method

uses a fixed voltage
(70%-80% of
open-circuit voltage) as
MPP voltage

simple and low-cost
implementation

• not suitable for
dynamic conditions

• less accurate in
non-standard
conditions

[18,19]

Fuzzy Logic
Controller
(FLC)

uses predefined
rule-based lookup
table for decision
making

• fast response

• adapts to varying
conditions

requires expert
knowledge for rule
formulation

[20,21]

Artificical
Neural
Network (ANN)

requires training with
input-output datasets
for MPPT tracking

• high accuracy

• adapts well to varying
conditions

• needs training data and
experiments

• computationally
expensive

[22,23]

Genetic
Algorithm (GA)

evolutionary
optimization technique
applied to MPPT

effective in finding
global MPP under
partial shading

• slower response

• high computational
demand

[24,25]

Particle Swarm
Optimization
(PSO)

inspired by swarm
intelligence to optimize
MPP tracking

• faster convergence
than GA

• reliable under partial
shading

• higher computational
requirements

• may take more time to
converge

[26]

Hybrid PSO -
P&O

combines PSO’s
accuracy with P&O’s
fast response

optimized tracking
with better speed and
accuracy

computational
complexity increases

2.2 Position Sensorless Motor Control

To overcome the challenges associated with sensor-based operation discussed

in Section 1.2, many methods have been proposed in the literature that describe

and validate the operation of BLDC motors without any position or speed
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sensors. These methods can be broadly classified as:- back-electromotive

force (BEMF) estimation methods [28–30], BEMF integration methods [31,

32], free-wheeling diode current detection methods [33], and third-harmonic

voltage component detection methods [34, 35].

The BEMF estimation methods depend on the detection of zero-crossing

instants of the BEMF across each phase, harnessing the measured stator phase

or line voltages. In [28], terminal voltages are measured with respect to a virtual

neutral point, and low-pass filters have been used to eliminate higher-order

harmonics. The limitations of this approach are the oscillation of the neutral

point during PWM switching and delays introduced by the filters, which does

not make this approach suitable for a wide speed range. In [29], a method

to estimate BEMF indirectly without using the true neutral or virtual neutral

potential has been proposed. The technique used in [30] is defining a function

to indicate the switching instants, that depends on measured voltages, currents

and the derivatives of the currents. Although the EMF is sensed without the

need for the true or virtual neutral point, the technique still relies on the

complex computation of derivatives and could be affected by sensor noise.

The BEMF integration method used in [31] and [32] is based on integrating

the BEMF of the open phase. The integration starts right at zero-crossing point

(ZCP) of BEMF and is stopped when the integration result reaches a preset

threshold value that indicates the commutation instant. The benefit of this

method is that it is less sensitive to noise and offers good performance at high

speeds. The downside is that the method still requires neutral potential and

may result in accumulated error, especially at low speeds due to the integration

operation.

The free-wheeling diode current detection methods [33] involve sensing

the current in a free-wheeling diode connected across the open phase, which

facilitates in knowing the position of the rotor. The method is well suited for

wide operating regions. However, the implementation of this method requires

six comparators, each with its own power source, to detect the free-wheeling

currents. Thus, the implementation of this method demands a complex and

more costly control circuitry.
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The third harmonic component of the BEMF is obtained by adding all three

terminal voltages [34, 35]. Integrating this component gives the third harmonic

flux linkage whose zero crossing corresponds to the commutation instants. The

limitation of this approach is that it requires the neutral point of the stator

winding, which is normally not provided by the manufacturer. Besides, the

amplitude and phase of harmonic components could be affected by magnetic

saturation, thereby preventing the detection of true zero-crossing instants.

Apart from these methods, an extended Kalman filter (EKF)-based

estimation method has also been proposed in [36]. Though this method being

based on machine learning, is very little affected by the noise in measurement

and processing data, it requires a precise mathematical model of the motor to

work with. The major challenge in applying this method is the initialisation

of the covariance matrices, which indicate uncertainties in the measured and

estimated parameters. Poorly initialised values can often lead to divergence and

instability. In addition, the method does not fit well, especially under low-speed

conditions because of low estimating accuracy.

Table 2.2 presents the summary of the methods discussed. The choice

of the best sensorless control technique depends on various factors such

as applicable speed range, safety standards, commutation accuracy, noise

tolerance, components requirements, etc. Taking into account all these

factors, the most robust and easy-to-implement control method is still based

on zero crossing detection of BEMFs. The method is the optimal choice

for engineers when constraints like commutation accuracy, speed range,

hardware requirements, and cost are to be kept in view while maximising

performance. However, the method as proposed in [37], demands filter circuits

to mitigate false zero-crossings of the BEMF waveforms, which would then

require compensation for the delays introduced by these circuits to maintain

the accuracy of the estimated zero-crossing points. On the other side, tuning

the clock frequency of the delay counters as per the motor speed, discussed

in the proposed method, is not a hassle-free task. Thus, the method requires

seeking an alternative way to eliminate the need for filters and counters and

thereby enhance the accuracy and ease of control.
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Table 2.2: Summary of sensorless motor control methods

Refs.
Control

Techniques
Description Key Features Limitations

[28]

Direct BEMF
estimation
methods

direct detection of
ZCPs of phase BEMFs

stator terminal voltages
measured w.r.t virtual
neutral point

• oscillation of the
neutral point during
pulse width modulation
(PWM) switching

• not suitable for a wide
speed range due to
delays introduced by
the filters

[29,30]

Indirect BEMF
estimation
methods

indirect detection of
ZCPs of phase BEMFs

• stator terminal
voltages measured
without using
true/virtual neutral
point

• computation of
derivatives of current

• noise-sensitive method
may lead to false
commutation and
instability

• not suitable for
high-speed operation

[31,32]

BEMF
integration
methods

integration of BEMF of
open phase from ZCP
to commutation point

• less noise-sensitive

• offers good
performance at high
speeds

• requires neutral
potential

• not suitable for
low-speed operation
due to accumulated
error in integration

[33]

Freewheeling
diode current
detection
methods

sensing of current in
free-wheeling diode
connected across the
open phase

• requires six
comparator circuits

• suitable for wide
speed range

inherent design
complexity

[34,35]

Third
harmonic
voltage
component
detection
methods

detection of ZCPs of
third harmonic flux
linkages obtained by
adding and integrating
measured terminal
voltages

requires access to
stator neutral potential

affected by magnetic
saturation

[36]

extended
Kalman filter

speed estimation using
mathematical model of
motor and real-time
data

• less affected by
measurement noise

• two step iterative
algorithm: prediction
and update

• poorly initialized
covariance matrices
leads to divergence and
instability

• not suitable for low
speed operation
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CHAPTER THREE: METHODOLOGY

3.1 System Architecture

Figure 3.1: Schematic of the proposed model

A topology of the proposed model to drive a 2.5 𝑘𝑊 , 240 𝑉 BLDC motor

is shown in Figure 3.1. The system comprises two SPV array units and a

battery bank connected to a common DC link capacitor via a multiple input

single output (MISO) boost converter and a bidirectional buck-boost converter

respectively. The BLDC motor is powered through the insulated gate bipolar

transistor (IGBT) based three-phase two-level VSI serving as an electrical

commutator circuit for the motor. The switching pulses for the buck converter

are generated from the MPPT control algorithm for the SPV arrays to ensure

the extraction of the maximum solar power available. The switching pulses

for the bidirectional converter are derived from the battery DC-link voltage

controller. The bidirectional converter facilitates the charging of the battery

from the SPV arrays when the motor is disconnected from the DC bus and
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its discharging to feed the load when the motor is connected to the DC bus.

The DC-link voltage controller acts to establish a fairly constant voltage level

as per the speed requirement by adjusting the duty ratio of the bidirectional

converter. The reference voltage required for the voltage controller is provided

by the speed controller. The position sensorless electronic commutation logic

is implemented, where the switching pulses required for the VSI are synthesised

by detecting the ZCPs of the measured line voltage differences. The frequency

of these switching pulses is controlled by the speed controller so as to acquire

the desired speed level.

3.2 System Design

3.2.1 Selection of BLDC Motor

Table 3.1: BLDC motor specifications

Parameters Values

Number of phases 3

Number of poles (𝑝) 2

Rated Voltage (𝑉𝑟𝑎𝑡𝑒𝑑 ) 240 𝑉

Rated Speed (𝑁𝑟𝑎𝑡𝑒𝑑 ) 1500 𝑟𝑝𝑚

Rated Torque (𝜏𝑟𝑎𝑡𝑒𝑑 ) 15.9 𝑁𝑚

Stator Resistance (𝑅) 1.2 Ω

Stator Inductance (𝐿) 8.5 𝑚𝐻

Moment of Inertia (𝐽 ) 0.08 𝑘𝑔𝑚2

Damping Coefficient (𝐵) 0.001 𝑁𝑚𝑠/𝑟𝑎𝑑

Back-EMF constant (𝑘𝑚) 1.346 𝑉 𝑠/𝑟𝑎𝑑

A 240 𝑉 , 2.5 𝑘𝑊 , 1500 𝑟𝑝𝑚 BLDC motor with 85 % efficiency (𝜂) is selected

for the proposed model. The detailed specification of the motor is presented in

Table 3.1. For the motor BEMF constant of 1.346 𝑉 𝑠/𝑟𝑎𝑑 , the BEMF at full load
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is calculated as:

𝐸𝐹𝐿 = 𝑘𝑚 ×𝑁𝑟𝑎𝑡𝑒𝑑 = 1.346 × 1500 × 𝜋

30
= 211.43𝑉 (3.1)

Ignoring friction and windage losses in the motor, the peak value of motor

armature current at full load can be computed as:

𝐼𝑚𝑜𝑡 (𝐹𝐿) =
𝑃𝑟𝑎𝑡𝑒𝑑

𝐸𝐹𝐿
=

2500
211.43

= 11.82𝐴 (3.2)

Also, the power consumed by the motor at full load is calculated as:

𝑃𝑚𝑜𝑡 (𝐹𝐿) =
𝑃𝑟𝑎𝑡𝑒𝑑

𝜂
= 2.94𝑘𝑊 (3.3)

3.2.2 Selection of Battery

Table 3.2: Battery specifications

Parameters Values

Nominal Voltage (𝑉𝑏𝑎𝑡 ) 48 𝑉

Nominal Capacity (𝑊ℎ𝑏𝑎𝑡 ) 15.5 𝑘𝑊ℎ

Maximum Full-Charge Voltage (𝑉𝑚𝑎𝑥 ) 51.2 𝑉

Discharge Cut-off Voltage (𝑉𝑚𝑖𝑛) 40 𝑉

Maximum Discharge Current (𝐼𝑑𝑖𝑠 (𝑚𝑎𝑥)) 100 𝐴

Maximum Charge Current (𝐼𝑐ℎ𝑔 (𝑚𝑎𝑥)) 50 𝐴

Cycle Life (at 80 % DoD) >2000 cycles

Operating Temperature -20 ◦𝐶 to 60 ◦𝐶

Considering the losses in the VSI, converters and the DC bus to be around 5 %

of the full load motor input power (𝑃𝑚𝑜𝑡 (𝐹𝐿)), the power injected into the DC

bus becomes approximately 3.1 𝑘𝑊 . The battery size is determined such that

the motor can run at full load for around 3 hours. With permissible depth of
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discharge (DoD) of 60 %, the required battery capacity is given by the following

equation.

𝑊ℎ𝑏𝑎𝑡 =
3.1 × 3

0.6
= 15.5𝑘𝑊ℎ (3.4)

To achieve such capacity, a Lithium-ion (LiFePO4) battery bank with nominal

voltage (𝑉𝑏𝑎𝑡 ) of 48 𝑉 (16 cells each of 3 𝑉 connected in series) is chosen.

Thus, the Ampere-hour capacity of the battery bank becomes 323 𝐴ℎ. Other

specifications of the battery are presented in Table 3.2. Care should be taken

to ensure that the maximum charging and discharging currents of the battery

are well within the safe limits specified by the manufacturers. The purpose of

choosing a lithium-ion battery is due to its superior characteristics, such as fast

charging/discharging, long life, and high energy density, which are favourable

for electric vehicles [38]. Moreover, these batteries exhibit charge and discharge

properties with the most consistent flat region, as demonstrated in Figure 3.2.

Thus, such batteries operate at constant voltage most of the time throughout

the charging and discharging processes, allowing them to form a stiff DC bus.

Figure 3.2: Charge/discharge characteristics of a Li-ion battery
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3.2.3 Design of SPV Array

Table 3.3: PV module specifications at standard test conditions

Parameters Values

No. of Cells (𝑁𝑐 (𝑚𝑜𝑑)) 60

Open-Circuit Voltage (𝑉(𝑚𝑜𝑑)𝑜𝑐 ) 36.5 𝑉

Short-Circuit Current (𝐼 (𝑚𝑜𝑑)𝑠𝑐 ) 8.78 𝐴

Voltage at Maximum Power (𝑉(𝑚𝑜𝑑)𝑚) 29.5 𝑉

Current at Maximum Power (𝐼 (𝑚𝑜𝑑)𝑚) 8.1 𝐴

Temperature Coefficient of𝑉(𝑚𝑜𝑑)𝑜𝑐 (𝜇(𝑚𝑜𝑑)𝑜𝑐 ) -0.3305 %/ ◦𝐶

Temperature Coefficient of 𝐼 (𝑚𝑜𝑑)𝑠𝑐 (𝜇(𝑚𝑜𝑑)𝑠𝑐 ) 0.0638 %/ ◦𝐶

The size of the SPV array is constrained by the available space in the vehicle

and its geometry, load requirements, and cost of the array units. Two SPV array

units of different sizes are proposed - the larger unit is to be mounted on the

roof and the smaller one on the rear side of the vehicle. The split distribution of

array panels allows for reducing the drop in power generation due to shading,

vehicle motion, and orientation with respect to incident sunlight. The peak

power capacity of the larger array unit (𝑃𝑝𝑣1(𝑚)) is chosen to be 0.48 𝑘𝑊 and

that of the smaller unit (𝑃𝑝𝑣2(𝑚)) is selected to be half of the larger unit’s capacity,

considering standard test conditions (i.e. 1000 𝑊𝑚−2 Irradiance; 25 ◦𝐶 cell

temperature; 1.5 air mas (AM) spectrum). Thus, the total capacity of the array

units is approximately 0.72 𝑘𝑊 . This is achieved using PV modules belonging

to the TATA Power Solar Systems TP240 MBZ model with specifications as

shown in Table 3.3.

For the larger unit (unit 1), the maximum array voltage (𝑉𝑝𝑣1(𝑚)) is set to 59

𝑉 . The maximum current of the unit (𝐼𝑚 (𝑝𝑣1) can be estimated as:

𝐼𝑝𝑣1(𝑚) =
𝑃𝑝𝑣1(𝑚)

𝑉𝑝𝑣1(𝑚)
=

480
59

= 8.1𝐴 (3.5)
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If 𝑁𝑠1 and 𝑁𝑝1 represent the number of series-connected PV modules per string

and number of such strings connected in parallel, respectively, to form the array

unit of desired power rating, then their values can be approximated as:

𝑁𝑠1 =
𝑉𝑝𝑣1(𝑚)

𝑉𝑚𝑜𝑑 (𝑚)
=

59
29.5

= 2

𝑁𝑝1 =
𝐼𝑝𝑣1(𝑚)

𝐼𝑚𝑜𝑑 (𝑚)
=

8.1
8.1

= 1 (3.6)

Therefore, a string containing 2 series-connected PV modules is required to

form the larger SPV array unit.

Similarly, for the smaller unit (unit 2), the maximum array voltage (𝑉𝑝𝑣2(𝑚))

is set to 29.5 𝑉 . The maximum unit current (𝐼𝑚 (𝑝𝑣2) can be computed as:

𝐼𝑝𝑣2(𝑚) =
𝑃𝑝𝑣2(𝑚)

𝑉𝑝𝑣2(𝑚)
=

240
29.5

= 8.1𝐴 (3.7)

Also, the number of series-connected PV modules per string and number of

such strings connected in parallel can be approximated as:

𝑁𝑠2 =
𝑉𝑝𝑣2(𝑚)

𝑉𝑚𝑜𝑑 (𝑚)
=

29.5
29.5

= 1

𝑁𝑝2 =
𝐼𝑝𝑣2(𝑚)

𝐼𝑚𝑜𝑑 (𝑚)
=

8.1
8.1

= 1 (3.8)

Therefore, a string containing only one PV module is required to form the

smaller array unit.

3.2.4 Design of Boost Converter

As proposed in some works of literature [39,40], MISO DC-DC converter-based

systems help in overcoming the sudden drop in power generation due to

non-uniform irradiance and impedance mismatching of SPV arrays operating

in parallel. Since each array unit will have its own MPPT controller, optimal

power extraction from one array unit is unaffected by the change in operating

conditions (irradiance and temperature) of the other units. Thus, a MISO

topology comprising of two boost converters, each interfacing one SPV array

unit to the DC bus, is proposed. The duty ratios to control these converters are

derived and fed from separate MPPT controllers.
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For both converters (converter 1 and converter 2), the output voltage is the

DC bus voltage (𝑉𝑑𝑐 = 240 𝑉 ). Let 𝑑1 and 𝑑2 represent the duty ratios for

converter 1 and converter 2 respectively. Setting their input voltages to be the

maximum respective array unit voltages, the corresponding duty ratios can be

computed using the following equations [41]:

𝑑1 = 1 −
𝑉𝑝𝑣1(𝑚)

𝑉𝑑𝑐
= 0.754 (3.9)

𝑑2 = 1 −
𝑉𝑝𝑣2(𝑚)

𝑉𝑑𝑐
= 0.877 (3.10)

Let, 𝐿1 and𝐿2 denote the value of the inductors to be used in converter 1 and

converter 2 respectively. For each converter unit, taking inductor ripple current

(Δ𝐼𝐿) to be 20 % of the maximum average current drawn from the respective SPV

array unit (𝐼𝑚 (𝑝𝑣 )), switching frequency (𝑓𝑠 ) of 5 𝑘𝐻𝑧 , the sizes of the inductors

are then calculated as follows [42]:

𝐿1 =
𝑑1 ×𝑉𝑝𝑣1(𝑚)

𝑓𝑠 × Δ𝐼𝐿1

=
0.754 × 59

5000 × 0.2 × 8.1
= 5.49𝑚𝐻 (3.11)

𝐿2 =
𝑑2 ×𝑉𝑝𝑣2(𝑚)

𝑓𝑠 × Δ𝐼𝐿2

=
0.877 × 29.5

5000 × 0.2 × 8.1
= 3.19𝑚𝐻 (3.12)

3.2.5 Design of Bidirectional Buck-Boost Converter

The bidirectional converter, as shown in Figure 3.1, operates in boost mode

during discharging of the battery and in buck mode throughout the battery

charging period with current direction reversed. However, during buck mode

operation, the motor is disconnected and the array units feed the battery.

Hence, the converter control is triggered by two different duty ratios based on

its operating mode. The values of these duty ratios depend on the magnitude

of the DC-link voltage (𝑉𝑑𝑐 ) and the battery’s nominal voltage (𝑉𝑏𝑎𝑡 ). During

boost mode operation, the input to the converter is the battery voltage and the

output is the DC link voltage, whereas during buck mode operation, the input

and output are reversed.
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Firstly, the duty ratio for its boost mode operation 𝑑3(𝑏𝑜𝑜𝑠𝑡 ) is computed

using the following relation:

𝑑3(𝑏𝑜𝑜𝑠𝑡 ) = 1 − 𝑉𝑏𝑎𝑡

𝑉𝑑𝑐
= 1 − 48

240
= 0.8 (3.13)

Secondly, the duty ratio for its buck mode operation 𝑑3(𝑏𝑢𝑐𝑘 ) is computed using

the following relation [41]:

𝑑3(𝑏𝑢𝑐𝑘 ) =
𝑉𝑏𝑎𝑡

𝑉𝑑𝑐
=

48
240

= 0.2 (3.14)

Whether the converter is operating in buck mode or in boost mode, the

average inductor current is equal to the average battery current. The average

current fed by the battery operating in parallel with the two SPV array units (at

standard operating conditions) while the motor being fully loaded is obtained

using (3.2), (3.5), (3.7), (3.9), (3.10) and (3.13) as:

𝐼𝑏𝑎𝑡 (𝐹𝐿) =
𝐼𝑚𝑜𝑡 (𝐹𝐿) − 𝐼𝑝𝑣1(𝑚) × (1 − 𝑑1) − 𝐼𝑝𝑣2(𝑚) × (1 − 𝑑2)

1 − 𝑑3(𝑏𝑜𝑜𝑠𝑡 )
= 44.07𝐴 (3.15)

Again we choose the inductor ripple current (Δ𝐼𝐿𝑏 ) to be 20 % of the average

battery discharge current at full load (𝐼𝑏𝑎𝑡 (𝐹𝐿)), and the switching frequency (𝑓𝑠 )

of 5 𝑘𝐻𝑧 . Then, the value of inductor 𝐿𝑏 for boost mode operation can be

calculated using the following relation [42]:

𝐿3(𝑏𝑜𝑜𝑠𝑡 ) =
𝑑3(𝑏𝑜𝑜𝑠𝑡 ) ×𝑉𝑏𝑎𝑡

𝑓𝑠 × Δ𝐼𝐿𝑏
=

0.8 × 48
5000 × 0.2 × 44.07

= 0.87𝑚𝐻 (3.16)

During buck mode operation, the DC link voltage is always set to 240 𝑉

despite a rise in battery voltage due to the charging action or fluctuation of solar

power. The average current input to the bidirectional converter, considering the

standard SPV operating conditions, is obtained using (3.5), (3.7), (3.9) and (3.10)

as:

𝐼𝑑𝑐 (𝑝𝑣 ) = 𝐼𝑝𝑣1(𝑚) × (1 − 𝑑1) + 𝐼𝑝𝑣2(𝑚) × (1 − 𝑑2) = 3𝐴 (3.17)

Using the same current ripple criteria and switching frequency parameter as in

(3.16), the value of inductor 𝐿𝑏 for buck mode operation can be obtained using
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the relation described in [42] as:

𝐿3(𝑏𝑢𝑐𝑘 ) =
(1 − 𝑑3(𝑏𝑢𝑐𝑘 )) ×𝑉𝑏𝑎𝑡

𝑓𝑠 × 0.2 × 𝐼𝑑𝑐 (𝑝𝑣 )
=

(1 − 0.2) × 48
5000 × 0.2 × 3

= 12.8𝑚𝐻 (3.18)

The size of an inductor is inversely proportional to the magnitude of the

current ripple that it handles. The inductor ripple currents for the boost mode

and buck mode operations are different. The actual size of the inductor to be

chosen for the design is decided by the lowest magnitude ripple current and is

thus given by the following equation:

𝐿3 = 𝑚𝑎𝑥{𝐿3(𝑏𝑜𝑜𝑠𝑡 ) , 𝐿3(𝑏𝑢𝑐𝑘 )} = 12.8𝑚𝐻 (3.19)

Now, for selecting the size of the capacitor 𝐶𝑏 connected across the battery

bank, a capacitor voltage ripple (Δ𝑉𝐶𝑏
) of 2 % of the battery nominal voltage𝑉𝑏𝑎𝑡

is considered. The value of the capacitor is computed using [41] as:

𝐶𝑏 =
0.2 × 𝐼𝑑𝑐 (𝑝𝑣 )

8 × 𝑓𝑠 × Δ𝑉𝐶𝑏

=
0.2 × 3

8 × 5000 × 0.02 × 48
= 15.6𝜇𝐹 (3.20)

3.2.6 Selection of DC-link Capacitor

A film capacitor is selected as the DC-link capacitor because of its superior

electrical and thermal characteristics. Since the boost converters and the

bidirectional buck-boost converters all share the common DC-link capacitor,

the selection of its appropriate size relies on the minimisation of the ripple

voltage. Due to the inverse relationship between the capacitor size and the

magnitude of the voltage ripple across it, the capacitor size is maximised if the

voltage ripple is minimised.

The common consideration in computing the capacitor size for any

converter is the percentage of ripple voltage, which is 2 % of the standard DC

bus voltage 240 𝑉 . For the boost converter 1, the size of the capacitor is given

by [41],

𝐶1 =
𝑑1 × (1 − 𝑑1) × 𝐼𝑝𝑣1(𝑚)

𝑓𝑠 × 0.02 ×𝑉𝑑𝑐
=

0.754 × (1 − 0.754) × 8.1
5000 × 0.02 × 240

= 62.6𝜇𝐹 (3.21)
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For the boost converter 2, the size of the capacitor is given by,

𝐶2 =
𝑑2 × (1 − 𝑑2) × 𝐼𝑝𝑣2(𝑚)

𝑓𝑠 × 0.02 ×𝑉𝑑𝑐
=

0.877 × (1 − 0.877) × 8.1
5000 × 0.02 × 240

= 36.40𝜇𝐹 (3.22)

Again, considering the bidirectional converter’s boost mode operation, the

capacitor size is computed as:

𝐶3 =
𝑑3(𝑏𝑜𝑜𝑠𝑡 ) × (1 − 𝑑3(𝑏𝑜𝑜𝑠𝑡 )) × 𝐼𝑏𝑎𝑡 (𝐹𝐿)

𝑓𝑠 × 0.02 ×𝑉𝑑𝑐
=

0.8 × (1 − 0.8) × 44.07
5000 × 0.02 × 240

= 293.8𝜇𝐹

(3.23)

Hence, as discussed before, the actual size of the DC-link capacitor is given

by,

𝐶𝑑𝑐 = 𝑚𝑎𝑥{𝐶1,𝐶2,𝐶3} = 293.8𝜇𝐹 (3.24)

3.2.7 Design of Voltage Source Inverter

The motor is driven using a two-level three-phase VSI consisting of 6 IGBT

switches, as shown in Figure 3.1. Overloading of these switches can lead to

inverter failure. Therefore, the capacity of these switches should be carefully

selected to prevent such a failure. To accommodate transients likely to occur

in the inverter switches, as suggested in [43], a voltage safety factor of 1.4 and a

current safety factor of 1.3 are considered. Therefore, the required voltage rating

(𝑉𝑉 𝑆𝐼 ) and current rating (𝐼𝑉 𝑆𝐼 ) of each IGBT switch are calculated as:

𝑉𝑉 𝑆𝐼 = 1.4 ×𝑉𝑑𝑐 = 1.4 × 240 = 336𝑉

𝐼𝑉 𝑆𝐼 = 1.3 × 𝐼𝑚𝑜𝑡 (𝐹𝐿) = 1.3 × 11.82 = 15.37𝐴 (3.25)

Thus, the Volt-Ampere (VA) rating of the IGBT switches is estimated as:

(𝑉 𝐴)𝑉 𝑆𝐼 =𝑉𝑉 𝑆𝐼 × 𝐼𝑉 𝑆𝐼 = 336 × 15.37 = 5.16𝑘𝑉 𝐴 (3.26)

3.3 Control Strategy

The control technique employed in the proposed model mainly focusses on

the extraction of maximum power from the SPV array through MPP operation

for all weather and atmospheric conditions, establishment of constant voltage
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across the DC link capacitor despite variations in source and load conditions,

and sensorless electronic commutation of the motor followed by its closed-loop

speed control.

3.3.1 MPPT Control

Figure 3.3: Flowchart of conventional P&O MPPT algorithm

To set the operating point at or near the actual MPP suppressing power

oscillations due to rapid changes in working conditions of the SPV array and

step perturbation size of the control parameter, a modified VOR based P&O
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algorithm [34] is used. In the conventional P&O algorithm illustrated in Figure

3.3, the duty ratio is used as the control parameter to adjust the solar voltage to

affect the output power. The voltages and currents are measured and sampled

at appropriate time intervals and are multiplied to get the power output (𝑃𝑝𝑣 ).

The difference in current and previous power output (𝑑𝑃𝑝𝑣 ) is calculated and

based on the positivity or negativity of 𝑑𝑃𝑝𝑣 , an appropriate decision is made

whether to increase or decrease the voltage. However, this algorithm leads to

slow convergence and power oscillations at the optimal point of operation. The

proposed VOR based P&O algorithm is supposed to overcome the issues that

have been discussed by ignoring very small changes in measured power but

reacting very quickly to any considerable shift in the optimal operating point

due to sudden changes in temperature or irradiance.

Figure 3.4: Shift in MPP of SPV module under varying irradiance

The MPPT control algorithm is initialised by setting the operating point

close to the MPP point based on the standard test conditions where 𝑉𝑝𝑣 =

0.8 × 𝑉𝑝𝑣 (𝑜𝑐 ) and 𝐼𝑝𝑣 = 0.9 × 𝐼𝑝𝑣 (𝑠𝑐 ) . The method proposed first measures the

array voltage𝑉𝑝𝑣 and current 𝐼𝑝𝑣 , followed by the computation of power as𝑃𝑝𝑣 =
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𝑉𝑝𝑣 × 𝐼𝑝𝑣 . In addition to this, the method also computes the ratio of the array

voltage to current, resulting in a value called input resistance (𝑅𝑝𝑣 = 𝑉𝑝𝑣/𝐼𝑝𝑣 ).

This is the virtual resistance as seen by the array unit across its terminals. Under

constant irradiance and temperature conditions, the increment (or decrement)

in this input resistance leads to an increment (or decrement) in the operating

voltage. This can be verified from the i-v characteristics curve shown in Figure

3.4 of the solar module, where the current decreases with an increase in voltage.

Thus, input resistance can be treated in some way as a monotonic function of

the voltage and, therefore, can be used as a control variable instead of voltage.

Moreover, the figure clearly explains that under varying irradiance, the change

in operating voltage is much less sensitive to the shift in MPP, whereas the

change in current is more. In other words, the input resistance is more sensitive

than the voltage to the change in irradiance. Hence, the other advantage of

using virtual input resistance as a control parameter to replace the voltage is

that it offers faster convergence in dynamic conditions.

After computing the power and resistance in the current step, the difference

between the power in the current step and the power of the previous step (𝑑𝑃𝑝𝑣 )

is calculated. If 𝑟 > 0 represents a small positive step change in the input

resistance (i.e. perturbation in resistance), then the difference in the resistance

in the current step and the resistance in the previous step (𝑑𝑅𝑝𝑣 = ±𝑟 ) is known.

The following two cases arise based on the previous step actions.

Case 1: 𝑑𝑅𝑝𝑣 > 0
If 𝑑𝑃𝑝𝑣 > 0, 𝑅𝑝𝑣 is further increased to 𝑅𝑝𝑣 + 𝑑𝑅𝑝𝑣 .

If 𝑑𝑃𝑝𝑣 < 0, 𝑅𝑝𝑣 is decreased to 𝑅𝑝𝑣 − 𝑑𝑅𝑝𝑣

Case 2: 𝑑𝑅𝑝𝑣 < 0
If 𝑑𝑃𝑝𝑣 > 0, 𝑅𝑝𝑣 is further decreased to 𝑅𝑝𝑣 − 𝑑𝑅𝑝𝑣 .

If 𝑑𝑃𝑝𝑣 < 0, 𝑅𝑝𝑣 is increased to 𝑅𝑝𝑣 + 𝑑𝑅𝑝𝑣

The change in resistance is realized through an emulator, and its effect

is monitored. The resulting output voltage of the array is used to compute

the new duty ratio required for the converters. The resistance is a hidden

control parameter as there exists no such physical resistance in the system

architecture. The virtual resistance is, however, useful in computing the duty

ratio and thereby adjusting it to an appropriate value, ensuring MPPT control.
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3.3.2 DC-link Voltage Control

The smooth control of the speed of the motor, as well as the charging of

the battery, is only possible through the control of the DC-link voltage. The

battery charge controller controls the charging and discharging of the battery

depending on the state of charge (SoC) level of the battery to regulate the DC

bus voltage. The purpose of a battery charge controller is to monitor the SoC

level of the battery and decide when to charge and when to discharge based

on predefined rules. The battery is neither allowed to charge to the fullest limit

nor allowed to completely discharge in order to enhance the cycle life of the

battery. Thus, the upper limit of the permissible SoC is set to 95 %, and the lower

limit is set to 35 %, allowing DoD range of only 60 %. If the battery SoC level is

greater than or equal to 95 %, then the discharging mode is initiated; else, if it

is less than or equal to 35 %, then the charging mode starts. The bidirectional

converter operates in boost mode while the battery is discharging to drive the

motor along with the SPV array and operates in buck mode while it is being

charged from the SPV array. During boost mode operation, the gate signal𝐺9 is

generated, which makes the shunt IGBT switch functional and during the buck

mode operation, gate signal𝐺10 is generated that triggers the series IGBT switch.

Figure 3.5: DC-link voltage controller for discharging mode

The battery, along with the support of the DC-link capacitor, is supposed

to mitigate any voltage fluctuations across the DC bus due to sudden changes

in motor load and solar power injection. Two different voltage control loops

with complementary action are proposed. One of them is functional during
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the battery charging mode, whereas the other one operates during the battery

discharging mode. However, the objective of both control loops is to stabilise

the DC bus voltage to a fairly constant value as per the requirement. At first,

the voltage control loop presented in Figure 3.5 for battery discharging mode is

discussed. The reference voltage is the desired voltage level which is generated

by the speed controller. The control scheme compares the measured speed

with the reference speed to produce some error, which is then processed by a

proportional integral (PI) controller. The output of the PI controller is converted

to an equivalent duty ratio through a mathematical function which implements

the relation described by the equation (3.13) to compute the required duty ratio

𝑑3(𝑏𝑜𝑜𝑠𝑡 ) and feeds to the PWM generator block. The PWM generator block

generates the equivalent PWM signal𝐺9, which is used for triggering the shunt

switch of the bidirectional converter.

Figure 3.6: DC-link voltage controller for charging mode

Figure 3.6 shows the DC-link voltage controller for the battery charging

mode. Unlike the other control loop for battery discharging mode, this control

loop always takes a fixed value of 240 𝑉 as the reference DC bus voltage. The

purpose of this is to set the DC bus voltage at its standard level (𝑉𝑑𝑐 = 240𝑉 )

despite the increase in SoC and the terminal voltage of the battery over time

during the charging process. The reference𝑉𝑑𝑐 is compared with the actual𝑉𝑑𝑐 ,

and the error (difference) is processed through a PI controller. A mathematical

function block derived from the electrical characteristics of the battery is used

to produce the appropriate duty ratio for the charging action. The inputs to

the block are battery SoC, current injected into the DC bus (i.e. 𝐼𝑑𝑐 (𝑝𝑣 )) and

the output of the PI controller. The output duty ratio is then converted to an
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equivalent PWM signal𝐺10 to trigger the action of the series IGBT switch of the

bidirectional converter. A mathematical model to explain how the duty ratio is

generated by exploiting a mathematical model of the battery is discussed below.

Ignoring battery charge dynamics, thermal and ageing effects, a battery can

be modelled such that the battery EMF (𝐸𝑏𝑎𝑡 ) is a function of SoC and has the

following relationship [44]:

𝐸𝑏𝑎𝑡 = 𝐸𝑏𝑎𝑡 (𝑚𝑎𝑥) (𝑆𝑜𝐶 − 𝛽 (1 − 𝑆𝑜𝐶 )) (3.27)

where, 𝑆𝑜𝐶 is the ratio of current charge capacity to rated battery capacity,

𝐸𝑏𝑎𝑡 (𝑚𝑎𝑥) is the maximum battery EMF when fully charged, and 𝛽 is a constant

whose value lies between 0 and 1 and decides the droop in battery voltage with

charge.

Let, 𝑅𝑏𝑎𝑡 (𝑐ℎ𝑔 ) represent the battery charging resistance which is typically

lower than its discharging resistance. Then, the battery terminal voltage (𝑉𝑏𝑎𝑡 )

can be related to the battery EMF 𝐸𝑏𝑎𝑡 and charging current (𝐼𝑏𝑎𝑡 (𝑐ℎ𝑔 )) using the

following relationship.

𝑉𝑏𝑎𝑡 = 𝐸𝑏𝑎𝑡 + 𝐼𝑏𝑎𝑡 (𝑐ℎ𝑔 )𝑅𝑏𝑎𝑡 (𝑐ℎ𝑔 ) (3.28)

Since𝑉𝑏𝑎𝑡 and 𝐼𝑏𝑎𝑡 (𝑐ℎ𝑔 ) are the output voltages and currents of the bidirectional

converter during boost mode operation, substituting 𝑉𝑏𝑎𝑡 = 𝑑3(𝑏𝑢𝑐𝑘 )𝑉𝑑𝑐 and

𝐼𝑏𝑎𝑡 (𝑐ℎ𝑔 ) =
𝐼𝑑𝑐 (𝑝𝑣 )
𝑑3(𝑏𝑢𝑐𝑘 )

in (3.28) and solving we get the equation quadratic in 𝑑3(𝑏𝑢𝑐𝑘 )
as:

𝑉𝑑𝑐𝑑
2
3(𝑏𝑢𝑐𝑘 ) − 𝐸𝑏𝑎𝑡𝑑3(𝑏𝑢𝑐𝑘 ) − 𝐼𝑑𝑐 (𝑝𝑣 )𝑅𝑏𝑎𝑡 (𝑐ℎ𝑔 ) = 0 (3.29)

On solving ((3.29) and considering only positive solution,

𝑑3(𝑏𝑢𝑐𝑘 ) =
𝐸𝑏𝑎𝑡 +

√︃
𝐸 2
𝑏𝑎𝑡

+ 4𝑉𝑑𝑐 𝐼𝑑𝑐 (𝑝𝑣 )𝑅𝑏𝑎𝑡 (𝑐ℎ𝑔 )

2𝑉𝑑𝑐
(3.30)

(3.13), (3.27) and (3.30) are the equations which are realised inside the duty

generator block for battery charging mode to produce the appropriate duty

ratio. The duty ratio thus generated ensures a constant DC bus voltage, as well

as a steady and safe battery voltage when the battery is charging.
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3.3.3 Sensorless Speed Control

A. Sensorless Commutation

Figure 3.7: Schematic of proposed sensorless commutation of BLDC
motor drive

In this research, we propose a straightforward method to estimate the

rotor position by detecting the ZCPs of the trapezoidal (ideal) BEMFs induced

across the stator windings for a three-phase star-connected permanent magnet

BLDC motor. Figure 3.7 presents the schematic of the proposed sensorless

commutation method. The method does not require neutral potential, since

it involves measurement of the line voltages instead of the phase voltages and

estimates the BEMF with respect to the negative terminal of the DC source. Also,

the method is easy to implement since it does not involve mathematical steps

like derivatives or integrations. Unlike suggested in [37], the use of low-pass

filters is not required, since the ripples in the BEMF waveforms are mitigated

by utilising PWM switches (IGBTs) with Snubbers. The filters would otherwise

introduce some considerable delay and, therefore, the system would require

compensation for those delays introduced. The proposed model requires

the introduction of a 30 ◦ commutation delay for a phase current right after

the zero-crossing instant of the respective phase back-EMF. Also, a relatively
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very small delay should be introduced by the sample and hold circuit for

zero-crossing detectors to perform as needed. However, the effect of these very

small delays is later neutralised while introducing the 30 ◦ phase commutation

delay.

Figure 3.8: Segmentation of the circular path described by rotor

Figure 3.8 shows the 60 ◦ segmentation of the circular path described by the

rotor, which is useful in locating the actual rotor position. Figure 3.9 describes

the ideal waveforms of the motor line/phase current and the phase BEMFs

against the different rotor angles. The figure also illustrates the inverter switches

to be turned on following different segments describing the position of the

rotor.

From the equivalent circuit of the stator windings shown in Figure 3.7, the

stator phase voltage equations can be expressed as
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𝑑𝑡


𝑖𝑎

𝑖𝑏

𝑖𝑐

 +

𝑒𝑎𝑛

𝑒𝑏𝑛

𝑒𝑐𝑛

 (3.31)

where, 𝑣𝑎𝑛 , 𝑣𝑏𝑛 and 𝑣𝑐𝑛 are the three-phase to neutral voltages, 𝑖𝑎 , 𝑖𝑏 and 𝑖𝑐 are

the stator phase currents, 𝑒𝑎𝑛 , 𝑒𝑏𝑛 and 𝑒𝑐𝑛 are the phase to neutral BEMFs, 𝑅
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Figure 3.9: Ideal line current and BEMF waveforms of BLDC motor

is the stator phase resistance and 𝐿 is the phase inductance. Using (3.31) and

subtracting 𝑣𝑏𝑛 from 𝑣𝑎𝑛 , 𝑣𝑐𝑛 from 𝑣𝑏𝑛 and 𝑣𝑎𝑛 from 𝑣𝑐𝑛 gives the following line

voltage equations:

𝑣𝑎𝑏 = 𝑣𝑎𝑛 − 𝑣𝑏𝑛 = 𝑅 (𝑖𝑎 − 𝑖𝑏 ) + 𝐿
𝑑 (𝑖𝑎 − 𝑖𝑏 )

𝑑𝑡
+ 𝑒𝑎𝑛 − 𝑒𝑏𝑛 (3.32)

𝑣𝑏𝑐 = 𝑣𝑏𝑛 − 𝑣𝑐𝑛 = 𝑅 (𝑖𝑏 − 𝑖𝑐 ) + 𝐿
𝑑 (𝑖𝑏 − 𝑖𝑐 )

𝑑𝑡
+ 𝑒𝑏𝑛 − 𝑒𝑐𝑛 (3.33)

𝑣𝑐𝑎 = 𝑣𝑐𝑛 − 𝑣𝑎𝑛 = 𝑅 (𝑖𝑐 − 𝑖𝑎 ) + 𝐿
𝑑 (𝑖𝑐 − 𝑖𝑎 )

𝑑𝑡
+ 𝑒𝑐𝑛 − 𝑒𝑎𝑛 (3.34)
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Subtracting (3.33) from (3.32), (3.34) from (3.33) and (3.32) from (3.34), yields

the following equations:

𝑣𝑎𝑏𝑏𝑐 = 𝑣𝑎𝑏 − 𝑣𝑏𝑐

= 𝑅 (𝑖𝑎 − 2𝑖𝑏 + 𝑖𝑐 ) + 𝐿
𝑑 (𝑖𝑎 − 2𝑖𝑏 + 𝑖𝑐 )

𝑑𝑡
+ 𝑒𝑎𝑛 − 2𝑒𝑏𝑛 + 𝑒𝑐𝑛 (3.35)

𝑣𝑏𝑐𝑐𝑎 = 𝑣𝑏𝑐 − 𝑣𝑐𝑎

= 𝑅 (𝑖𝑏 − 2𝑖𝑐 + 𝑖𝑎 ) + 𝐿
𝑑 (𝑖𝑏 − 2𝑖𝑐 + 𝑖𝑎 )

𝑑𝑡
+ 𝑒𝑏𝑛 − 2𝑒𝑐𝑛 + 𝑒𝑎𝑛 (3.36)

𝑣𝑐𝑎𝑎𝑏 = 𝑣𝑐𝑎 − 𝑣𝑎𝑏

= 𝑅 (𝑖𝑐 − 2𝑖𝑎 + 𝑖𝑏 ) + 𝐿
𝑑 (𝑖𝑐 − 2𝑖𝑎 + 𝑖𝑏 )

𝑑𝑡
+ 𝑒𝑐𝑛 − 2𝑒𝑎𝑛 + 𝑒𝑏𝑛 (3.37)

Consider the time interval throughout which the rotor lies in sector 6. From

Figure 3.9, it can be observed that during this time interval, 𝑒𝑏𝑛 = −𝑒𝑐𝑛 , 𝑖𝑏 =

−𝑖𝑐 and 𝑖𝑎 = 0 while 𝑒𝑎𝑛 transitions from a negative value to a positive value

crossing zero. This condition occurs when phase c is connected to the positive

terminal of the DC source, phase b is connected to the negative terminal of the

DC source, while phase a is kept open. Thus, when the rotor is in sector 6, (3.37)

can be reduced to (3.38) as

𝑣𝑐𝑎𝑎𝑏 = −2𝑒𝑎𝑛 , 𝑓 𝑜𝑟 𝜃 ∈ 𝑆𝑒𝑐𝑡𝑜𝑟 6 𝑎𝑛𝑑 𝑆𝑒𝑐𝑡𝑜𝑟 3 (3.38)

The condition described by (3.38) also holds when the rotor lies in sector 3.

However, during this time interval, 𝑒𝑎𝑛 transitions from a positive value to a

negative value, crossing zero as connections to phases b and c are reversed.

Similarly, (3.35) can be reduced to (3.39) when the rotor lies in sectors 1 and

4. Also, (3.36) can be reduced to (3.40) when the rotor lies in sectors 2 and 5.

𝑣𝑎𝑏𝑏𝑐 = −2𝑒𝑏𝑛 , 𝑓 𝑜𝑟 𝜃 ∈ 𝑆𝑒𝑐𝑡𝑜𝑟 1 𝑎𝑛𝑑 𝑆𝑒𝑐𝑡𝑜𝑟 4 (3.39)

𝑣𝑐𝑎𝑎𝑏 = −2𝑒𝑎𝑛 , 𝑓 𝑜𝑟 𝜃 ∈ 𝑆𝑒𝑐𝑡𝑜𝑟 2 𝑎𝑛𝑑 𝑆𝑒𝑐𝑡𝑜𝑟 5 (3.40)
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Figure 3.10: Line-line voltage difference𝑉𝑐𝑎𝑎𝑏 and back-emf 𝑒𝑎𝑛

Therefore, the BEMF waveform of each phase crosses zero twice in an

electrical cycle. Further, from (3.38) - (3.40), it can be concluded that during

the commutation intervals, the line-to-line voltage difference is of the opposite

polarity to the corresponding BEMF undergoing transitions and is scaled by a

factor of 2. These relations have been validated using the waveforms of 𝑣𝑐𝑎𝑎𝑏
and 𝑒𝑎𝑛 as presented in Figure 3.10 and are applied afterwards to accurately

decide the rotor position and generate appropriate switching signals. Table 3.4

presents the future rotor position information in terms of sectors based on the

zero-crossing detection of line-line voltage differences and the corresponding

switching states to be applied after a 30° electrical interval. The symbols ↑
and ↓ are used to denote the zero-crossings when a line-line voltage difference

transitions from negative to positive polarity (positive zero-crossing) and from

positive to negative polarity (negative zero-crossing), respectively.

In this way, the information of zero-crossing of any line-voltage difference is

availed to produce the correct combination of switching pulses for the inverter.

However, the rate at which these pulses are generated should adapt to the

speed of the rotor otherwise, the system might become unstable due to loss in

synchronization of switching frequency with motor speed. Therefore, the motor

requires a dynamic adjustment of the switching delay period as per rotor speed.

For instance, during the starting period, the pulse width of both stator currents

and BEMFs are longer, indicating low speed (frequency), which gradually gets

shorter with time as the motor speeds up, indicating an increase in switching
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frequency. This requirement for dynamically adapting to the changing speed is

met by incorporating a time delay adjustable as per the measured speed.

Table 3.4: Rotor position estimation and switching states

Zero-crossing
line-line voltage

difference

Next Rotor Position
(after 30° delay)

Next Switches to turn
on (after 30° delay)

𝑣𝑐𝑎𝑎𝑏 (↓) Sector 1 𝑆+
𝑐 , 𝑆

−
𝑎

𝑣𝑎𝑏𝑏𝑐 (↑) Sector 2 𝑆+
𝑏
, 𝑆−

𝑎

𝑣𝑏𝑐𝑐𝑎 (↓) Sector 3 𝑆+
𝑏
, 𝑆−

𝑐

𝑣𝑐𝑎𝑎𝑏 (↑) Sector 4 𝑆+
𝑎 , 𝑆

−
𝑐

𝑣𝑎𝑏𝑏𝑐 (↓) Sector 5 𝑆+
𝑎 , 𝑆

−
𝑏

𝑣𝑏𝑐𝑐𝑎 (↑) Sector 6 𝑆+
𝑐 , 𝑆

−
𝑏

B. Speed Control

Figure 3.11: Closed loop speed controller

Speed control of the BLDC motor is achieved through the armature voltage

control method applicable to a wide speed range below base speed. A

closed-loop speed controller shown in Figure 3.11 is used to attain any speed

below the rated (base) speed of 1500 𝑟𝑝𝑚. The actual speed can be measured

either directly through speed sensors or indirectly by counting the number

of BEMF pulses that have passed per unit time. Thus, the information of
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rotor positions with respect to time is sufficient to compute the motor speed

without requiring any physical speed sensors. The desired (reference) speed

is compared with the actual (measured) speed, and the resulting error is

processed through a PI controller. The output signal of the PI controller is

used by a reference DC voltage generator which is a mathematical function

block that contains equations describing the mathematical model of the motor

drive system. The controller acts to reduce the difference between the reference

speed and the actual speed so as to reach a steady state with the desired motor

speed in the minimum time possible. The output of the controller at a steady

state is the reference DC bus voltage (𝑉𝑑𝑐 (𝑟𝑒 𝑓 ), which serves as the input to

DC-link voltage controller during battery discharging operation.

The fundamental steady-state voltage equation for a DC motor is expressed

as:

𝑉𝑑𝑐 = 𝐸𝑒𝑞 + 𝐼 𝑅𝑒𝑞 (3.41)

where, 𝐸𝑒𝑞 , 𝐼 and 𝑅𝑒𝑞 represent the average back-emf, DC motor current and

effective resistance. Since at any time instant, any two of the three phases are

conducting, 𝑅𝑒𝑞 = 2𝑅 where 𝑅 is the resistance per phase. Also, the average

back-EMF is related to the angular speed by the relation 𝐸𝑒𝑞 = 𝑘𝑚𝜔. The EMF

constant 𝑘𝑚 is defined by considering the back EMFs across two phases. On

substituting in (3.41), we get,

𝑉𝑑𝑐 = 𝑘𝑚𝜔 + 2𝐼 𝑅 (3.42)

In our case, the load torque being considered is a friction torque (speed

proportional component), which is a purely passive torque. Consideration

of traction torques (gravitational torques), useful in the study of regenerative

braking, lies outside the scope of this research and is thus ignored. Thus, in

balanced condition, ignoring all sorts of losses, where developed torque (𝜏𝑑𝑒𝑣 )

is equal to load torque (𝜏𝑙𝑜𝑎𝑑 ) following relations hold:

𝜏𝑑𝑒𝑣 = 𝜏𝑙𝑜𝑎𝑑

or, 𝑘𝑚𝐼 = 𝐵𝜔

or, 𝐼 =
𝐵𝜔

𝑘𝑚
(3.43)
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where, 𝐵 is the coefficient of friction that defines the load torque acting on the

shaft of the motor. Substituting 𝐼 from (3.43) to (3.42), we obtain,

𝑉𝑑𝑐 = 𝜔 (𝑘𝑚 + 2𝐵𝑅
𝑘𝑚

) (3.44)

The mathematical block generates the reference voltage for the inner voltage

control loop, exploiting the relations between DC link voltage and angular speed

of the motor described by (3.44).
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CHAPTER FOUR: SIMULATIONS

Figure 4.1: Simulink model of overall System

Simulations of the proposed model were done in the MATLAB Simulink

environment. The effectiveness of the presented system model was tested by

splitting the entire model into several subsystems and blocks and observing

their individual performance and behaviour. Once the performance described
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by the outputs of the individual block and subsystem met the required

standards, the block/subsystem was integrated into the main model. All the

parameters required for the major components like BLDC motor, battery bank,

SPV array units, DC-DC converters, VSI were set as per the design calculations

and assumptions done in Section 3.2 to accurately examine the performance

and working of the overall model. Furthermore, the validation of control

techniques introduced in Section 3.3 was tested by simulating them exactly in

the form described. An emphasis was placed on studying the behaviour of the

system under different circumstances to examine the robustness and flexibility

of the system. Figure 4.1 shows the overall Simulink model designed according

to the proposed architecture.

4.1 SPV Array and MPPT Control Models

Figure 4.2: Simulink model of SPV array unit

Figure 4.3: Simulink model of MPPT Controller
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The SPV array model used for the simulation is shown in Figure 4.2. The

model was designed according to the specifications described in Table 3.3.

The inputs to the array model were temperature (in ◦𝐶 ) and irradiance (in

𝑊𝑚−2). The outputs were voltages and currents fed to the DC bus through

a boost converter. The duty ratio for the boost converter required to ensure

MPP operation was generated through the MPPT control model shown in Figure

4.3. Array currents and voltages were sampled, and measurements were passed

to the MPPT block at discrete time intervals through zero-order hold blocks.

For computing changes in voltage, power, and input resistance, their previous

values need to be stored in the memory. As displayed in the figure, the block

executes VOR based P&O MPPT algorithm to output a suitable duty ratio. It also

accepts a reference DC voltage generated by the speed controller block to adjust

the duty ratio (or input resistance) instead of taking the actual DC bus voltage.

This enables quick settlement of the DC bus voltage during load fluctuations to

the desired level and also reduces the dependency of the SPV array units on the

battery.

4.2 DC Bus Voltage Control Model

As can be observed in Figure 4.4, the DC bus voltage controller model works in

integration with the battery charge controller to decide its mode of operation.

The battery charge controller takes the measured SoC of the battery as input

and compares it with the predefined upper and lower permissible limits of SoC

to decide whether to charge or discharge the battery. The two antiparallel NOT

gates are for resetting the other switch when one of the switches is triggered due

to SoC touching the predefined limit. The design enables the complementary

action of the shunt and series switches used in the bidirectional converter and

ensures that neither of them is turned on simultaneously.

In simulation time, the DC link voltage controller subsystem for discharging

mode took the desired DC bus voltage generated by the outer speed controller

subsystem as reference input and the actual DC bus voltage measured through

the voltage sensor as feedback. It then computed the required duty ratio based

on the output of the voltage PI controller 1 and the battery terminal voltage that

it received as the additional input. Based on the duty ratio, the PWM signals

required for the boost operation of the bidirectional converter were generated.

The signal was ANDed with one of the control signals from the battery charge
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controller and served as gate pulses to the shunt switch of the bidirectional

converter.

Figure 4.4: Simulink model of DC bus voltage controller

The operation of the DC link voltage controller subsystem for the charging

mode was almost similar to that for discharging mode. However, it took

additional inputs such as the DC-bus current and SoC of the battery. Also, the

reference was set to a fixed standard value of 240 𝑉 . As a battery cannot endure

varying voltage at its terminals, it is necessary to suppress voltage fluctuations

caused by changes in solar power or sudden disconnection of the motor. To
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meet such a requirement, a precise mathematical model of the battery that

described its electrical characteristics was realised in the duty generator block

so as to produce the appropriate duty ratio, and thereafter the PWM signals for

the buck mode operation of the bidirectional converter were generated. Again,

this signal was ANDed with the other control signal before using it as gate pulses

to trigger the series switch of the converter.

4.3 Sensorless Speed Control Model

Figure 4.5: Simulink model of BEMF ZCPs detector and rotor segment
selector

The motor parameters selected for simulating and testing the proposed model

for sensorless speed control are mentioned in Table 3.1. Figure 4.5 presents

the Simulink model to realise sensorless commutation. First, the line terminal

voltages were measured, and their differences were sampled and fed to the

zero-crossing detectors. Each zero-crossing detector senses the ZCPs (positive

and negative) and generates pulses. Each of the six different ZCPs is uniquely

associated with a sector that defines the current and next (after 30°) rotor

positions. Based on the next rotor position defined by the sector selector

block and according to Table 3.4, the pulse generator generated the required

switching pulses. These switching pulses served as PWM pulses to drive the
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inverter. The mechanism of dynamically adjusting the time delay for selecting

and holding a particular sector was implemented inside the sector selector

blocks by taking the measured speed as feedback. This ultimately framed a

closed-loop system, thereby making position-sensorless speed control possible.

Figure 4.6: Simulink model of speed controller

The Simulink model of the BLDC motor speed controller is shown in Figure

4.6. It is a closed-loop PI based controller. Compared to the DC-bus voltage

controller, this controller is slow-acting. It serves by setting a reference DC-link

voltage for the inner voltage controller loop that is functional during battery

discharge mode. The desired motor speed was compared with the actual speed

to generate an error signal, which was then handled by the PI controller. The PI

controller’s command was a speed signal. The reference DC voltage generator

block used was a mathematical block that related the speed of the motor to its

armature voltage and resulted in the desired DC-link voltage.
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CHAPTER FIVE: RESULTS

5.1 MPPT Control

The effectiveness of the MPPT control model of the SPV arrays was tested

against varying working conditions (temperature and irradiance). Since

both array units belonged to the same SPV model, shared the same control

architecture, but differed only in size, the study of the output of only one unit

was sufficient to test the validation of the model. To effectively test the model,

its performance was evaluated first under varying irradiance and then under

varying temperature. In both cases, the motor was operated at full load with

the rated speed. Since changes in irradiance and temperature are naturally

slow processes, their impact on the SPV parameters was studied by choosing

a relatively longer simulation time.

5.1.1 Irradiance Variation

Keeping the temperature of the SPV arrays constant, irradiance (𝐼 𝑟𝑟 ) was

varied in 3 phases for different time durations. Figure 5.1 shows the impact

of varying irradiance on the performance of the system in terms of different

output parameters such as (b) voltage (𝑉𝑝𝑣 ), (c) current (𝐼𝑝𝑣 ) and (d) power

(𝑃𝑝𝑣 ). The dashed lines indicate the reference MPP output parameters, which

were evaluated based on the SPV inputs (irradiance and temperature) and its

mathematical model. The solid lines indicate the actual outputs. In the first

phase (from 𝑡 = 0 𝑠 to 𝑡 = 50 𝑠 ), the irradiance is set at its standard level of

1000𝑊𝑚−2. In the second phase (from 𝑡 = 50 𝑠 to 𝑡 = 150 𝑠 ), the irradiance

is reduced to 600𝑊𝑚−2 and then increased to 800𝑊𝑚−2 in the third phase

(from 𝑡 = 150 𝑠 to 𝑡 = 250 𝑠 ). Since the system was initialised from a point very

close to the MPP at 1000𝑊𝑚−2 and 25 ◦𝐶 , the controller took no time to track

the optimal power point from the very beginning. From the figure, it is evident

that the controller can quickly respond to any changes in irradiance and track

the shift in MPP with negligible errors. The figure reports a negligible impact of

irradiance variation on output voltages; however, changes in current and, thus,

on power are considerable.
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Figure 5.1: SPV array outputs under variable irradiance: a) irradiance, b)
voltage, c) current, and d) power vs time

5.1.2 Temperature Variation

The effect of temperature variation was also studied in 3 distinct phases of

different time durations, keeping irradiance fixed at 1000 𝑊𝑚−2 as shown in

Figure 5.2. In the first phase (from 𝑡 = 0 𝑠 to 𝑡 = 50 𝑠 ), temperature is set to

25 ◦𝐶 and in each successive phases ( from 𝑡 = 50 𝑠 to 𝑡 = 150 𝑠 and 𝑡 = 150 𝑠
to 𝑡 = 250 𝑠 ), the temperature is increased by 5 ◦𝐶 . This leads to a noticeable

decrease in solar voltage (𝑉𝑝𝑣 ) and power (𝑃𝑝𝑣 ) at each phase, although almost

no change is reflected in terms of current (𝐼𝑝𝑣 ). Like irradiance variation, the

controller is able to track any changes in temperature of the SPV array units
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Figure 5.2: SPV array outputs under variable temperature: a)
temperarture, b) voltage, c) current, and d) power vs time

in a very short time with minimal error. Moreover, the flat solid lines indicate

almost no power oscillations while operating in the steady state. Thus, the

effectiveness of the proposed MPPT model against power oscillations and rapid

input fluctuations was endorsed by the results obtained.
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5.2 Sensorless Speed Control

5.2.1 Sensorless Commutation

Figure 5.3: Commutation of motor: a) phase ‘a’ current, b) phase ‘b’
current, c) phase ‘c’ current, and d) rotor position vs time

Electronic commutation of the BLDC motor without using any position sensor

was validated through its current and line voltage waveforms. These waveforms

were generated during the steady state operation of the motor for the rated

speed of 1500 𝑟𝑝𝑚. Figure 5.3 presents the phase/line current waveforms
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and rotor positions in terms of sector number at different time intervals for a

total time duration of 0.16 s (4 cycles). The phase currents roughly take the

quasi-square wave shape and are mutually displaced by electrical 120 ◦. The

ripple contents in the current, which depend on stator resistance, inductance,

and switching frequency, are dominant during the commutation (or phase

switching) instants. The figure shows that the phases are being switched in a

sequence at the end of every sector, resulting in a successful commutation. The

time gaps corresponding to every sector are uniform, implying a constant rotor

speed. At rated speed, the motor draws an average source current of 11.8 𝐴,

which is evident from the flat-topped region of the current waveforms.

Figure 5.4: Commutation of motor: a) line voltage 𝑉𝑎𝑏 , b) line voltage
𝑉𝑏𝑐 , and (c) line voltage𝑉𝑐𝑎 vs time
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Figure 5.4 portrays the waveforms of the motor line voltages𝑉𝑎𝑏 ,𝑉𝑏𝑐 and𝑉𝑐𝑎 ,

for a total time duration of 0.4 s (10 cycles), which were used in the detection of

ZCPs of the back-EMFs. The shape of the line voltages is roughly trapezoidal, as

expected, with a peak value of 240𝑉 , same as the magnitude of the standard DC

bus voltage for rated conditions. This is because any two out of the three phases

keep conducting together for a duration of electrical 60 ◦. In this duration, the

full DC bus voltage appears across these two phases, resulting in a flat-topped

region in the wave shape for a 60 ◦ interval.
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5.2.2 Speed Control

Figure 5.5: Motor mechanical outputs: a) torque b) speed, and c) angular
displacement vs time

Keeping the irradiance and temperature of SPV arrays fixed at standard

conditions, the speed control of the motor was realised. The results of the
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battery charging operation (with different phases of speed variations) and the

discharging operation are demonstrated in a single frame in Figures 5.5 and 5.6.

During the battery discharging mode, the motor was disconnected from the DC

bus, and braking was applied to bring it to rest.

Figure 5.5 depicts the variations in mechanical outputs of the motor

((a)torque, (b) speed and (c) angular displacement) over time as per

requirements. The dashed line in the speed vs. time curve indicates the

reference speed set by the speed controller, whereas the solid line represents

the actual speed. The reference speed is varied in three different stages, each

with a span of 2 seconds. In the first phase (from 𝑡 = 0 𝑠 to 𝑡 = 2 𝑠 ), the motor

reference speed is set to 1200 𝑟𝑝𝑚 (≈ 126 𝑟𝑎𝑑/𝑠 ). In the second phase (from

𝑡 = 2 𝑠 to 𝑡 = 4 𝑠 ), the speed is reduced to 1000 𝑟𝑝𝑚 (≈ 105 𝑟𝑎𝑑/𝑠 ). Again, in the

third phase (from 𝑡 = 4 𝑠 𝑡𝑜 𝑡 = 6 𝑠 ), it increases to 1500 𝑟𝑝𝑚 (≈ 157 𝑟𝑎𝑑/𝑠 ).

The actual speed clearly seems to be tracking the reference speed in all the

cases within a very short time duration, thereby validating the effectiveness of

the speed controller. The magnitude of the speed overshoot and undershoot

depends on the range of variation. For example, the speed increment range

is highest 1200 𝑟𝑝𝑚 in the first (starting) phase, and therefore the overshoot

is maximum in this phase. The angular displacement (plot (c)) varies from

0 to 360 ◦ in each cycle as the motor runs, starting from 60 ◦ initial angular

orientation of the rotor. The plot (a) represents the motor torque. The ripple

content in the torque is due to ripples in the current, as the torque developed

is directly proportional to the phase current magnitude. For a high-inertia

motor, the ripple in the torque is not a problematic issue since it does not affect

the speed much and thus has very little contribution to vibration and noise.

However, for a low-inertia motor used, especially in position control, ripples in

the torque may be a critical issue to address.

In the last phase of motor control (𝑡 = 5.8 𝑠 to 𝑡 = 10 𝑠 ), the circuit is

opened to isolate the motor from the DC bus and the braking torque is applied

to quickly bring it to rest. This is demonstrated by the exponential decay in

the rotor speed. Moreover, this is the instant when battery charging is initiated

(because SoC reached its lower limit) and continued unless SoC reaches its

maximum limit. In Figure 5.6, the variation in the magnitude of the motor line

currents is demonstrated over time in different phases of speed control. In the

initial starting phase, the line current magnitude is very high because of the
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low speed and high starting torque. The magnitude of the current waveforms

gradually decreases as the motor gains speed due to an increase in BEMF that

opposes the current. Also, it can be figured out that the width of the line current

waveforms also reduces with increasing speed, indicating the synchronisation

of the inverter switching frequency with motor speed. However, when the line

currents at steady state for different motor speeds are relatively compared, then

the magnitude and frequency of the line currents are found to increase with the

increase in speed and vice versa.

Figure 5.6: Motor line currents: a) phase ‘a’ current, b) phase ‘b’ current,
and c) phase ‘c’ current vs time
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5.3 DC-link Voltage Control

Figure 5.7: Voltages across different units: a) SPV array 1, b) SPV array 2,
c) battery, and d) DC bus vs time; e) SoC vs time

Figure 5.7 illustrates the variation in voltages with respect to time across all

major components such as SPV arrays, battery and DC link capacitor in addition

to battery SoC throughout the battery discharging phase (speed control) and

charging phase. In fact, to control the speed, adjustment of the DC bus
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voltage to a desired level is a must when following an armature voltage control

approach. Thus, the figure depicts adjustment of the bus voltage proportional

to the reference speeds indicated by the dashed line in Figure 5.5 (b) during

battery discharge mode and to the standard voltage level of 240 𝑉 during

battery charge mode. This was achieved through a DC link voltage controller.

During discharge mode, from Figure 5.7, it is notable that although battery

voltage (𝑉𝑏𝑎𝑡 ) and SoC declined over time, the controller, as expected, was

able to maintain a fairly constant DC bus voltage level according to the speed

requirement. This verifies the essence of the DC bus voltage controller. Besides,

it should be noted that despite the changes in load conditions, the voltages

across the SPV array units (𝑉𝑝𝑣1 and 𝑉𝑝𝑣2) were held constant. This implies

that the MPP operation is always maintained by the respective MPPT controller

despite variations in battery and load conditions. In addition, the reason for the

large drop in battery voltage in the starting phase was due to the high starting

current drawn by the motor, resulting in a high internal resistive drop (𝐼 𝑅) of

the battery. In fact, the drop is proportional to battery current, which in our

case constituted roughly 80 % of the motor current. Thus, whenever the range

in speed variation is high, the change in battery current is high, resulting in an

overshoot/undershoot in battery voltage roughly proportional to that range.

The waveforms of the voltages in the last phase are associated with the

battery charging mode. Some critical changes are made before switching to

battery charging mode, which include motor disconnection, braking, and a

change in reference DC voltage magnitude. Since the motor got isolated by the

breaker, the current that was being fed by the SPV arrays to the motor diverted

towards the battery to initiate battery charging. Thus, the converters, which

initially were operating in parallel, started to operate in series with the reversal

of current (power flow) in the battery and the bidirectional converter. This

critical condition got reflected in the form of DC bus voltage oscillations that

lasted for a few cycles starting at t = 5.8 𝑠 as shown in Figure 5.7 (d). Although

these oscillations appear apparent, they actually contribute to the oscillation of

the battery terminal voltage to a certain degree, which is not desirable. From

the figure, it is evident that the voltage oscillations across both the DC bus

and the battery during the transient phase were suppressed to a considerable

extent, thereby justifying the appropriateness of the converter and controller

design. The shape of the battery voltage curve is supported by the battery

current curve, which is illustrated in Figure 5.8. The figure also describes the
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Figure 5.8: Current shared by different units: a) SPV array 1, b) SPV array
2, and c) battery vs time

current outputs of the array units and the total DC bus current over time for

the different working phases discussed earlier. The high current requirement

of the motor during the starting phase was met by the battery, which explains

why the starting battery current was high. The peak inrush current of the motor

typically ranges from 2 to 7 times the full load current. Figure 5.8 shows the full

load battery current (at the standard operating condition of SPV arrays) to be

around 44 A and the starting battery current to be around 250 A, which seems

obvious theoretically. However, in practice, to deal with such high currents,

thick conductors are required. This battery current can increase slightly more

during low irradiance conditions or autonomous operation. The overshoots
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in battery currents can be lowered by gradually increasing the load, taking

more time. The other way of reducing high starting current is to gradually

increase the DC-link voltage instead of slamming the full voltage across the

input terminals of the inverter. Regarding the currents of the array units, since

the MPP operation is not affected by changes in load, the current profile remains

fairly flat unless temperature and irradiance vary.
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CHAPTER SIX: CONCLUSION

A model of the solar-powered BLDC motor drive, especially applicable to

low-power electric vehicles, was presented, and its design and control methods

were discussed in detail. The integration of two SPV array units and a battery

bank with appropriately selected and designed DC-DC converters to power the

motor at the required speed was validated. The simulation result justified the

suitability of the proposed design and the accuracy of the control approaches

adopted against the varying source power and load conditions.

The proposed virtual resistance-based P&O MPPT control technique

performed well as expected, resulting in much less oscillation of the operating

point and yielding a very quick and accurate response under dynamic working

conditions. The findings of the in-depth study of the mechanical characteristics

of the BLDC motor drive and the electrical characteristics were used to

appropriately design the voltage and speed controllers, followed by a proper

tuning of the respective PI controller parameters. As a result, remarkable

accuracy and fast response of the speed and voltage controllers were noticed. In

addition, the work featured an improved model of position sensorless electronic

commutation system for the motor to dynamically adapt to the varying speed.

Denying the need for low-pass filters and delay compensation circuits, and

without relying on mathematical steps such as integrations and derivatives,

the model could easily and accurately sense ZCPs of the BEMFs. This was

successfully validated, though slightly increased ripple levels in currents and

torque were observed.

The proposed MPPT model and the speed control model justified the

energy efficiency and smooth operation of the drive under varying working

conditions, such as irradiance and temperature, as well as under variable speed

requirements for the load. The battery charge controller and DC bus voltage

controller ensured safe operation, flexibility, and robustness in the control

system. The sensorless commutation scheme depicted reduced redundancy in

the motor drive system. In this way, the overall contribution of the work lies

in enhancing the energy efficiency and reliability of solar powered BLDC motor

drives.
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Although this research provides valuable insights into improving the

efficiency and performance of the solar-driven EVs, several limitations should

be acknowledged. One of the limitations is the increased torque ripple that

is likely to increase the noise and vibrations in the drive system. The other

challenge is the poor duty cycle of the battery and its slow charging (often taking

several hours to days) due to the low power available from the photovoltaic

arrays. This results in reduced driving range and more charging bills. Also,

the proposed model was evaluated in a simulated environment, which may not

fully represent real-world conditions, since experimental validation is lacking.

This research lays the groundwork for further exploration in minimising

ripple torques observed in sensorless control by different means. The proposed

model could be extended further to harness the traction torques in terms of

regenerative braking that helps to increase the battery duty cycle to some extent.

An additional topology has to be integrated into the existing system to connect

it to the power grid that facilitates in rapid battery charging. The next research

step should focus on the practical implementation of the proposed model

through experimental validation.
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Abstract—This paper presents a multiple inputs single output
(MISO) DC-DC converter-based model of an energy efficient
solar-powered brushless DC motor drive for small commercial
vehicles. Energy efficiency of the system is ensured by extracting
maximum power available from the solar photo-voltaic (SPV)
arrays at different working conditions using a novel Black Widow
Optimization (BWO) based Maximum Power Point Tracking
(MPPT) algorithm. For smooth and reliable operation of the
drive a battery bank is integrated to the system that operates
in parallel with the SPV arrays to establish a constant dc
bus using a bidirectional converter as an interface to the bus.
The effectiveness of the system under varying scenarios of
temperature and irradiance is validated through Simulation
results.

Index Terms—Small Commercial Vehicles (SCVs), Solar pho-
tovoltaic (PV), Black Widow Optimization (BWO), BLDC Motors
(Brushless DC Motors).

I. INTRODUCTION

The extraction and exploitation of non-renewable energy
sources has been increasing exponentially every year with
increase in world population. This has not only led to rapid
depletion of such energy sources but has also resulted in
serious impacts to the environment and the society. It has been
reported that the transportation sector has one of the biggest
carbon footprints contributing significantly to greenhouse gas
emissions and resulting in a number of environmental issues
[1]. It is now high time to lessen its carbon footprints due to
pressing concerns like pollution, global warming, ozone layer
depletion, and the health risks these issues pose [2].

Efforts are being put to transform the transportation sector
from fossil fuel-based technology to clean and green technol-
ogy with the integration of several renewable energy sources.
Government of some countries with expanding automotive
markets have made some promising attempts to address such
issues by promoting more efficient and decarbonized electric
vehicles (EVs) [3]. Especially, the demand of small commer-
cial vehicles has rapidly grown in the recent years, enforcing
the manufacturers to compete for maximizing performance
and minimizing cost. Solar photovoltaic (SPV) system driven
BLDC motor drives can be one of the compelling alternatives
for improving energy efficiency of such vehicles with minimal

emissions [4].
Despite limited literature available on SPV-integrated BLDC

motors, many researchers have shown interest in extending
the application of SPV arrays in SCVs driven by BLDC
motors [5], [6]. This can potentially be the best substitute
for the Induction Motor, the giant in industrial market, which
will indeed reduce the size and weight of the vehicle [7].
However, the implementation of SPV system driven BLDC
motor drive has to face several technical challenges. The
first challenge is the irradiance and temperature dependence
of solar power generation leading to fluctuation of power
generation. In an electric vehicle, conditions such as shading
and non-uniform irradiance on PV panels cannot be ignored
due to several reasons such as vehicle orientation with respect
to sunlight, design constraints, nearby trees and buildings,
cloud coverage, smoke and fog etc. In conventional Single
Input Single Output (SISO) dc-dc converter-based system,
extraction of power from PV units is effective only when
uniform irradiance throughout the panel surface is available.
In such system, solar power generation while even working
at MPPT is significantly reduced by partial shading and mis-
matching of series and parallel connected PV modules. Thus,
if there are frequent changes in working conditions of SPV
array then it will indeed impact the performance of the drive
greatly. The second challenge is the slow convergence and
power oscillations issues of the conventional MPPT control
algorithms such as Perturb and Observe and Incremental
Conductance that prevents the vehicles from achieving a good
steady state and dynamic performance. The third challenge is
the inherent shortcomings of electrolytic capacitor such as its
poor lifespan, low-frequency operation and overweight as most
of the conventional EVs are still found to operate using these
capacitors as a dc link owing to their low cost. Lastly, there still
lies a hassle of sophisticated control of the speed and torque
of the vehicle for meeting the varying load requirements.

As proposed in some literatures [8], [9], Multi Input Single
Output (MISO) dc-dc converter-based systems help in over-
coming the sudden drop in power generation due to non-
uniform irradiance and impedance mismatching of SPV arrays
operating in parallel. Since each array unit will have its



Fig. 1: Schematic configuration of presented system

own MPPT controller, the optimal power extraction from one
array unit is unaffected by the change in operating conditions
(irradiance and temperature) of the other units. Further, the
battery bank working in parallel with SPV arrays can be used
to establish a constant dc bus voltage and supply additional
load current to the motor thereby fulfilling the load speed
and torque requirements. To overcome the limitations of
conventional MPPT control algorithms discussed above, a new
nature inspired meta-heuristic algorithm called Black Widow
Optimization (BWO) proposed in [10] and implemented in
[11] can be used as a better alternative. The algorithm,
being inspired from the unique mating behaviour of black
widow spiders and their lifecycle, is well known for its fast
convergence especially in dynamic conditions. As suggested
in [12], [13], a film capacitor stands as a better substitute for
the conventional electrolytic one despite its higher cost as a
dc link interface. This is because of its superior characteristics
like longer lifespan, wider operating temperature range, lower
losses, better voltage surges and current ripple handling etc.

Based on the challenges and their potential solutions dis-
cussed above, the paper proposes a model of Multi Input
Single Output (MISO) dc-dc converter-based BLDC motor
drive system where two SPV arrays along with a battery
bank, being used as the power sources, feed the BLDC motor
through a common dc bus. One of the key features of proposed
system is the implementation of the BWO based MPPT
algorithm to control the power flow from MISO converters.
A film capacitor is used to establish a dc bus which connects
to the inverter terminals of the BLDC motor drive.

The organization of the paper is as follows. Section II
presents the proposed system architecture and its design ac-
companying the calculations of various parameters to justify

the design requirements. Section III discusses the control
approaches of different components being used in detail such
as MPPT control, battery charge control and speed control of
BLDC motor. Section IV presents the simulation results under
different circumstances that validate the proposal and Section
V contains the conclusion.

II. SYSTEM ARCHITECTURE AND ITS DESIGN

The BWO-MPPT-based SPV-driven BLDC motor integrated
with battery is illustrated in Fig 1. The system comprises
an SPV array powering the BLDC motor through a boost
converter and VSI, while also feeding the battery (during
charging) via a boost converter and a bidirectional converter.
BWO-MPPT generates the switching pulses for the boost
converter. Meanwhile, Hall-sensor-based control strategy gen-
erates the pulses for VSI. The battery charging/discharging is
governed by a Bidirectional Converter (BDC) controller.

TABLE I: PV Array Parameters

Parameter Symbol Value

Open-Circuit Voltage Voc 44.9 V
Short-Circuit Current Isc 8.88 A
Voltage at Maximum Power Vmt 36.9 V
Current at Maximum Power Imt 8.41 A
Temperature Coefficient of Voc ηoct -0.32 %/◦C
Temperature Coefficient of Isc ηsct 0.058 %/◦C

A. Design of SPV Array
Power rating of the SPV array is decided considering rated

power output of the motor and losses that occur in different



Fig. 2: I-V and P-V characteristics

parts of the system such as dc-dc converters, battery and VSI.
For this, 2 SPV array units each with a peak power capacity
Pm(arr) of 1.5 kW extractable at standard test conditions (1000
W/m2 Irradiance; 25 ◦C cell temperature; 1.5 spectrum AM)
is proposed. This is achieved using PV modules belonging
to TATA Power Solar TP250 model with specifications as
shown in Table I. Its I-V and P- V characteristics at different
irradiance as depicted in Fig. 2. The maximum output voltage
of the SPV arrays (Vm(arr)) is chosen based on the magnitude
of constant DC-bus voltage (Vbus) and the topology of the
interfacing converter selected as shown in Fig. 1. Thus, V m

arr1

is set to 91 V.

The maximum current of SPV array Im(arr) can be esti-
mated as:

Imarr1 =
Pm
arr1

V m
arr1

, Imarr2 =
Pm
arr2

V m
arr2

(1)

where Ns and Np represent the number of series connected PV
modules per string and number of such strings connected in
parallel respectively to form the array of desired power rating,
then their values can be approximated as:

Ns1 =
V m
arr1

V m
mod 1

, Ns2 =
V m
arr2

V m
mod 2

Np1 =
Imarr1
Immod 1

, Np2 =
Imarr1
Immod 1

(2)

where Ns1 and Ns2 are the number of series connected
modules for SPV1 and SPV2 respectively. The Np1 and Np2

are the number of parallel connected modules for SPV1 and
SPV2 respectively

Therefore, 2 strings each containing 3 series connected PV
modules are required to form an SPV1 array of desired rating.
Thus, at MPP the total solar power generation will be 3 kW
at 182 V.

Fig. 3: Schematic block diagram of the system

B. Design of Boost Converter
The boost converter output is given as follows [14]:

Vo1 =

(
1

1− d1

)
Vin, Vo2 =

(
1

1− d2

)
Vin (3)

where, Vo1, Vo2and Vin are the output of SPV 1 and 2,and
input voltage of the boost converter respectively and d1 and
d2 are the duty ratio.

To determine the value of the inductor (Ll), duty ratio and
switching frequency (fsw) is required, fsw is taken as 5 kHz
and the duty ratio, which is integral to the design process, is
subsequently determined using (3).

Ll1 =
d1 × Vm(arr)

fsw ×∆IL1
, Ll2 =

d2 × Vm(arr)

fsw ×∆IL2
(4)

Here, ∆IL denotes the ripple in the inductor current, which
is assumed to be 20% of the maximum inductor current (IL =
Ima).

C. Design of BDC and BES
Fig 3 illustrates the bidirectional Buck-Boost converter

circuit, which serves as the interface between the battery
and the VSI. The converter must operate efficiently in buck
and boost mode to ensure precise parameter determination.
Considering this, the value of inductor (Lb) can be calculated
using [14], [15]:

Lb =
d× (Vbus − Vb)

fsw ×∆Ib
(5)

. The common DC-link capacitance will serve as output
capacitance of the converter. To ensure optimal regulation of
power flow and maintain reliable and efficient operation, it
requires a sophisticated control scheme for both charging and
discharging the battery which will be discussed in Section III.

To ensure reliable motor operation when SPV power is
unavailable, Li-ion batteries are the optimal choice due to
their superior energy density, which provides a prolonged
driving range - vital for SCVs. Furthermore, their fast charging
capabilities offer significant benefits to EV users.

D. Selection of TPTL Inverter
The motor is driven by using a TPTL VSI consisting of six

IGBT switches. The overloading of these switches may lead
to inverter failure. Therefore, the capacity of these switches
should be carefully selected to prevent such failure. To ac-
commodate transients likely to occur in the IGBT switches,
as suggested in [15], voltage safety factor of 1.4 and current



Fig. 4: BWO-based flow chart for MPP tracking

safety factor of 1.3 are considered. Therefore, the required
voltage rating (VV SI) and current rating (IV SI ) of each IGBT
switch are calculated as:{

Vvsi = 1.4 ∗ Vbus = 336 V
Ivsi = 1.3 ∗ Ibus = 15.37A

(6)

The VA rating of inverter can be calculated as V Arating
vsi =

Vvsi ∗ Ivsi.
E. Selection of Common DC-Link Capacitor

A film capacitor is used as a DC-link capacitor due to its
various advantages over electrolytic capacitors such as high
current conduction capability, lower ESR (Equivalent series
resistance), and can be operated at high frequency.

In a VSI, the DC link capacitor primarily serves two
functions: 1) It provides a low impedance path for high-
frequency currents, and 2) It stiffens the DC bus by decoupling
the effects of stray inductance between the DC voltage source
and VSI.

To mitigate the safety concerns associated with excessive
capacitance for DC-bus, it’s important to compute the correct
capacitance which can be determined as follows [15].

C =
Vbus

32Ls∆Vbusf2
sw

(7)

where, ∆Vbus is the ripple in the dc-bus voltage.

III. PROPOSED CONTROL APPROACH

The control strategy focuses on optimizing LCV perfor-
mance by integrating solar-powered BLDC motors with a bat-
tery system. It comprises BWO-based MPPT control, charging
and discharging of battery, and speed control of BLDC motor.
All these control strategies are evaluated across different cases
to optimize overall energy management and boost vehicle
performance.

TABLE II: BLDC Motor Parameters

Parameter Value

Number of Phases 3
Number of Poles 8
DC Voltage (Vbus) 240 V
Rated Power (Prated) 2.5 kW
Rated Flux (Φrated) 0.175 Wb
Stator Resistance (Rs) 2.4 Ω

Stator Inductance (Ls) 8.5 mH
Moment of Inertia (J) 0.089 kg·m2

Damping Coefficient (B) 0.001 Nm·s/rad
Sampling Time (Ts) 10 µs

A. MPPT Control Approach
The proposed model integrates the Black Widow Opti-

mization (BWO) algorithm, esteemed for its fast convergence
and superior attainment of optimized fitness values relative
to alternative algorithms [10]. It incorporates a distinctive
phase—cannibalism, which endows it with the capacity to
expunge species with suboptimal fitness from the exploration
domain.

Fig. 4 shows the BWO-based flow chart for MPP tracking.
Initially, crucial parameters are defined such as Population
size (N ), Number of iterations (k), Mutation rate (α), and
Cannibalism rate (β). Then the random duty cycle (d) is
generated:

W = {dk1 , dk2 , dk3 , . . . , dkN}, 0 ⩽ dki ⩽ 0.95 (8)

where, 0 ⩽ dki ⩽ 0.95, The fitness of a widow is determined
by the evaluation of fitness function M:{

Max. M = Vpv(d
k
i )Ipv(d

k
i )

fitness = M{W} = M{dk1 , dk2 , dk3 , . . . , dkN}
, i ∈ [1, N ]

(9)
After random selection of parents assuming d1 and d2, off-
spring dn1 and dn2 are produced using:{

dk1,lm = a · dkl + (1− a) · dkm
dk2,lm = a · dkm + (1− a) · dkl

, 1 ⩽ l,m ⩽ N, l ̸= m

(10)
The optimal duty cycle obtained is then fed into the pulse

generator shown in Fig. 3 to control the boost converter,
ultimately facilitating maximum power extraction from SPV.

B. Charging and Discharging of Battery
In the proposed system, a Proportional-Integral (PI) control

strategy is implemented to manage the battery charging and
discharging processes. The BDC facilitates a flawless power
transfer between the battery and the BLDC motor, efficiently
managing any power deficits and surpluses. Fig 3 illustrates
a sophisticated implementation of the Battery control. The
BDC, equipped with an inductor (Lb) and switch S7 (with
gate pulse G7) and S8 (with gate pulse G8) with anti-parallel
diodes (D1 and D2), regulates the battery charging/discharging
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Fig. 5: System performance under irradiance variations (a) Irr, Vpv , Ipv and Ipv , (b) Irr,Vbus, Vb, and SOC and (c) ω, T, ea
and ia

current (Ib). The I∗b can be calculated as follows:

I∗b =

(
kp +

ki
s

)
(V ∗

bus − Vbus) (11)

When the SPV power generation is not sufficient to run the
motor, the battery discharges and the converter operates in
boost mode with S7 and D1 active; conversely, in surplus
conditions, it operates in buck mode with S8 and D2 active.
The Battery control system regulates the dc-link voltage (Vbus)
at a constant value, with any deviations promptly corrected
by a PI controller, thereby ensuring smooth operation of the
BLDC motor.

C. Speed Control of BLDC Motor

Fig. 1 shows the BLDC motor incorporating Hall effect
sensors that detect the rotor position and provide essential
feedback for precise control of speed and torque via efficient
electronic commutation. The signals from the Hall sensors
determine the switching sequence of the inverter’s power elec-
tronic devices. The actual motor speed is perpetually compared
with the reference speed, and the resultant error is fed into
a proportional-integral (PI) controller which modulates the
PWM pulses (G1 −G6) accordingly, ensuring that the motor
adheres to the desired speed by fine-tuning the voltage applied
to the motor. This adjustment facilitates optimal and seamless
motor performance, even amidst varying load conditions.

IV. SIMULATION RESULTS AND DISCUSSIONS

The proposed system undergoes comprehensive simulation
within the MATLAB environment, where its performance
and behavior are evaluated under two distinct scenarios: (1)
with varying irradiance and (2) with varying temperature.
Furthermore, steady-state performance of the BLDC motor
across various load conditions is examined. The simulation
parameters utilized are detailed in Table I and II.

A. Under Varying Irradiance
Keeping the temperature of the SPV arrays constant, irradi-

ance (Irr) is varied in 4 phases, each with time interval of 0.5
seconds. Fig. 5 shows the impact of varying irradiance on the
performance of the system in terms of different parameters.
In the first phase (from 0.5 to 1 second), irradiance is set
at 200 W/m2 which initiates the charging process of the
battery and is depicted by the gradual increase in its SoC.
In the second phase (from t=1 to t=1.5 second) and the third
phase (1.5 second to 2 seconds), the irradiance is further
increased to 500 W/m2 and 1000 W/m2 respectively which
causes the battery SoC to rise more steadily because of the
increased photovoltaic current (Ipv). In the third phase, (from
2 to 2.5 seconds), SoC further keeps increasing but at lower
rate than earlier, owing to decreased irradiance or current.
The solar power (Ppv) being generated at any stage for the
corresponding volage (Vpv) ensures MPP operation thereby
proving the effectiveness of BWO-MPPT algorithm. The other
key thing to notice is that though the battery voltage (Vb)
keeps increasing as the battery charges with time, the DC bus
voltage (Vbus) is held fairly constant at approximately 240
V. This justifies the effectiveness of the controller associated
with the bidirectional converter and the battery.

B. Under varying Temperature
The effect of temperature variation is also studied in 4

distinct phases each with time interval of 0.5 seconds keeping
irradiance fixed at 700 W/m2 as shown in Fig. 6. In the first
phase (0.5 to 1 second), temperature is set to 25 ◦C and at
each successive phases, the temperature is increased by 5 ◦C.
This leads to a small decrement in solar voltage Vpv and power
(Ppv in each phase however a very negligible impact is seen
over solar current Ipv throughout the temperature variation
steps. Since Ipv is not much affected, the battery continues
to charge at a constant rate described by almost linear SoC
curve. Further, the DC bus voltage is also held constant like
in previous case irrespective of the battery voltage.
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Fig. 6: Performance under temperature variations (a) T, Irr, Vpv and Ipv , (b) T, Vbus, Vb, and SOC and (c) ω, T, ea and ia

The steady state performance of the motor as shown in Fig.
5(c) and Fig. 6(c) clearly validates the linear relationship of
motor back-electromotive force (EMF) (ea) with the motor
angular speed (ω) and that of motor torque (T ) with stator
current (ia). The shape of the motor back-EMF waveform
is roughly trapezoidal as expected and that of stator current
is like a quasi-square wave. Ripples in these waveforms is
clearly visible which is due to commutation of stator current
and depend on the stator resistance and inductances.

V. CONCLUSION

The paper proposes a model of the BWO MPPT based-
solar-powered BLDC motor drive powered by two SPV arrays
interfaced with MISO DC-DC converter and a battery bank
interfaced with a bidirectional DC-DC converter to a common
DC bus. It illustrates the selection and integration of the major
components that form the system followed by their suitable
control techniques that justifies energy efficiency and smooth
operation of the drive under varying working conditions like
irradiance and temperature. This is validated through the
simulation results which ensures the effectiveness of the model
and proves it to be a suitable alternative for driving SCVs. The
next research step will be focused on practical implementation
of the proposed model and its extension for dealing with
dynamic load conditions.
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Abstract
In this paper, an electronic commutation strategy for Permanent Magnet Brushless DC motors without using position sensors
is presented. Harnessing the difference of the line voltages measured across stator terminals, the proposed method precisely
senses the zero-crossing instants of the back-electromotive forces indirectly by detecting their change in polarities with time as
the motor rotates. This information is processed to generate appropriate switching pulses for the inverter switches, which in turn,
facilitates electronic commutation without the need for position sensors. Furthermore, the method used omits the need for the
motor neutral potential and does not involve mathematical steps such as derivatives and integrations. The validity of the method
is examined in MATLAB Simulink where the results verify its accuracy and robustness describing the expected electrical and
mechanical characteristics of the motor. The key contribution of the paper is proposing a less redundant design and improving the
reliability of motor commutation through the replacement of the physical position sensors with virtual ones.

Keywords
Brushless DC (BLDC) motor, sensor-less commutation, back-electromotive force (EMF), zero-crossing point (ZCP), Pulse Width
Modulation (PWM)

1. Introduction

Permanent magnet machines are widely used in applications
such as industrial automation, domestic appliances, robotics,
electric vehicles, aerospace, manufacturing processes, etc
mainly because of their higher reliability and efficiency [1].
These machines are typically superior to conventional
machines that usually contain windings on both rotor and
stator, owing to their compact size, quiet operation and higher
power-to-weight ratio. A BLDC motor is the simplest
permanent magnet machine that replaces rotor windings with
permanent magnets and mechanical commutation with
electronic commutation. The function of the mechanical
commutator and carbon brushes is achieved by using a Pulse
Width Modulated (PWM) inverter and rotor position decoder.
The rotor position decoder first senses the rotor position,
decodes it, and accordingly generates appropriate switching
pulses for the inverter. The electronic commutation thus
achieved allows the rotor speed to synchronize with the
inverter frequency.

Today, many BLDC motors are three-phase trapezoidal EMF-
based equipped with Hall sensors as the rotor position decoder
[2]. In such motors, the circle described by the rotation of
the rotor can be divided into 6 distinct sectors each with an
angular span of 60 electrical degrees. The rotor occupies any
one of these sectors at any time instant. The three Hall sensors,
which are ideally placed 120 electrical degrees apart, generate
electric signals based on the Hall effect, unique to the rotor
angular orientation. These signals are processed to develop
appropriate switching pulses for the inverter via commutation
logic that decides which phases to conduct and their duration

of conduction. This is called electronic commutation. The goal
of commutation is to establish a fairly constant angle close to
90 ° between the stator flux and the rotor flux, forcing the rotor
to rotate continuously and developing maximum torque [3].

The inverter is generally operated either in 180° or 120°
conduction mode. In the 180° conduction mode, each inverter
switch conducts for 180° in one electrical cycle and thus all
three phases are conducting at any time instant whereas, in
120° conduction mode, each switch conducts for 120° which
causes any of the two phases to conduct at any time instant.
Thus, the result is an increase in current continuity [4] and a
higher power delivery [5] in the 180° conduction scheme
compared to the 120° conduction scheme. However, the 120°
conduction mode is still very common in several applications
because the switching losses are relatively lower, and it assures
approximate Maximum Torque per Ampere (MTPA) operation
[6] despite reduced DC bus voltage utilization and
discontinuous current.

There are several challenges and shortcomings associated
with the BLDC motors that are based on position and speed
sensors. Adding such sensors increases the design complexity
and cost of the motor. Most of these sensors are sensitive to
the temperature, vibrations and EMI and can lead to device
failure thereby reducing the reliability of the machine. They
may require frequent maintenance when operated in harsh
environments. Constraints such as the volume and weight of
the machine could be a big challenge for sensor-based motors.
To avoid these challenges and shortcomings, several methods
have been proposed in many works of literature that describe
and validate the operation of BLDC motors without any
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position and speed sensors. These methods can be broadly
categorized as:- back-EMF estimation methods [7, 8, 9],
back-EMF integration methods [3, 10], freewheeling diode
current detection methods [11], and third harmonic voltage
component detection methods [12, 13].

The back-EMF estimation methods depend on detecting
zero-crossing instants of the back-EMF across each phase
harnessing the measured stator phase or line voltages. In [7],
the terminal voltages are measured with respect to a virtual
neutral point and low pass filters have been used to eliminate
the higher-order harmonics. The limitations of this approach
are the oscillation of the neutral point during PWM switching
and delays introduced by the filters which does not make this
approach suitable for a wide speed range. In [8], a method to
estimate back-EMF indirectly without using true neutral or
virtual neutral potential has been proposed. The technique
used in [9] is defining a function to indicate the switching
instants, that depends on measured voltages, currents and the
derivatives of the currents. Though the EMF is sensed without
the need for the true or virtual neutral point, the technique
still relies on the complex computation of derivatives and
could be affected by sensor noise. The back-EMF integration
method used in [3] and [10] is based on integrating the
back-EMF of the open phase. The integration is started right
at the ZCP of the back-EMF and is stopped when the
integration result attains a preset threshold value, which
indicates the commutation instant. The benefit of this method
is that it is less sensitive to noise and offers good performance
at high speeds. The downside is that the method still requires
neutral potential and may result in accumulated error,
especially at low speeds due to the integrating operation.

Free-wheeling diode current detection methods [11] involve
sensing the current in a free-wheeling diode connected across
the open phase which facilitates knowing the rotor position.
The method suits well for wide operating regions. However,
the implementation of this method requires six comparators
each with its own power source to detect the freewheeling
currents. The third harmonic component of the back-EMF is
obtained by adding all three terminal voltages [12, 13].
Integrating this component gives the third harmonic flux
linkage whose zero crossing corresponds to the commutation
instants. The limitation of this approach is that it requires the
neutral point of the stator winding which is normally not
provided by the manufacturer. Besides, the amplitude and
phase of harmonic components could be affected by magnetic
saturation thereby preventing the detection of true zero
crossing instants. Apart from these methods, an Extended
Kalman Filter (EKF)-based estimation method has also been
proposed in [14]. The major challenge in applying the EKF
method is the initialization of the covariance matrices which
indicate uncertainties in measured and estimated parameters.
Poorly initialized values may often lead to divergence and
instability.

This paper proposes a straightforward method to estimate the
rotor position by detecting the ZCPs of the trapezoidal (ideal)
back-EMFs induced across the stator windings, for a
three-phase star-connected permanent magnet BLDC motor.
The method does not require the neutral potential since it
involves measurement of the line voltages instead of the phase
voltages and estimates the back EMFs with respect to the

negative terminal of the DC source. The method is easy to
implement since it does not involve mathematical steps like
derivatives or integrations. Unlike suggested in [15], usage of
low-pass filters is not required since the ripples in the
back-EMF waveforms are mitigated by utilizing PWM switches
(IGBTs) with Snubbers. The filters would otherwise introduce
some considerable delay and therefore would require some
compensation. Moreover, the effect of delays introduced in
sample and hold circuits is compensated while introducing
the 30-degree delay in switching (commutation) instant of a
phase current, being measured from the zero-crossing instant
of the back-EMF of the respective phase.

The paper is organized as follows. Section 2 illustrates the
proposed sensor-less commutation strategy. Section 3
presents the MATLAB Simulink model of the proposed system.
In Section 4, simulation results are presented with their
interpretation to validate the proposal. Finally, conclusions
are drawn regarding the effectiveness and future scope of the
model in Section 5.

2. Proposed Sensor-less Commutation
Method

Figure 1: Schematic of proposed sensor-less commutation of
BLDC motor drive

Schematic of the proposed model is shown in Figure 1. The
BLDC motor being considered has a three-phase
star-connected stator winding with permanent magnets
mounted on the rotor that can generate an ideal trapezoidal
back-EMF. It is driven through a 3-phase inverter (120°
conduction mode operation) in which the switches are
triggered based on the pulses derived from the commutation
logic. In position sensor-equipped motors, the commutation
logic typically receives 3 signals from the Hall sensors that
have encoded rotor position information. However, the
proposed back-EMF zero-crossing estimation method
involves the measurement of terminal line voltages, followed
by the calculation of their differences and detection of their
ZCPs to decode the current sector where the rotor is lying.
This information is used to generate appropriate switching
pulses through the commutation logic for the next sector
where the rotor should be positioned. These switching pulses
decide the switching states of the inverter. The process is
continuous and ensures smooth rotation of the motor without
the need for position sensors. Figure 2 shows the
segmentation of the circular path described by the rotor useful
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in its position detection. Figure 3 shows the ideal back-EMFs
waveforms, current waveforms and switching states based on
the clockwise angular displacement of the rotor.

Figure 2: Segmentation of the circular path described by rotor

Figure 3: Ideal current and back-EMF waveforms

From the equivalent circuit of the stator windings shown in Fig.

1, the stator phase voltage equations can be expressed asvan

vbn

vcn

=
R 0 0

0 R 0
0 0 R

ia

ib

ic

+
L 0 0

0 L 0
0 0 L

 d

d t

ia

ib

ic

+
ean

ebn

ecn

 (1)

where, van , vbn and vcn are the three-phase to neutral
voltages, ia , ib and ic are the stator phase currents, ean , ebn

and ecn are the phase to neutral back-EMFs, R is the stator
phase resistance and L is the phase inductance. Using
equation 1 and subtracting vbn from van , vcn from vbn and
van from vcn gives the following line voltage equations:

vab = van −vbn = R (ia − ib)+L
d (ia − ib)

d t
+ean −ebn (2)

vbc = vbn − vcn = R (ib − ic )+L
d (ib − ic )

d t
+ebn −ecn (3)

vca = vcn − van = R (ic − ia)+L
d (ic − ia)

d t
+ecn −ean (4)

Subtracting equation 3 from equation 2, equation 4 from
equation 3 and equation 2 from equation 4, yields the
following equations:

vabbc = vab − vbc

= R (ia −2ib + ic )+L
d (ia −2ib + ic )

d t
+ean −2ebn +ecn

(5)

vbcca = vbc − vca

= R (ib −2ic + ia)+L
d (ib −2ic + ia)

d t
+ebn −2ecn +ean

(6)

vcaab = vca − vab

= R (ic −2ia + ib)+L
d (ic −2ia + ib)

d t
+ecn −2ean +ebn

(7)

Consider the time interval throughout which the rotor lies
in sector 6. From Figure 3, it can be observed that during
this time interval, ebn = −ecn , ib = −ic and ia = 0 while ean

transitions from a negative value to a positive value crossing
zero. This condition occurs when phase c is connected to the
positive terminal of the DC source, and phase b is connected
to the negative terminal of the DC source while phase a is open.
Thus, when the rotor is in sector 6, equation 7 can be reduced
to equation 8 as

vcaab =−2ean , f or θ ∈ Sector 6 and Sector 3 (8)

The condition described by equation 8 also holds when the
rotor lies in the sector 3. However, during this time interval, ean

transitions from a positive value to a negative value crossing
zero as connections to phases b and c are reversed. Similarly,
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equation 5 can be reduced to 9 when the rotor lies in sectors 1
and 4. Also, equation 6 can be reduced to equation 10 when
the rotor lies in sectors 2 and 5.

vabbc =−2ebn , f or θ ∈ Sector 1 and Sector 4 (9)

vcaab =−2ean , f or θ ∈ Sector 2 and Sector 5 (10)

Figure 4: Line-line voltage difference Vcaab and back-EMF
ean

Therefore, the back-EMF waveform of each phase crosses zero
twice in an electrical cycle. Further, from equations 8 - 10, it
can be concluded that during the commutation intervals, the
line-to-line voltage difference is of the opposite polarity to the
corresponding back-EMF undergoing transitions and is scaled
by a factor of 2. These relations have been validated using the
waveforms of vcaab and ean as presented in Figure 4 and are
applied afterwards to accurately decide the rotor position and
generate appropriate switching signals. Table 1 presents the
future rotor position information in terms of sectors based on
the zero-crossing detection of line-line voltage differences and
the corresponding switching states to be applied after a 30°
electrical interval. The symbols ↑ and ↓ are used to denote the
zero-crossings when a line-line voltage difference transitions
from negative to positive polarity (positive zero-crossing) and
from positive to negative polarity (negative zero-crossing)
respectively.

Table 1: Rotor position estimation and switching states

Zero-crossing
line-line voltage
difference

Next Rotor
Position (after
30° delay)

Switches to turn
on next (after 30°
delay)

vcaab (↓) Sector 1 S+
c ,S−

a
vabbc (↑) Sector 2 S+

b ,S−
a

vbcca (↓) Sector 3 S+
b ,S−

c

vcaab (↑) Sector 4 S+
a ,S−

c
vabbc (↓) Sector 5 S+

a ,S−
b

vbcca (↑) Sector 6 S+
c ,S−

b

3. Simulations

Table 2: BLDC motor specification

Parameters Values
Number of phases 3
Number of poles 2
Rated Voltage 240 V
Rated Speed 1500 r pm
Rated Torque 15.9 N m
Stator Resistance 1.2Ω
Stator Inductance 8.5 mH
Moment of Inertia 0.08 kg m2

Damping Coefficient 0.001 N ms/r ad
Back-EMF constant 1.3468 V s/r ad

A 240 V , 2.5 kW , 1500 r pm BLDC motor is selected for
simulating the proposed model. Other parameters of the
selected motor are mentioned in Table 2. Figure 5 and Figure 6
show the MATLAB Simulink model of the proposed scheme.
The line terminal voltages are measured and their differences
are sampled and fed to the zero-crossing detectors. Each
zero-crossing detector senses the zero-crossing points
(positive and negative) and generates pulses. Each of the six
different zero crossing points is uniquely associated with a
sector that defines the current and next (after 30°) rotor
positions. Based on the next rotor position defined by the
sector selector block and according to Table 1, the pulse
generator generates the required switching pulses. These
switching pulses serve as PWM pulses to drive the inverter.

Figure 5: Simulink model of the overall system

Figure 6: Simulink model of ZCP detector and sector selector
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4. Results

The steady-state electrical and mechanical characteristics of
the motor at full load speed of 1500 r pm (rated conditions)
are studied and validated through simulation results. Under
electrical characteristics, phase/line currents and line-line
voltages are observed whereas under mechanical
characteristics motor torque (τ) and angular speed (ω) are
examined.

Figure 7: Commutation of motor (phase currents and rotor
position)

Figure 7 shows the phase current waveforms of three phases
and rotor positions in terms of sector number at different time
intervals for a total time duration of 0.16 seconds (4 cycles).
The phase currents roughly take the quasi-square wave shape
and are mutually displaced by 120° electrical. The ripple
contents in the current which depend on stator resistance,
inductance and switching frequency, are dominant during the
commutation (or phase switching) instants. The figure shows
that the phases are being switched in a sequence at the
mid-point of every sector, resulting in a successful
commutation. The time gaps corresponding to every sector
are uniform implying a constant rotor speed. At rated speed,
the motor draws an average source current of 11.8 A which is
evident from the flat-topped region of the current waveforms.

Figure 8: Motor line voltages

Figure 8 presents the waveforms of line voltages Vab , Vbc and
Vca , for a total time duration of 0.4 seconds (10 cycles) which
are used in the detection of ZCPs of the back-EMFs. The shape
of the line voltages is roughly trapezoidal as expected with a
peak value of 240 V same as the magnitude of the DC voltage
source used. This is because any two out of three phases keep
conducting together for a duration of 60° electrical. In this
duration, full DC bus voltage appears across those two phases
thus resulting in a flat-topped region in the wave shape for a
60° interval.

Figure 9: Motor torque and speed at steady state

It is evident from from Figure 9 that the motor is being
operated at approximately 1500 r pm (157.08 r ad/s) meeting
the full load (rated) torque requirement of 15.9 N m. The
ripple in the torque is due to ripples in the current since the
torque developed is directly proportional to the phase current
magnitude. For a high inertia motor, the ripple in the torque is
not a problematic issue since it does not affect the speed
much and thus has very little contribution to vibration and
noise. However, for a low inertia motor used especially in
position control, ripples in the torque may be a critical issue
to address. The speed and torque characteristics confirm a
smooth and stable operation which is only possible due to
successful commutation .

5. Conclusion

A position sensor-less commutation strategy is proposed that
relies on the measurement of only line terminal voltages
without the need for stator neutral potential. The method
proposed does not use any low pass filters as the ripples in
back-EMFs and currents are mitigated using inverters that
employ switches with Snubbers. Therefore, the need for
compensating delays in sensing the ZCPs that could have been
introduced due to dedicated low-pass filters is omitted. The
proposal has been validated through simulation in a much
easier way without relying on mathematical steps such as
integrations and derivatives. The results show that the motor
runs smoothly with the position sensors being replaced by
sensor-less commutation strategy depending on zero crossing
detection of line-line voltage differences. Future work will
involve the practical implementation of the proposed scheme
and its applications in dynamic conditions with varying loads.
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