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Abstract 

Wind energy has become the second most common source of renewable energy in the 

world which plays a vital role in the modern power sector. There have been several design and 

implementation constraints when converting and utilizing this energy effectively. These 

constraints and challenges could be resolved by designing a more effective and efficient wind 

energy conversion system (WECS). The most critical section of WECS is the power electronic 

converter (PEC), which has brought a tremendous enhancement to industrial applications. The 

PEC consists of a rectifier and inverter. The conventional inverter reduces the machine’s 

operational lifetime, creates synchronization issues with the grid, and produces low output 

voltage with high total harmonic distortion in their output voltages. Multilevel inverter (MLI) 

is an emerging technology which has brought about a technological revolution in high-power 

and medium-voltage industrial applications by overcoming the drawbacks of a conventional 

inverter. The performance of the MLI is solely dependent on its topology and the controller. 

Cascaded half bridge inverter (CHBI) is one of the most promising topologies among MLIs, 

since it requires the least components during fabrication. However, the CHBI requires a large 

number of isolated dc sources, which restrict it being coupled with a dc-link. As such a 

generalized three-phase CMLI based on conventional inverter is proposed in this thesis, which 

requires four non-isolated series-connected dc-link capacitors and is easily coupled with the 

rectifier. However, the three-phase CMLI suffers from voltage balancing issues across the non-

isolated series-connected dc-link capacitors. Therefore, a space vector pulse width modulation 

(SVPWM) controller is proposed in this thesis, which controls the three-phase CMLI and 

balances the voltages across the dc-link capacitors. In addition, the proposed SVPWM controls 

the rectifier and minimizes the ripples of the dc-link voltage. A complete WECS along with 

rectifier, three-phase CMLI, and SVPWM has been designed and simulated in the MATLAB 

software environment. An experimental setup of the WECS has also been developed to validate 

the simulation results in which a synchronous generator plays the role as a wind generator. 

          The WECS may encounter various faults within the switching devices of the three-phase 

CMLI and the dc-link capacitors, which contribute to the significant loss of revenue. If these 

faults are not monitored and detected in the early stages, they may lead to catastrophic failures 

to the WECS. Since most wind power plants are located in remote areas or offshore, reliable 

condition monitoring, fault diagnosis, and asset management systems need to be developed to 

monitor the condition of the WECS in real-time to ensure system reliability. This thesis 

proposes an algorithm to monitor the condition of the WECS in real-time. The proposed 
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algorithm is designed and simulated in the MATLAB software environment, which is tested 

and validated through the developed WECS hardware. The condition of the WECS could be 

monitored remotely. This thesis proposes an industrial internet of things (IoT) algorithm to 

monitor the condition of the WECS remotely over IoT. An industrial IoT experimental setup 

has been developed to validate the proposed algorithm. 

In summary, this thesis: 

• proposes a new three-phase cascaded multilevel inverter,  

• presents a simplified but yet effective space vector pulse width modulation,  

• suggests two real time algorithms to monitor the condition of switching devices and dc-link 

capacitor over IoT.  

• validating simulation analysis through experimental measurements. 
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Chapter I 

Introduction 

1.1 Background to the study 

With the rapid growth of the world population, energy consumption is increasing day by 

day, demanding increased energy production. To meet the increasing demand for energy 

consumption, there is increased pressure on sourcing fossil fuels (petroleum, coal and natural 

gas, etc.), which have been the dominant energy resources since the industrial revolution [1]. 

However, excessive use of fossil fuels to meet this demand is creating a range of adverse 

environmental effects (skin cancer, global warming, acid rain, air pollution, etc.) [2]. These 

serious environmental outcomes are prompting scientists and engineers to search for alternative 

sources of energy. Renewable energy sources (hydro, wind, solar, biothermal, etc.)  are 

currently the most common alternative energy sources – these are unlimited, cost-effective, 

environment friendly and, unlike fossil fuels, they have no adverse effect on the environment 

[3]. Wind energy has recently become the second most common renewable energy source and 

is attracting considerable in-depth research. In 2019, wind energy contributed 6% of total world 

energy, which has made it the second most dominating renewable energy source in the world 

[4]. However, to keep the production curve on an upward trend and make wind energy a truly 

competitive resource in the global market against fossil fuels, many constraints need to be 

resolved by designing mechanical and electrical subsystems, controllers, and condition 

monitoring for wind energy conversion systems (WECS). Condition monitoring for WECS has 

become an essential aspect of energy industry practice as this helps improve wind farm 

reliability, overall performance and productivity [5]. If not detected and rectified in the early 

stages, some faults can be catastrophic, causing significant loss of revenue along with 

interruptions to businesses that rely on wind energy. The failure of WECS results in system 

downtime and repair or replacement expenses that significantly reduce annual income. Such 

failures call for more systematised operation and maintenance schemes to ensure the reliability 

of WECS. Condition monitoring of WECS plays an important role in reducing maintenance 

and operational costs and increases system reliability. 

1.2 Research problem 

WECS is a complex electromechanical system that consists of several components and 

subsystems such as blades, generator, full-scaled power electronic converter (PEC), and 

controllers [6]. The full-scaled power electronic converter (PEC) consists of two-stage power 

conversions – the AC/DC stage, which converts input ac power to intermittent dc power, and 
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the DC/AC stage, which converts the intermittent dc power to ac output power [7]. The AC/DC 

converter (rectifier) produces low frequency harmonic ripples in the intermittent DC power, 

which is a challenging task to minimise [8]. On the other hand, multilevel inverter (MLI) 

topologies, such as diode clamped inverters (DCLI) [9], capacitor clamped inverters (CCLI) 

[10] and cascaded h-bridge inverters (CHBI) [11], are among the many DC/AC converters 

developed recently which increase output power, deliver to load and improve the qualities of 

output waveforms. However, to produce them-level in the output voltage, 6(m-2) clamping 

diodes, and 3(m-2) clamping capacitors are required for DCLI and CCLI respectively [12], and 

these increase the complexity, cost and size of the WECS. This issue can be resolved by 

adopting a CHBI topology that does not employ any clamping diodes or capacitors. However, 

the main drawback of CHBI is the requirement for several non-isolated dc sources, which 

restricts it from being coupled with a rectifier and increases the management complexity as 

well as overall cost [13].  

In addition, WECS suffer various types of faults during operation, which need to be 

monitored to reduce system downtime. There are several offline condition-monitoring 

techniques mentioned in the literature, such as vibration, temperature, strain, and electrical 

signals to ensure the reliability of WECS [5]. Condition monitoring based on electrical signals 

is one of the most dominating techniques widely applied. The technique has some attractive 

advantages over others, including ease of implementation, cost-effectiveness, non-

intrusiveness, early-stage fault detection abilities, fault location identification, and fault mode 

identification. On the other hand, the condition of the WECS could also be monitored online. 

Online condition monitoring has caused a tremendous revolution in industrial applications, 

where remote users can monitor the condition of industrial devices over the internet of things 

(IoT) [14]. The internet protocols and standards for developing IoT projects are mainly divided 

into three major categories such as wireless local area network (WLAN), wireless personal area 

network (WPAN), and cellular network [15]. The WPAN uses a low rate standard (IEEE 

802.14.4) and WLAN has a limited bandwidth standard (IEEE 802.3). The cellular networks 

which are second-generation (2G), third-generation (3G), fifth-generation (5G), worldwide 

interoperability for microwave (WiMAX), Long-term Evolution (LTE), global system for 

mobile communication (GSM), and general packet radio service (GPRS), have faster data rates, 

wide coverage and appropriate bandwidths, and are becoming the mainstream of industrial IoT. 
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1.3 Summary of research problems 

In summary, the investigated research problems that have not been solved yet in the 

literature include: 

• Conventional AC/DC converter produces low frequency harmonic ripples that 

affects the overall performance of WECS. 

• Conventional CHBI requires several isolated DC sources which restricts it from 

being coupled with a rectifier and increases the management complexity as well 

as overall cost. 

• The WECS may encounter various faults within the switching devices of the 

three-phase CMLI and the dc-link capacitors, which contribute to the significant 

loss of revenue. 

1.4 Research objectives 

The sole objectives of this thesis are outlined below: 

1. Proposing a three-phase cascaded multilevel inverter (CMLI) and a simplified 

space vector pulse width modulation (SVPWM) controller. 

2. Developing a complete WECS hardware prototype. 

3. Proposing a SVPWM-based algorithm and an industrial internet of things (IoT) 

algorithm to monitor the condition of dc-link capacitor and semiconductor 

switching devices in the three-phase CMLI remotely and in real time.  

4. Developing an industrial IoT hardware prototype integrated with the WECS 

hardware to monitor the condition of the system in real time. 

1.5 Motivation for the research 

Wind energy production has increased from 300 GW in 2013 to 597 GW in 2019 [16], 

[17]. According to the World Wind Energy Association, wind energy contributed 6% of the 

total world electricity generation in 2019, which is a significant share of renewable power 

generation worldwide [4]. This makes wind energy the second most common source of 

renewable energy in the world after hydropower and is playing a significant role in the 

revolution in the modern power sector. According to statistics from the world energy agency, 

wind energy contributed 4% of the global energy in 2018, and it forecasts this to be tripled by 

the year 2024 [18]. However, to implement this ambitious forecast, several challenges need to 
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be overcome by designing proper mechanical, electrical, and control systems for WECS, 

especially power electronic converters and controllers [19], [20]. The conventional power 

electronic converters produce ripples in the dc-link voltage, has a low-quality output, and 

suffers from voltage imbalance across the dc-link capacitors [21]. Hence, proposed controllers 

and topology will be designed and developed to resolve these issues. 

Switching devices and power electronic converter’s capacitors are the most fragile 

elements with failure rates of 30% and 21% respectively [22]. In addition, about 20% of the 

malfunctions within WECS are due to failures in the power electronic converters [5]. If such 

faults are not identified and rectified in the early stages, they may result in disastrous 

consequences and a loss of revenue [23]. Hence, the proposed algorithm will be designed and 

developed to monitor the condition of the dc-link capacitors and semiconductor switching 

devices in the three-phase CMLI. Since most wind power plants are located in remote areas or 

offshore, where the environmental conditions are harsher, a reliable online condition-

monitoring technique needs to be developed to investigate the current status of the WECS in 

real-time to ensure system reliability. Online condition monitoring has brought tremendous 

change to industrial applications, where remote users can monitor the condition of industrial 

devices over the internet of things (IoT) [24]. The International Data Corporation shows current 

spending and forecasting on IoT and related projects in the period 2016–2022, will go beyond 

AUD $6 trillion [25]. The details of the IoT techniques have been described in the literature. 

Hence, the proposed industrial IoT algorithm will be designed and implemented to monitor the 

condition of WECS remotely in real-time over the internet. 

1.6 Methodology 

The methodologies employed in this research are described briefly here: 

• Literature review: The author has conducted an extensive review of the literature on 

WECS and condition monitoring. The review papers are totally 292 which are included in the 

reference section. Critical constraints and challenges are highlighted to design and implement 

WECS. The literature review helps in the design of the proposed controllers, topology, and 

algorithms for WECS.  

• Modelling and simulation: The three-phase cascaded multilevel inverter and 

simplified SVPWM have been designed in MATLAB/SIMULINK software environment 

which require insulated gate bipolar transistor (IGBT), capacitors, dc source, induction motor, 

PI controller and embedded coder. The model has been simulated and performances have been 
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investigated. The condition monitoring algorithms have been designed and simulated in the 

MATLAB software environment, while the industrial IoT algorithm has been designed in 

proteus software. The algorithm has been simulated and performances have been investigated. 

• Experimental development: An experimental prototype of WECS has been 

developed, which includes a computer, digital signal processing board, driver circuit, 

synchronous generator, power electronic converter, and motor, etc. Industrial IoT hardware has 

been developed and includes an Arduino board, SIM800 module, global system for mobile 

application (GSM), general packet radio service (GPRS), and an internet-based server.  

1.7 Research contributions  

The main contributions of the thesis given here extend the knowledge of existing 

literature. 

1. Proposed 3-phase cascaded MLI 

The proposed 3-phase cascaded MLI does not require any clamping capacitor or diodes, 

such as the diode clamped inverter (DCLI) [26] or capacitor clamped inverter (CCLI) [27], and 

this decreases the cost and complexity of the implementation. In addition, it does not require 

any DC voltage source, such as a cascaded h-bridge inverter (CHBI) [11], [28], [29], [30]. 

Authors of [31] propose a cascaded multilevel inverter (CMLI) using a two-level configuration. 

However, this CMLI requires two series-connected 3-phase rectifiers, which increase the 

implementation cost, size, and complexity. The proposed 3-phase cascaded MLI has the ability 

to be coupled with a single rectifier through series connected dc-link capacitors. 

2. Proposed SVPWM controller 

The key challenge of the PI-based SVPWM technique for controlling a 3-phase cascaded 

MLI is the large number of triangles exhibiting different numbers of switching vectors, which 

makes the selection of switching vectors quite difficult. The MLI’s performances depend 

significantly on the selection of these switching vectors [32]. The 5-level space vector diagram 

includes 16 triangles in each sector and 125 switching vectors, which increases the complexity 

of its implementation. Moreover, triangles have an unequal number of switching vectors which 

cause a voltage imbalance across dc-link capacitors. Hence, the conventional SVPWM 

controller has been simplified and proposed in this thesis by omitting lower-weighted switching 

vectors. This not only reduces the switching vector’s complexity but also balances the voltages 

across the dc-link capacitors. It is to be noted that omitting such low-level contributed 

switching vectors does not significantly affect the performance of the 3-phase cascaded MLI. 
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3. Proposed condition monitoring algorithm 

The PEC suffers from various types of faults, which interrupt the continuous power flow. 

If these faults are not detected and corrected in the early stages, these faults may lead to 

catastrophic scenarios with a significant negative impact on the power sector. This thesis 

presents an algorithm to facilitate condition monitoring of switching devices in the three-phase 

CMLI and dc-link capacitors. 

4. Industrial IoT algorithm 

Since most wind power plants are in remote areas or offshore, where the environmental 

conditions are harsh, a reliable online condition monitoring and fault diagnosis technique need 

to be developed to monitor the condition of the WECS in real-time to ensure system reliability. 

Online condition monitoring has enabled remote users to monitor the condition of industrial 

devices over the internet of things (IoT) [24]. However, there are several challenges to 

developing industrial IoT projects, such as data encrypt-ability, security, privacy, etc. To 

resolve these challenges, there are more than 123 standards and technologies published in the 

literature on the development of IoT projects [33], which need to be strictly maintained to 

develop IoT projects. The standards of internet protocols are mainly divided into three 

categories – wireless personal area network (WPAN), wireless local area network (WLAN), 

and cellular network protocols [15]. WPAN uses low rate standards (IEEE 802.14.4) and 

WLAN has limited bandwidth standards (IEEE 802.3). Cellular networks such as second-

generation (2G), third-generation (3G), fifth-generation (5G), Long-term Evolution(LTE), 

worldwide interoperability for microwave (WiMAX), general packet radio service (GPRS), 

global system for mobile communication (GSM) have faster data rates, wider coverage, and 

appropriate bandwidth, which is becoming the mainstream for the industrial IoT. The global 

system for mobile communication (GSM) and general packet radio service (GPRS) are 

promising techniques for monitoring the condition of WECS. 

1.8 Original contributions of the thesis 

The original contributions of this thesis are outlined below: 

• New three-phase CMLI with four non-isolated series-connected dc-link capacitors 

• Novel simplified SVPWM controller  

• New SVPWM based algorithm and Industrial IoT algorithm 
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1.9 Thesis outline 

This thesis is divided into five chapters and outlines of the remaining chapters are given 

below: 

• Chapter 2 presents a comprehensive review of the literature on WECS and its condition 

monitoring. The picture of wind energy is highlighted, which describes its current status and 

development.  

• Chapter 3 presents a design for WECS, which proposes three-phase CMLI, and a 

SVPWM controller. The proposed three-phase CMLI, with non-isolated series -connected dc-

link capacitors, inverts the dc-link capacitors ‘voltage to three-phase staircase ac voltage, which 

suffers from voltage balancing issues over the non-isolated capacitors. The proposed SVPWM 

controller controls the three-phase CMLI and balances the dc-link voltage over non-isolated 

capacitors. The WECS has been designed and simulated in the MATLAB software 

environment. An experimental hardware prototype has been developed, which validates the 

simulated results.  

• Chapter 4 proposes and implements an algorithm to monitor the condition of the dc-

link capacitor and switching devices of the three-phase CMLI for WECS. Another industrial 

IoT algorithm is proposed and implemented to monitor the condition of the dc-link capacitor 

and switching devices of the three-phase CMLI for WECS in real-time over the internet. A 

local area network (LAN) view is also presented to monitor the condition of the dc-link 

capacitor and switching devices of the three-phase CMLI for WECS in real-time.  

• Chapter 5 represents the key findings and recommendations for future work and 

challenges.  

Summary 

Power electronic converter topology and its controller play a vital role in wind energy 

conversion systems. This thesis proposes a three-phase CMLI with series-connected dc-link 

capacitor to improve output performance; a simplified SVPWM controller to balance the dc-

link voltages; an condition monitoring algorithm and an industrial IoT algorithm to monitor 

the condition of the switching devices and dc-link capacitors. An entire overview of the thesis 

is given in Fig. 1. 
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Fig. 1. Flow chart of the stages in this thesis. 
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Chapter II 

Review of Multilevel Power Electronic Converter Topologies and Condition Monitoring 

Technique for Wind Energy Conversion System 

2.1 Introduction 

With the rapid growth of the world population, energy consumption is increasing 

day by day, demanding increased energy production. To meet this demand, pressure is 

increasing on fossil fuels such as petroleum, coal, oil shale, and natural gas, which have 

been the dominant sources of energy since the industrial revolution [1]. The excessive 

use of fossil fuels causes a range of adverse effects on the world environment, such as 

skin cancer, global warming, acid rain, and air pollution [2]. These serious environmental 

outcomes are prompting scientists and engineers to search for alternate sources of energy. 

Renewables, such as hydro, wind, solar, and biothermal energy, are infinite, cost-

effective, and environmentally safe [3]. Renewable energy production is increasing 

worldwide, and Fig. 2-1 indicates this growth as a global total in recent years [16], [17], 

[4]. The current percentage of renewable energy compared to World Energy is 17%, 

while it was 14.5% in 2013. With the increase of renewable energy production, wind 

energy production is also showing an upward curve (Fig. 2-1).  

 
Fig. 2-1. World total energy, renewable energy and wind energy production (GW/annum) 

Wind energy production is currently 597 GW, up from 300 GW in 2013. According 

to the note of World Wind Energy Association, wind energy contributes 6% of total 

world electricity generation in 2019, which is a significant share of total renewable power 

generation [4]. This significant share in the global market makes wind energy the second 
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most common source of renewable energy after hydro energy, causing a revolution in the 

modern power sector. 

Figure 2-2 presents a snapshot comparing the contribution of renewable energies, 

such as hydro, wind, solar, biothermal, and others. According to Australian government 

energy statistics, renewable energy generation in 2018 is 21% of total energy production 

as shown in Fig. 2-3, up from 17.3% in 2016 [34]. Fig. 2-4 shows the contribution of all 

renewable sources in Australian renewable power generation, where it was indicated that 

wind energy contributes as the second dominating renewable source in Australia as well 

[34]. 

 

Fig. 2-2. World renewable energy production 

 

Fig. 2-3. Australian energy production 

 

Fig. 2-4. Australian renewable energy production. 
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According to statistics from the world energy agency 2018, wind energy 

contributes 4% of total world energy, and it forecasts that this percentage will be tripled 

by 2024 [18]. However, before wind energy as a resource can be a serious competitor for 

fossil fuels, many constraints need to be resolved including improved designs for the 

mechanical and electrical subsystems for WECSs (WECS) [19].   

2.2 Wind Energy Conversion System  

A wind energy conversion system (WECS) is a complex electromechanical system 

that consists of several components and subsystems. The major components include the 

blade, generator, power electronic converter and controllers as shown in Fig. 2-5. 

 

Fig. 2-5. Block diagram of a WECS. 

According to literature in the field of aerodynamics, wind power depends on rotor 

diameter and wind speed in cubic metres, which is why the size of commercial wind 

turbines during the last couple of years have increased. These large turbines require less 

installation and maintenance costs [20]. Various combinations of power converters and 

generators with different control techniques have been developed to obtain the desired 

full variable operation of WECSs (WECS) [5], [24] which increase conversion 

efficiency, decrease mechanical stresses on the wind turbines, and improve power quality 

of electrical grid [35].  

Various types of generators, such as wound rotor induction generators, squirrel-

cage induction generators, and synchronous generators can be employed in a WECS [36]. 

A wind turbine system that uses the wound rotor induction generator (also known as 

doubly-fed induction generators (DFIG)) requires a coupling transformer, which 

increases the complexity and cost of the system [37]. The squirrel-cage induction 

generator runs at a fixed speed, and variable wind speeds may cause faults for this type. 

An adaptive control scheme is presented in [38] to ensure the reliable operation of the 

permanent magnet synchronous generator under different operating conditions. This type 
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of generator is interfaced with the grid through a full-scale power electronic converter 

(PEC) [39]. 

The full-scaled power electronic converter (PEC) is given much attention in this 

thesis due to its flexibility and faster response, which facilitate the integration of various 

sources of renewable energy and improve power system reliability [40]. Various PEC 

topologies have been suggested to suit several applications, such as battery energy 

storage [41], [42], [43], photovoltaic [44], [45], electric vehicle [46], [47], and power 

conditioning [48]. 

The PEC consists of two-stage power conversions – an AC/DC stage, which 

converts input ac power to intermittent dc power, and a DC/AC stage which converts the 

intermittent dc power to ac output power. The AC/DC converter (rectifier) produces low-

frequency harmonic ripples in the intermittent dc power, which presents quite a challenge 

to minimize [8]. Using a bulky electrolytic capacitor to suppress such ripples restricts the 

efficiency and power density of the converter. Authors [49] present a controller to 

eliminate such voltage ripples. However, the AC/DC converter exhibits poor dynamic 

performances due to the low bandwidth of the controller during ripple suppression. 

Authors [50] propose an optimised design for PEC with extended controller bandwidth. 

In addition, a new discrete function minimization technique has been presented to avoid 

the current distortion, maintain near unity power factor operation and achieve better 

dynamic response [51]. A pulse width modulation controller has been presented to 

suppress the ripples of the output voltage of a buck single-stage bidirectional AC/DC 

converter [52]. In this technique, minimum commutations have been maintained to 

guarantee the closeness of the three voltage levels to the output reference voltage, hence 

minimizing the output voltage ripples.  

On the other hand, the controllers have brought a revolution in the field of medium-

voltage and high-power multilevel inverters (MLI), which is one of the new trends in 

DC/AC converters. The MLIs have several advantages over conventional inverters that 

include less stress on switching devices, less harmonic distortion, more utilisation of the 

dc-link capacitor’s voltage, and better power quality [53].  

2.3 Multilevel Inverter   

The main concept of the MLI is the generation of a desired sinusoidal (staircase) 

output voltage waveform by producing several output voltages levels from input dc 

sources as shown in Fig. 2-6. Inverter which is called n-level inverters, produces n-level 
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output voltage waveforms with respect to the dc source negative terminal (Fig. 2-6). In 

order to increase the number of levels in the waveform of the output voltage, the required 

MLI’s structure must be optimised [54], [55], [28]. Several multilevel inverter (MLI) 

topologies have been proposed in the literature, which is classified as depicted in Fig. 2-

7. 

 

Fig. 2-6. Staircase waveform of an n-level inverter. 

 

Fig. 2-7. Classification of MLI topologies. 
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According to the literature, AC power is converted through direct and indirect 

conversion [56]. For direct conversion, the converter, such as cycloconverter or matrix 

converter, is directly connected between the supply and the load [57], [58], [59]. This 

form of conversion is not beneficial to high-power industrial applications due to its poor 

dynamic performance. Indirect power conversion is done through energy storage devices, 

such as a voltage source converter (VSC) or current source inverter (CSI), which results 

in better dynamic performance when compared to the direct conversion method. Current 

source inverters, such as load commutated CSI and self-commutated CSI, suffer from 

low power factor and distorted input current, which are avoided by the VSC [60]. VSCs 

are divided into two categories: conventional 2-level and multilevel converters. 

It has been reported that the 2-level VSC comprises drawbacks, such as reducing 

the driven machine’s operational life and creating synchronisation issues with the grid 

[61], [62]. Moreover, the 2-level VSC produces low peak-peak output voltage and high 

total harmonic distortion (THD), while exhibiting high switching losses [63]. To reduce 

harmonic distortion, a bulky filter must be connected to the output terminals of the 2-

level VSC, which increases the cost as well as the size of the converter. Hence, a 

multilevel VSC has been developed as a solution to produce a high-voltage level 

waveform, high output power, and low THD. 

The key challenge associated with most traditional MLIs, such as multilevel matrix 

converters, transformer-based converters or transformer-less converters, is the 

requirement of a huge number of semiconductor devices and related components, which 

increases the complexity of the circuit and reduces its reliability when compared to the 

2LI [29], [64], [13], [30]. This has motivated researchers to develop new inverter 

structures, such as the reduced switching multilevel inverter [65], forward converter 

cascaded transformer [66], transformer-based cascaded multilevel inverter [67], stacked 

inverter with cascaded transformer [68], three-phase cascaded transformer [69], neutral 

point clamped inverter (NPCLI) [70], flying capacitor clamped inverter (FCCLI) [71], 

cascaded multilevel inverter (CMLI) [72] and hybrid multilevel inverter (HMLI) [73]. 

These multilevel inverter topologies are presented in subsection 2.4. There are several 

modulation techniques recently developed to control the performance of MLIs [74].  

Some of the modulation techniques are described in subsection 2.5.  
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2.4 Multilevel Inverter Topologies 

The topologies of a multilevel voltage source inverter are mainly classified into 

three categories: transformer-less MLIs, transformer-based MLIs and matrix MLIs. In 

addition to these three types, there have been a few other MLI topologies recently 

developed based on modifying the infrastructure of these basic three topologies. The 

main topologies are presented below along with recent trends and advancements. 

2.4.1. Transformer-less Multilevel Inverter 

Transformer-less multilevel inverter topologies can be sorted into four categories 

including neutral point clamped inverter (NPCLI), cascaded multilevel inverter (CMLI), 

flying capacitor clamped multilevel inverter (FCMLI), and hybrid multilevel inverter 

(HMLI). 

2.4.1.1. Neutral Point Clamped Inverter   

The neutral point clamped inverter (NPCLI) has been initially developed as a 3-

level topology in 1981 as shown in Fig. 2-8(a) [75]. This topology has been rapidly 

advanced and developed for high-power applications. An m-level 3-phase NPCLI 

typically consists of 6(m-1) number of semiconductors switching devices, 6(m-2) 

number of clamping diodes, and (m-1) series-connected dc-bus capacitors.  

 

(a) 

 

(b) 

 

(c) 

Fig. 2-8. (a) 3-level NPCLI (b) Asymmetrical NPCLI (c) 3-phase 4-wire NPCLI. 

The qualities of the output voltage waveforms are improved with the increase of 

the number of levels which enrich the voltage waveform to be closest to an ideal 

sinusoidal voltage waveform. In the NPCLI topology shown in Fig. 2-8(a), the voltage 

across the dc bus is shared equally through the series-connected dc-link capacitors, C1 

and C2. The zero-level output voltage of the NPCLI is generated when switches S3 and 

S4 are in on mode, while switches S1 and S2 are in the opposite condition. A voltage level 
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(Vdc/2) is generated when S2 and S3 are operating in toggle mode with S1 and S4. On the 

other hand, the full dc-link voltage (Vdc) is obtained when switches S1 and S2 are in ON 

mode, while switches S3 and S4 are in OFF. The key components of the 3-level NPCLI 

are the clamping diodes D1 and D2, which distinguish the NPCLI from the conventional 

2-level inverter. These two clamping diodes clamp the full switching voltage by sharing 

the dc-bus voltage equally. When both switches S1 and S2 are in ON mode, switch S3 

blocks the dc-bus voltage across C1, and S4 blocks the dc-bus voltage across C2. 

An asymmetrical NPCLI with two dc input sources as shown in Fig. 2-8(b) was 

then proposed in the literature [76]. This structure allows bidirectional electrical power 

flow and facilitates the active and reactive power management between dc and ac ports. 

A three-phase four-wire NPCLI as shown in Fig. 2-8(c) is proposed to handle 

symmetrical/asymmetrical load to improve the transformation efficiency and to balance 

the neutral point voltage [77]. The main drawback of the NPCLI is the requirement of a 

huge number of clamping diodes, which makes the NPCLI very complex and bulky to 

implement and control [78], [79]. 

2.4.1.2. Flying Capacitor Clamped Multilevel Inverter 

The flying capacitor clamped multilevel inverter (FCMLI) has recently been 

developed as an alternative topology to the DCLI, where clamping diodes are normally 

replaced with clamping capacitors [80], [81] as shown in Fig. 2-9(a) [82], [83].  

 

 

(a) 

 

(b) 

 

(c) 

Fig. 2-9. (a) 3-level FCMLI (b) Simplified capacitor clamped inverter (c) 7-level FCMLI. 

The structure of the topology appears almost the same as the NPCLI, but the 

inverter utilizes dc side capacitors in the shape of a ladder instead of the clamping form 

of diodes. Phase redundancies have been created by balancing the voltage levels across 

the clamping capacitors. Voltage synthesis of the FCMLI is more reliable than in the 
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NPCLI, while the voltage increment between two adjacent legs of capacitor, estimates 

the sizing step of the voltage. The FCMLI requires 3(m-2) clamping capacitors in order 

to produce the output voltage waveform of m-levels. This represents half of the required 

clamping devices in the NPCLI topology. The inverter still requires the same number of 

switching devices as in the NPCLI, but only two dc-bus capacitors. 

Similar to the NPCLI and as shown in Table 1, the zero levels in the output voltage 

of the inverter is generated when the two switches S3 and S4 are in ON mode, while 

switches S1 and S2 are turned to OFF. A voltage level of Vdc/2 is generated when S2 and 

S3 are operating in toggle mode with switches S1 and S4. The full dc-link voltage (Vdc) is 

obtained when switches S1 and S2 are in ON mode, while switches S3 and S4 are in OFF 

mode. 

A five-level FCMLI is presented based on a bridge modular switched capacitor 

topology, shown in Fig. 2-9(b) [71]. This topology features reduced semiconductor 

switching losses and fewer components compared to the topology shown in Fig. 2-9(a). 

A seven-level FCMLI is presented for medium-voltage high-power industrial 

applications as shown in Fig. 2-9(c). This structure has less active switches and 

components, and low control circuit complexity [84]. 

Although the complexity of the FCMLI, due to the clamping devices, is reduced 

compared to the NPCLI, the control technique for all clamping capacitor inverters is 

complicated. This topology suffers from generating the same voltage levels for all 

clamping capacitors. 

2.4.1.3 Cascaded Multilevel Inverter 

Baker and Bannister propose a cascaded multilevel inverter (CMLI), known later 

as a cascaded h-bridge inverter (CHBI) as depicted in Fig. 2-10(a) [85], [86]. This 

topology is simple and free of any clamping diode or capacitor. The several single h-

bridges are connected in series, which facilitates its modular structure. In such a topology, 

there is no voltage balancing issue and high output voltage and power can be achieved 

with reduced harmonic content by applying the same modulation technique for all h-

bridge cells. The output voltage could be calculated by summing up the voltages 

produced by each cell. 

One of the benefits of the topology is that it needs fewer components compared to 

the above two MLI topologies. A self-balanced cascaded h-bridge with binary ratio is 

presented using a single dc source per phase as shown in Fig. 2-10(b) [87]. Several 

identical hybrid inverter modules are cascaded to develop a single-phase, m-level grid -
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tied inverter [88] as shown in Fig. 2-10(c). This topology needs a small filter to eliminate 

voltage and current ripples. 

 

(a) 

 

(b) 

 

(c) 

Fig. 2-10. (a) CHBI (b) Cascaded T-type inverter (c) H-bridge cascaded MI. 

2.4.1.4. Hybrid Multilevel Inverter 

The hybrid multilevel inverter is normally developed by modifying the topologies 

mentioned above. There have been several hybrid structures recently presented in the 

literature, such as the hybrid clamped inverter and the hybrid switch capacitor h-bridge 

inverter. The hybrid clamped inverter shown in Fig. 2-11(a) combines the features of the 

flying capacitor inverter and the neutral point clamped inverter [89]. 

This topology has been constructed in such a process so that it can balance the 

voltage across each level for standard power industry applications as well as high-power 

industry applications. The hybrid switch capacitor h-bridge (SC-HB) inverter consists 

combining of the traditional series capacitor inverter and the modified switched-capacitor 

inverter systems as shown in Fig. 2-11(b). This topology reduces the required number of 

semiconductor switches and isolated dc voltage sources, and hence reduces the system’s 

size and cost compared to the conventional topology [90]. Moreover, the hybrid SC-HB 

inverter can produce the input voltage as a double without using any transformer and it 

eliminates the need for any complicated method to balance capacitor voltage. A 

quadrupled hybrid neutral point clamped (Q-HNPC) converter as shown in Fig. 2-11(c) 
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is proposed which increases the number of levels in the output voltage waveform without 

significantly increasing the number of active components [91]. 

 

(a) 

 

(b) 

 

(c) 

Fig. 2-11. (a) Hybrid clamped inverter (b) Hybrid SC-HB inverter (c) Q-HNPC. 

There are other topologies presented in the literature [92], [11]. The common 

complexity of MLI is due to the large number of semiconductors switching devices, 

which increases the system’s cost and size, complicate the control system, and increase 

the fault probability. Much research effort has been invested and published in the 

literature to overcome these issues. For instance, a new cascaded h-bridge inverter with 

only two switching devices and two freewheeling diodes was proposed in [93]. Bulkiness 

is another major problem of the multilevel inverter due to the use of input phase-shifting 

transformers [11]. In this regard, a high-frequency cascaded h-bridge inverter with 

galvanic isolation is presented which reduces the size and weight of the inverter [94]. 

However, this topology raises the problem of using a large number of switching devices 

again. The voltage balancing problems are solved using two bidirectional buck-boost 

DC–DC converter stages for a 5-level diode-clamped multilevel inverter [95], which 

increases the complexity including additional semiconductor switching devices, sensors, 

inductors, and controllers.
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2.4.2. Transformer-Based Multilevel Inverter 

Transformer-based multilevel inverters are presented to reduce the required 

number of isolated dc sources for the multilevel inverters. A reduced number of switches 

cascaded transformer-based 3-level MLI is presented as shown in Fig. 2-12(a) [65], 

which does not require any h-bridge.  

 

(a) 

 

(b) 

 

(c) 

Fig. 2-12. (a) RS multilevel inverter (b) FCCT (c) Transformer-based cascaded MI. 

This MLI can generate 5-levels by setting equal ratio turns for the two transformers 

and this can be modified and implemented for a higher number of levels. 

A 15-level cascaded inverter in asymmetrical structure, using only one dc source, 

is called a forward converter cascaded transformer (FCCT) as shown in Fig. 2-12(b) is 

presented in [66]. This inverter consists of a forward buck converter, an h-bridge , and a 

cascaded transformer along with a primary winding.   

The buck converter is made using a transformer with isolation, which consists of 

one primary winding, one tertiary winding connected to a diode, and one secondary 

winding. However, this topology of a buck converter is not well-suited for high-power 

industrial applications because of having a large number of passive elements and a multi-
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winding transformer. Moreover, the topology has the latest compensator, which has to 

be modelled and optimised to stabilise the waveform of the output voltage for several 

forward converters. A technique is developed to implement balanced power distribution 

by applying a new asymmetric ratio 6:7:8:9 between the transformer stages as shown in 

Fig. 2-12(c) [67]. The technique minimizes the deviation error and provides balanced 

power distribution. 

2.4.3. Multilevel Matrix Converter 

The Multilevel Matrix Converter is an emerging power conversion topology 

suitable for high-voltage medium-power industrial drive applications. The topology is 

constructed from direct/indirect multilevel conversion structures, such as a neutral point 

clamped inverter and an h-bridge inverter. This converter can produce multiple levelled 

output voltage waveforms and can achieve high volumes of active power transfer at unity 

input power factor operation [96]. However, these advantages call for a large number of 

semiconductors switching devices, which increase the cost as well as complexity for 

implementation.  

2.4.4 Summary of the Multilevel Inverter Topologies 

Transformer-based multilevel inverters must require a transformer, which makes 

the multilevel structure bulky and difficult to implement. The transformer-less multilevel 

inverters are free from any bulky transformer. Despite the attractive advantages of the 

capacitor clamped topologies, such as reduced voltage stresses on the semiconductor 

devices and capacitors, and the possibility of high-voltage operation with low switching 

frequency, these topologies have not been popular recently, mainly because they require 

a large number of capacitors [97], [98]. The diode-clamped inverter has been extended 

to a higher number of voltage levels, such as four [99], five [100], and more [101]. 

Although these topologies have higher voltage and power ratings along with reduced 

switching frequency, these features are not enough to attract industrial applications due 

to the large number of clamping diodes required to block the capacitor voltage along with 

the voltage balancing issues across these capacitors. The cascaded multilevel inverters 

have recently become more promising and could be applied in the case of WECS. A 

summary of the latest topologies proposed in recent literature with their advantages and 

limitations is given in Table 2-1. 
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Table 2-1. A summary of recent topologies. 

Topologies References Advantages and Applications Limitations 

MLDCL-

MLI 

[71] 

 

✓ Simple developed structure  

✓ Capacitor voltage auto-

balancing 

Requires a high number of isolated 

DC voltage sources 

 

T-type MLI [72] 

 

✓ Simple developed structure 

✓ Reduction of FPGA chip-source 

utilization 

Difficult to share equal load 

among the symmetric sources 

SSPS-MLI [73] ✓ Equal load distribution is 

possible 

✓ Power quality improvement for 

induction motor drive 

Difficult to employ trinary 

configuration 

SCSS-MLI [74] 

 

✓ Simple developed structure 

✓ Reduced switching losses 

✓ Symmetric configuration is 

mandatory 

✓ Equal load distribution abilities 

are not available 

CBSC-MLI  [75] 

 

✓ Non-isolated DC sources are 

required 

✓ Wide range variable frequency 

ac drive 

✓ Equal load distribution abilities 

are not available 

✓ Switches require different rated 

voltage  

PUC 

Topology 

[76], [77] 

 

✓ Simple developed structure 

✓ Efficient for various dc/ac 

power systems, e.g., 

renewable energy, micro-

grids, electrical vehicles, etc. 

✓ Complicated control algorithm  

✓ Needs isolated dc sources  

MLM-MLI [78] 

 

✓ Requires non-isolated DC 

voltage sources 

✓ Simple developed structure 

✓ Requires both unidirectional and 

bidirectional semiconductor 

switches 

TCHB [79] 

 

✓ Produces a boost output voltage 

✓ Reduced size of the DC-link 

✓ Complicated Voltage balancing 

across capacitors for a high 

number of levels 

RV 

Topology 

[80], 

[102] 

✓ Requires non-isolated DC 

voltage sources 

✓ Single DC-link voltage feeds all 

three-phase voltages 

✓ Equal load distribution abilities 

are unavailable 

✓ Asymmetric source 

configurations are difficult 
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2SELG-

MLI 

[82] 

 

✓ Requires non-isolated DC 

voltage sources 

✓ Power smoother for wind power 

system 

✓ Equal load distribution abilities 

are not available 

MLDCL [83] 

 

✓ Simple developed structure 

✓ Reduced number of 

semiconductor switches and 

gate driver modules 

✓ THD is relatively high 

✓ Requires higher numbers of 

isolated DC voltage sources 

BSC MLI [84] ✓ Small in size 

✓ Reduced number of switching 

devices  

✓ It can control the load currents 

effectively  

✓ Equal load distribution abilities 

are not available 

✓ Asymmetric sources 

configurations are not 

available 

MCMLI [85] Reduced number of components ✓ Employs large number of 

clamping diodes 

CHB with 

MS MLI 

[86] 

 

✓ Simple developed structure 

✓ It minimizes harmonics of motor 

current 

✓ THD is relatively high 

✓ High switching frequency cannot 

be employed 

Modified 

PUC 

[87] 

 

✓ Improved total blocking voltage, 

switch ratings 

✓ Needs large number of shielded 

dc voltage sources 

New 5L 

MLI 

[88] 

 

✓ Reduced switching count, and 

hence low switching losses and 

THD 

✓ It maximizes power flow to the 

grid 

✓ Requires a large number of 

diodes and capacitors for 

clamping 

✓ Difficult voltage balancing for a 

high number of levels 

RSC-SMLI [89] ✓ Reduced switching count and 

gate drivers 

Requires a huge number of dc 

sources 

SC13LI [103] ✓ Requires single dc source 

✓ 13-level output voltage 

✓ Gain is 6 

✓ Self-voltage balancing ability 

Produce single phase output only 

Low dc power input 

BCMLI [104] Size and cost of the system is 

reduced greatly by keeping 15-

level output, galvanic isolation 

It requires dual rectifier and 

transformer which make the 

system bulky. 

HNLI [105] Increases the peak phase 

fundamental voltage 

Requires higher number of 

switching devices 
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2.5 Multilevel Modulation Controller  

The main purpose of the modulation controllers in MLIs is to synthesize the desired 

waveform of output voltage as closest as possible to an ideal sinusoidal voltage 

waveform. A number of pulse width modulation (PWM) controllers have been developed 

in the last three decades for industrial applications [106]. These have several advantages, 

such as the quality of the output waveforms, system losses, and efficiencies, which have 

been greatly affected by these modulation controllers [107]. A brief classification of 

multilevel modulation controllers is given in Fig. 2-13. These modulation controllers are 

reviewed below. 

 

Fig. 2-13. Classification of multilevel modulation controllers. 

 2.5.1. Sine Pulse Width Modulation 

Sine pulse width modulation (SPWM) is the simplest PWM controller, which bears 

attractive features in industrial applications. The basic principle of the SPWM is to 

compare a low-frequency sinusoidal wave with a high-frequency rectangular wave to 

produce control pulses [108]. The control signal diagram is shown in Fig. 2-14(a). 

When the instantaneous value of the sinusoidal waveform is larger when compared 

to the instantaneous value of the triangular waveform, the generated control pulse signal 

is of a high level (1). Otherwise, it turns into a low level (0) as shown in Fig. 2-14(b). 

The ratio of the sinusoidal waveform amplitude and the carrier waveform amplitude is 

called the modulation index, which is applied to control the magnitude of the inverter 

output voltage waveform. 

Despite many attractive features, the SPWM does have a few limitations which 

restrict the wide application of this controller in industry [109]. An SPWM attenuates the 

fundamental frequency component, which increases the THD. THD could be reduced by 

increasing the switching frequency, but this will be on the account of increasing the 

switching losses. Moreover, this controller is only applicable to a conventional two-level 

inverter. The modified concept of the SPWM is the multi-carrier SPWM, which 

overcomes some drawbacks of the conventional SPWM, such as reducing the harmonic 
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distortion in the output waveforms, functioning at low frequencies, increasing the dc-bus 

voltage utilisation and reducing the stresses on switching devices [110].  

Sine Wave Carrier1

PWM 1

Time (S)

Amplitude (V)

PWM 2

PWM 3
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Fig. 2-14. (a) Block diagram of SPWM control pulse generation (b) Control pulse generation 

of SPWM (c) Block diagram of multi-carrier SPWM control pulse generation (b) Control pulse 

generation of multi-carrier SPWM. 

 The basic principle of the multi-carrier SPWM is the utilisation of several 

triangular carrier signals of either different amplitudes or phases, which are then 
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compared with only one sinusoidal waveform to generate the control pulses. For an m-

level inverter to generate the control pulses, (m-1) triangular carrier waveforms are 

required, where m is defined as the level numbers in the output voltage. Each carrier is 

operated at the symmetrical frequency and peak-to-peak magnitude. The control signal 

diagram is shown in Fig. 2-14(c) and the generated control pulse signals are shown in 

Fig. 2-14(d). A modified concept of the SPWM by injecting third harmonic component 

into the sinusoidal waveform is proposed in [111]. The third harmonic voltage is not 

presented in the waveform of the output voltage, which is the key benefit of this 

controller. On the other hand, the critical limitation of the modified modulation controller 

is that does not have any well-established procedure to determine how much a third 

harmonic component should be added to the SPWM. 

Another modified concept of the SPWM has the ability to shift the first significant 

harmonic content back. The frequency of the harmonic content is twice the switching 

frequency, which reduces the THD more than the conventional SPWM proposed in [112]. 

However, this controller produces high switching frequency stresses on the 

semiconductor switching devices and the harmonic distortion remains high on the input 

side. 

2.5.2. Selective Harmonic Elimination Pulse Width Modulation 

Selective harmonic elimination (SHE) is a modulation controller that can determine 

the correct switching angles to control power electronic converters [113]. This controller 

is a non-carrier based PWM in which the switching angles are determined from a pre-

offline calculation. This controller eliminates up to (m-1) number of low order harmonic 

contents from the waveform of output voltage, which minimizes the THD. The 

eliminated low order harmonic contents remain constant if all switching angles are not 

equal to or greater than 90. However, if this condition is not fulfilled and the switching 

angles become more than 90, this controller will be unfitted for practical applications. 

In [114], a new selective harmonic elimination pulse width modulation controller is 

proposed for a transformer-less static synchronous compensator system by employing a 

cascaded h-bridge inverter. This proposed controller produces low harmonic contents in 

the output voltage with optimised switching angles that do not affect the main structure 

of the inverter. The main difficulty of this controller lies in the optimisation of the 

switching angles, which complicates its practical implementation. 
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2.5.3. Space Vector Pulse Width Modulation 

Recently, space vector pulse width modulation (SVPWM) has brought 

considerable advancement to the variable frequencies drive applications due to its 

superior performance [115]. SVPWM provides the lowest amount of harmonic ripples in 

the output waveforms when compared to other modulation controllers and is well suited 

for hardware implementation [106]. The utilisation of DC-bus voltage is increased by 

15.5% when SVPWM is employed. 

A new SVPWM for a 3-level inverter that reduces the execution time significantly 

is proposed in [116]. The three-level SVPWM diagram is categorised into six (6) two 

level SVPWM diagrams. A new general space vector PWM for cascaded h-bridge 

inverters based on a generalisation of dwell-time calculation is proposed in [117]. A dead 

band hysteresis is also introduced to eliminate level jumping of the output voltage 

waveform. This controller requires a separate set of equations for the calculation of ON 

times to determine the odd and even number of the triangles. The complexity of the 

control algorithm arises here to determine the rotating reference vector location, the 

calculation of ON times, and the selection of the vector’s switching states. 

The existing 2-level SVPWM diagram for a 3-phase conventional voltage source 

inverter is in the shape of a hexagon, which comprises six sectors [118]. Each sector 

represents an equilateral triangle, each side of which is equal in length and the height is 

h=√3/2. Each sector also has (m-1)2 number of triangles, where m is defined as the 

number of levels. The 2-level space vector diagram has a total of m3 switching state 

vectors, which is represented in the α-β reference frame as presented in Fig. 2-15(a).  
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Fig. 2-15. Space vector diagram (a) 2-level (b) 3-level. 
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The 2-level SVPWM diagram has been extended to the multilevel 

SVPWM(SVPWM) diagram during the last three decades [119]. The multilevel SVPWM 

diagram is also divided into 6 sectors in which each sector is divided into 2(m-1) triangles 

with a total of m3 switching state vectors [120]. A 3-level SVPWM diagram has 4 

triangles for each sector and 27 switching state vectors [121] as shown in Fig. 2-15(b). 

The 3-level SV diagram could be extended and applied to any higher level of a multilevel 

inverter. 

Despite of the several advantages, the SVPWM has considerable high number of 

triangles as well as switching vectors. The number of switching vectors are increasing 

with the increase of number of levels which make the system complex for 

implementation. The details of this modulation scheme have been described in Chapter 

3. 

2.5.4. Random Pulse Width Modulation 

The main purpose of random pulse width modulation is to reduce the harmonic 

distortion from the inverter output voltage [122], [123]. However, it reduces the 

magnitude of the fundamental frequency component and has rapid deterioration of the 

operational quality at low modulation index values. It also produces additional stresses 

and switching losses to the semiconductor devices due to the random carrier frequency. 

2.5.5. Other Recent Pulse Width Modulation Controllers 

Apart from the above mentioned three controllers, other modulation controllers 

have been presented in the literature of the last few years. Selective harmonic elimination 

pulse width modulation (SHEPWM) is an offline computation controller that restricts the 

dynamic performance of the converter. Authors of [124] proposed a new PWM controller 

based on space vector control (SVC) and nearest vector control (NVC) without a 

modulator, which significantly reduces the computation complexity and provides high 

dynamic performance. The  nearest voltage level control (NLC) instead of nearest vector 

control is proposed to achieve the appropriate relation of output voltage [125], which is 

easily able to detect a close voltage level. An algorithm for modulation of adaptive duty 

cycle has been presented for a 9-level asymmetric CHBI in [126]. A summary of recent 

pulse with modulation controllers is given in Table 2-2. 
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Table 2-2. A summary of recent MLI modulation controllers 

Topologies References Advantages Limitations 

H-PWM [115] 

 

✓ Reducing the losses 

✓ Easy to implement 

✓ Efficiency improved 

✓ Applicable for higher 

level 

✓ THD is higher for 

constant switching 

frequency 

✓ Modification is needed 

to apply hybrid MLI 

SHE-PWM [116],[127] 

 

✓ Eliminates most 

dominant low order 

selected harmonics 

✓ Output filter size can be 

reduced 

✓ It’s not applicable as a 

control loop controller 

✓ It is not recommended 

for higher level of 

inverter 

✓ Reduces efficiency 

OACT [117] 

 

✓ Very low switching 

frequency and excellent 

dynamic performance 

✓ Switching losses and 

cost increases with the 

increase of levels  

DCC  [118] 

 

✓ Excellent working 

behaviour even under 

abnormal conditions 

✓ High efficiency and 

reliability 

✓ High average switching 

frequency  

✓ Reduces efficiency for 

high switching 

frequency 

✓ Complicated algorithm 

SWFSTSM [119] 

 

✓ Facilitates easy to 

control for the inverter  

✓ Output voltage profile 

contains low order 

harmonics 

MPC [120] 

 

✓ Significant Voltage and 

current THD reduction 

✓ Improves efficiency  

✓ Large number of 

iterations required to 

determine the switching 

states  

2.6 Applications of MLI Topologies and Modulation Schemes 

MLIs have been utilised successfully in the modern industry due to their superior 

performance [128]. Although MLIs were initially developed to reduce the harmonic 
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ripple of the output voltage of a conventional 2-level inverter, their industrial applications 

have been extended across a wide range due to their unique features, such as inherent 

voltage boosting, continuous input current, power factor compensation, active power, 

and the significant reduction they introduce to the line current harmonic contents in 

meeting electricity grid standards. MLIs have recently been utilised in several 

applications, including industrial control processes [129], power quality improvement 

devices [130], traction loads [131], renewable energy integration [131], uninterruptible 

power system [132], and the mining and marine electric power sector [11], [128]. Among 

the topologies mentioned in section 2.3, CHBIs have widespread applications in the 

modern industry due to their high-voltage and high-power capability (13.8 kV and 30 

MVA) [133].  CHBIs are widely used in flexible AC transmission systems (FACTS), 

active electronic filters, reactive power compensation, PV power conversion systems, 

static synchronous compensators and uninterruptible power systems (UPS) [134], [135], 

[136], [137], [138], [139], [140], [141], [142], [143], [144]. Diode-clamped multilevel 

inverters are used in conventional high-power AC motor drives and regenerative 

applications, such as conveyor belts, fans, mills, pumps, mining industries like oil and 

gas, back-to-back configurations and chemical industries [145], [146], [147], [148], 

[149], [150], [151], [152], [153]. Flying capacitor multilevel inverters (FCMLIs) are 

mainly used in high bandwidth applications and high switching frequency applications; 

for example, in traction load drives. Hybrid multilevel converter topologies have been 

applied in power electronic drives, flexible AC transmission systems [154], [155], [156], 

industrial drives, and high-voltage dc transmission. One of the most fragile areas where 

the application of multilevel technologies has been explored in depth is renewable energy 

conversion systems, such as wind turbine, solar energy, and fuel cells [157]. A novel 

CoolMosfet-based diode-clamped inverter has been applied to a transformer-less solar 

inverter to mitigate the issue of leakage current [158]. In order to obtain the lowest cost, 

high efficiency, ease of control, and secure reliability, a capacitor clamped dc to dc boost 

converter topology by using least number of components has been proposed which is 

applied to interface the low voltage PV module with the grid [159]. 

2.7 Future Trends and Challenges of MLI 

The MLI is an established solution in several industries due to its distinctive proven 

advantages. However, despite these, there are several arguments against them and 
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challenges for their sustainable developments, which are briefly discussed in section 

2.7.1 and contributions of this thesis in MLI in section 2.7.2. 

2.7.1. Recent Trends and Future Challenges 

MLIs mainly operate at average switching frequencies ranging between 500 and 

700 Hz [160], which produces low harmonic orders. These harmonics are the main 

hindrance to achieving the desired high levels of efficiency which is the major challenge 

for these converters. This problem can be overcome by developing a higher-level 

inverter.  

Switching and conduction losses are important factors during the design stage of 

the MLI because of the multiple series-connected devices. The most attractive MLI 

topologies will be those that have less switching devices and feature a voltage sharing 

ability among these devices. A comparison has been presented based on the switching 

and conduction losses of existing MLI topologies in [161], [162]. In addition to the 

conduction and switching losses, THD is another challenge for MLIs. Although much 

research effort has been invested in mitigating the harmonics issue of MLIs [163], [163], 

[164], further investigation is still required to fully resolve the harmonic distortion 

without sacrificing output power and efficiency. Reliability is another key challenge for 

the ongoing development of MLIs, since several faults may take place within the inverter, 

such as switching device faults, capacitor faults, and printed circuit board faults. 

Although some MLIs have some fault tolerance, it has become mandatory to monitor the 

condition of all inverter components in order to detect and diagnose incipient faults and 

take proper and timely remedial action [165], [5]. 

2.7.2. Contribution of This Thesis 

This thesis proposes a novel three-phase cascaded multilevel inverter along with 

simplified space vector pulse width modulation (SVPWM) which can produce better 

quality output waveforms with reduced harmonics. The details of the three-phase 

cascaded multilevel inverter and SVPWM controller will be discussed in chapter 3. 

2.8 Condition Monitoring of WECSs 

Wind turbines are usually installed in remote areas or offshore and operate under 

harsh environmental conditions. This makes wind turbines more prone to failures. 

According to some statistical studies [22], most wind turbine failures take place in the 
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gearbox followed by faults in the power electronic converters. Faults such as open and 

short circuit faults in the switching devices and DC-link capacitors interrupt the 

continuity of the power flow. Switching devices and capacitors are the most fragile 

components of power electronic conversion systems [166], [167]. A survey report 

conducted of over 200 products from 80 different companies shows that the failure rates 

for capacitors and semiconductor switching devices are 30% and 21%, respectively [22]. 

In addition, about 20% of the malfunctions in WECSs are due to failures in the power 

electronic converters [5].  Some of these faults can be catastrophic with significant loss 

of revenue, resulting in interruptions to businesses that rely mainly on wind energy. If 

not detected and rectified at early stages, some faults can be catastrophic with significant 

loss or revenue along with interruption to the business relying mainly on wind energy. 

To avoid such consequences, the implementation of reliable condition monitoring and 

fault diagnosis techniques has become essential for all critical components in an 

electricity grid including wind turbines [168], [169], [170], [171]. The condition of the 

WECS could be monitored online and offline. Different types of faults in WECS are 

discussed in section 2.8.1. Offline condition monitoring techniques are discussed in 

section 2.8.2., while online condition monitoring techniques are discussed in section 8.3.  

2.8.1 Faults in WECSs 

A WECS is subject to several types of faults in various components as shown in 

Fig. 2-16. These faults are discussed below. 

    

Fig. 2-16. Failure rate within the components of WECS [172]. 

2.8.1.1. Rotor 

The rotor of a wind turbine consists of blades and a hub, and is subject to various 

mechanical faults, including rotor asymmetry, fatigue, cracks, increased surface roughness, 

reduced stiffness, and the deformation of blades [173]. Incorrect blade pitch angle and blade 

12%

6%

18%

23%
4%

4%

2%

10%

8%

9%

1% 3%
Rotor
Brake
Control
Converter
Gearbox
Generator
Draive Train
Sensors
Yaw
Hydrawlic System
Grid
Others



Page 47 of 142 
 

mass imbalance are the main causes of rotor asymmetry [174]. Fatigue is caused by material 

ageing and variable wind speeds on the blades. Long-term fatigue causes a reduction in the 

stiffness of the blades and leads to cracks on the surface. Blade surface roughness is usually 

caused by icing, pollution, exfoliation and blowholes. As rotor faults are accompanied by 

a change in the blade material structure, these faults can be diagnosed using acoustic 

emission and vibration sensors. It is possible to use acoustic emissions to detect emerging 

structural changes by inserting sensors in the blades [175]. If these faults develop to a 

certain level that contributes abnormal vibrations in the blades, then information from 

vibration sensors can be utilised in fault diagnosis. 

2.8.1.2. Gearbox 

Gearbox faults represent approximately 35% of the overall faults in wind turbines 

[5]. Failure in the gearbox and bearing depends on various factors such as material 

defects, design, manufacturing and installing errors, surface wear, torque overloads, 

misalignment and fatigue. The most common gearbox failures include tooth abrasion, 

tooth crack, breakage, fracturing, and surface fatigue initiated by the debris from bearing 

failures [176]. These faults may cause an abnormal temperature increase in the bearing 

and the lubrication oil, and this can be used as an indication of such faults. 

2.8.1.3. Main Shaft 

The failure of the mechanical shaft may be from corrosion, misalignment, cracks 

and coupling failures [177]. These faults affect the normal rotation of the shaft as well as 

other subsystems connected to the shaft. Hence, the torque transmitted via the drivetrain 

will be affected and may lead to vibrations at certain characteristic frequencies in the 

gearbox, rotor and generator [178]. Shaft misalignment affects the amplitude of the 

fundamental frequency of the vibration of the gearbox, rotor, and generator; hence, shaft 

faults can be detected and analysed by capturing vibration, torque, and electrical signals 

[177]. The analysis is conducted using frequency analysis such as the Fast Fourier 

Transform methodology (FFT). 

2.8.1.4. Hydraulic Systems 

The hydraulic system delivers hydraulic power to drive the motors used to adjust 

the blade pitch angle [179], maximizes wind power generation by adjusting yaw position 

and controls the mechanical brake to ensure the safety of the wind turbine [180]. This 

system is subject to oil leaks and sliding valve blocking faults. Pressure and level sensor 

signals are used to diagnose these faults. 
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2.8.1.5. Mechanical Brake 

A mechanical brake typically has three main components – the disc and calipers, 

the hydraulic mechanism, and the three-phase AC motor. The hydraulic mechanism is 

used to drive the calipers, and the motor is used to power the hydraulic mechanism [181]. 

The brake is usually mounted on the main shaft. It is used to prevent over speed of the 

rotor and even to force the shaft to stop in case of the failure of critical components. The 

brake is also applied to the yaw subsystem to stabilise the bearing. The disc may be 

cracked due to overshoot of mechanical stress on the brake and overheating. Faults in the 

mechanical brake can be diagnosed through temperature and vibration monitoring. 

2.8.1.6. Tower 

The wind turbine tower faults are mainly occurred due to structural damages such 

as cracks and corrosions. These faults may be caused due to several factors including 

improper installation, loading, poor quality control during the manufacturing process, 

lightning, fire and earthquakes. Time and frequency domain analysis techniques can 

reveal the health condition of the tower [182]. 

2.8.1.7. Electric Machine 

Two types of faults may take place in the electrical machine – mechanical and 

electrical faults. Electrical faults comprise open circuit, stator/rotor insulation damage, 

and electrical imbalance. Broken rotor bar, air gap eccentricity, bent shaft, bearing 

failure, and rotor mass imbalance are the main mechanical faults. The most common fault 

reported in the literature is the short-circuiting between turns of the coils in the wind 

turbine generator [183]. These faults can be detected through shaft displacement 

detection, torque measurement, and vibration analysis. A temperature sensor can be used 

to detect winding faults [36]. Stator open-circuit faults alter the spectra of the stator line 

currents and instantaneous power [184]. Since rotor electrical imbalance causes shaft 

vibration, vibration signals can be used to monitor electrical imbalance [178]. Stator 

electrical imbalance can be detected from the change in the harmonic content of electrical 

signals [183]. 

2.8.1.8. Power Electronic Converter 

The reliability of the power electronic converter becomes more complex with the 

increase of the wind turbine power rating. According to the literature, about 20% of 

WECS failure is due to the failure of power electronic converters as can be seen in Fig. 

2-16 [178]. Temperature, vibration, and humidity are the three main factors that cause 

failures in power electronic converters [185]. There are three main converter components 
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in which faults normally occur: capacitors, printed circuit boards (PCB), and insulated 

gate bipolar transistors (IGBT) as shown in Fig. 2-17. Capacitor faults include open/short 

circuits, electrode materials migrating across the dielectric and forming conductive paths, 

dielectric breakdown, and an increased dissipation factor. 

 

Fig. 2-17. Failure rates in power electronic converters for wind turbine systems [186]. 

Faults in PCBs include broken buried metal lines, corrosion or cracked traces, 

component misalignment, board delamination, and cold-solder joints. The failure modes 

of the IGBT modules include bond wire lift-off, short circuits, gate misfiring, solder 

fatigue, and cracks [187]. Thermo-sensitive electrical parameters, such as the collector-

emitter saturation voltage, gate-emitter threshold voltage, on-state resistance and internal 

thermal resistance are used to monitor the degradation of IGBT modules. 

2.8.1.9. Sensors 

Faults within the WECS may also take place in the sensors mounted at various 

locations to measure certain parameters such as temperature, voltage, current and torque 

transducers. More than 14% of WECS faults occurs in these sensors [188]. Faults such 

as malfunction/physical failure, malfunction of the data processing/communication 

software [175] may cause performance degradation, and failure in the control system and 

mechanical and electrical subsystems, may lead to shutting down the wind turbine. 

Encoder faults in an induction motor drive are detected by measuring the mean and 

standard deviation of the rotor speed signal [189]. The correlation between rotor position 

and stator current are used to detect encoder faults by using the wavelet transform [190]. 

2.8.1.10. Control System 

The control system plays a vital role in regulating the operations of the wind 

turbine. Faults in the control system can be categorised as hardware or software failures. 

Hardware failures include sensor faults, actuator faults, failure of the control board and 

communication links. Model-based methods can be used to detect hardware failures. The 
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software failures include buffer overflow, resource leaks, and out of memory. These 

faults can be detected using diagnosing codes in the software. 

2.8.2. Signals of Offline Condition Monitoring for WECS 

2.8.2.1. Vibration 

Vibration analysis is one of the powerful tools currently used to monitor the 

mechanical integrity of wind turbines [190]. Vibration sensors installed on the casing of 

the wind turbine are used to detect faults within various wind turbine components such 

as the gearbox, bearing, rotor and blade, tower, generator and main shaft [191]. There are 

three main types of vibration sensors: displacement sensors, velocity sensors and 

accelerometers. The signals from the accelerometer carry the accelerated fault 

information out, and the amplitude of the accelerated signal demonstrates the fault 

severity level [192]. Installation of vibration sensors and the required data acquisition 

devices increase the wiring complexity and capital cost of the technique. In addition, it 

is quite difficult to insert the sensors on the surface or into the body of the components. 

Moreover, if the sensors and data acquisition devices fail to provide signals, this may 

lead to the failure of the wind turbine control, mechanical and electrical subsystems. 

Vibration signals are not capable of detecting incipient faults due to low signal-to-noise 

ratio (SNR). 

2.8.2.2. Acoustic Emission 

Acoustic emission sensors mounted on critical areas emit sound signals, which are 

used to detect structural defects in the blades, gearbox, and bearings [193]. The signal 

received from small structural changes indicates incipient structural damage or defect 

such as fatigue, cracks, reduced stiffness and increased surface roughness [194]. Unlike 

vibration analysis, this technique can detect incipient faults at an early stage. However, 

it requires a large number of sensors, which increases the cost and complexity of the 

technique. 

2.8.2.3. Strain 

Fibre optic strain sensors are normally mounted on the surface of the wind turbine 

blade. The signal collected from the sensors provides information about the structural 

defects of the blades [195]. This technique can detect small structural changes, requires 

low sampling frequency, and has consistent performance over distances. 
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2.8.2.4. Torque and Bending Moment 

There are two torque sensors, namely rotary torque and reaction torque sensors. 

Rotary torque sensors measure the torque signals whereas reaction torque sensors 

measure the bending moment signals. The electrical signals of a generator can also be 

used to calculate the torque that omits the requirement for sensors and reduces the capital 

costs [196]. Signature extraction of the torque signal identifies mechanical failures. The 

frequency spectrum derived from the generator torque signal is also used to detect 

mechanical faults in the generator [197]. 

2.8.2.5. Temperature 

Temperature data are mainly used to detect faults within the generators, bearings, 

gearbox, and power converters [198]. A cost-effective wind turbine thermal model is 

developed to diagnose the faults through temperature analysis based on the Supervisory 

Control and Data Acquisition (SCADA) signal [199], [200]. The SCADA signal provides 

reach information regarding faults in the wind turbine system with suitable signal 

processing methods. An electro-thermal model of DFIG is presented that reduces the cost 

of fault prevention and diagnosis for the wind turbine system [201]. SCADA data control 

sets are used to prevent and diagnose wind turbine faults by analysing the machine’s 

temperature [202]. A generalised model is presented based on SCADA data analysis of 

ambient temperature and wind speed to predict faults in the wind turbine [203]. The 

performances of the model are compared with a real 1.5 MW DFIG-based wind turbine 

system that shows more effective results than the conventional one. Although the 

technique is considered reliable and cost-effective, its implementation is a bit complex. 

This technique cannot identify incipient faults and it is hard to identify the root cause and 

source of the temperature variation. Temperatures detected using thermal sensors may 

rise due to faulty components nearby. Hence, the technique is unable to detect accurate 

fault locations. In addition, the thermal sensors are quite fragile in harsh environments. 

2.8.2.6. Lubrication Oil Parameters 

Lubrication oil parameters such as viscosity level, water content, particle count and 

identification, pressure, and temperature are measured to detect defects in the gearbox 

and bearings at early stages [204]. The condition of the lubrication oil can be monitored 

in two ways – offline or online [205]. In offline monitoring, an oil sample is taken for 

condition testing, typically every six months [201]. This may cause an interruption to the 

overall system. In online oil monitoring, oil sensors to detect levels, dissolved particles, 

viscosity and temperature are utilised to reflect the condition of the oil in real-time [201]. 
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2.8.2.7. Non-Destructive Testing 

Non-destructive testing (NDT) techniques such as X-ray inspection, infrared 

thermography, ultrasonic scanning, and tap tests are used to detect hidden damage in 

composite materials [203], [206]. However, the implementation of the NDT techniques 

usually requires expensive instruments. 

2.8.2.8. Electrical Signal-Based Methods 

Electrical signal-based methods are widely used to detect various faults due to their 

distinctive advantages [189]. For example, the magnitude of certain harmonic 

components in an electrical current signal can be used to detect faults at early stages. 

Stator and rotor currents and stator voltages are measured to monitor the condition of the 

generator [207]. A stator and rotor current based data technique is proposed to identify 

faults within the doubly-fed induction generator (DFIG) [208]. Power signals calculated 

from voltage and current signals is used to detect rotor electrical imbalance as reported 

in [209]. Stator open circuit faults in DFIGs is detected using power and current spectra 

[185]. A mechanical fault or structural defect usually induces a vibration of the 

component that can modulate generator electrical signals. This modulated signal involves 

fault-related information of the mechanical components [210]. The P-amplitude of the 

generator electrical signal indicates a rotor imbalance due to increased blade surface 

roughness or yaw misalignment [211]. 

Electrical power spectral density indicates the reduction of blade stiffness [212]. 

Bearing failure can be extracted by analysing the phase and amplitude spectra of the 

generator’s current signals, which can be used to identify the development of bearing 

failures at an early stage [213]. Electrical signals are also used to detect faults in the 

gearbox and power electronic converter [210]. Compared to other signals, electrical 

signal-based condition monitoring methods have significant advantages in terms of ease 

of implementation, less complex hardware, less cost, more reliability, and potential. The 

typical faults and associated signals have been summarised in Table 2-3. A summary of 

signals with their advantages and limitations is shown in Table 2-4. 
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Table 2-3. Summary of Faults and Signals 

Component Faults Occurred Signals Monitored 

Rotor 

1. Fatigue and Crack 

2. Surface roughness 

3. Asymmetries 

4. Reduced stiffness  

5. Deformation  

1. Vibration and AE 

2. Strain 

3. Torque 

4. Electrical  

5. NDT 

Gearbox 

1. Gear tooth abrasion 

2. Tooth crack and tooth breakage 

3. Tooth fracturing 

1. Vibration and AE 

2. Torque and Electrical  

3. Temperature, oil parameters 

Bearing 

1. Surface roughness 

2. Fatigue, Crack, Breakage 

3. Outer/inner race 

4. Ball and cage 

1. Vibration and AE 

2. Electrical  

3. Temperature 

4. Oil parameters 

Main shaft 
1. Corrosion and crack 

2. Misalignment, Coupling failure 

1. Vibration and torque  

2. Electrical 

Hydraulic 

system 

1. Oil leakage 

2. Sliding valve blockage 

Pressure level 

Mechanical 

Brake 

1. Disc/caliper wear 

2. Disc crack and motor failure 

3. Hydraulic section failure 

1. Vibration 

2. Temperature  

3. Electrical  

Tower 
1. Corrosion and crack 

2. Structural damage 

Vibration 

Generator 

1. Open/short circuit 

2. Insulation damage 

3. Imbalance and bent shaft 

4. Rotor bar brok 

5. Bearing failure 

6. Air gap eccentricity 

1. Vibration 

2. Torque 

3. Temperature 

4. Oil parameters 

5. Electrical 

Power 

Converter 

1. Capacitor 

2. PCB 

3. Semiconductor 

1. Temperature 

2. Electrical 

Sensors 

1. Sensor 

2. Data processing hardware 

3. Communication 

4. Software malfunction 

All related signals 

Control system 

1. Sensor 

2. Actuator 

3. Controller 

4. Communication 

5. Software malfunction 

All related signals 
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Table 2-4. Summary of different signals of condition monitoring for wind turbine (WT) 

Signals Monitored Advantages Limitations 

Vibration 

1. Mostly dominated technique 

2. Reliable 

3. Ability to detect incipient fault 

4. Standardised (ISO10816) 

1. Expensive and intrusive 

2. Wiring complexity 

3. Difficulties of sensor’s 

installation 

4. Subject to sensor failures 

5. Inability to detect 

incipient faults 

Acoustic Emission 

1. Able to detect an early-stage fault 

2. High signal-to-noise ratio 

3. Good for low-speed operation 

4. Frequency range far from load 

perturbation 

1. Expensive 

2. Complex 

3. Very high sampling rate 

required 

Strain 

1. Ability to detect small structural 

changes 

2. A requirement of low sampling 

frequency 

3. Consistent performance over 

transmitting distance 

1. Complex 

2. Intrusive 

3. Expensive 

Torque and 

Bending moment 

1. Direct measurement of rotor load 

2. No requirement of sensors 

3. Cost-effective 

Intrusive 

Temperature 

1. Cost-effective 

2. Reliable 

3. Standardised (IEEE 841) 

1. Embedded temperature 

detector required 

2. Inaccurate fault locations  

3. Sensors are quite fragile 

in a harsh environment 

Lubrication Oil 

1. Early-stage fault detection 

2. Direct characterisation of bearing 

condition 

1. Limited to bearings with 

closed-loop oil 

2. Supply system 

3. Expensive for online 

operation 

Non-Destructive 

Testing 

Ability to detect hidden damages in 

composite materials 

Requires expensive 

instruments 

Electrical Signals 

1. Widely used technique 

2. Early-stage fault detection 

3. Less hardware complexity 

4. Cost-effective 

5. More reliability 

6. No additional sensor needed 

7. Non-intrusive 

8. Easy to implement 

1. Displacement based 

rather than force based 

2. Difficult to detect 

incipient faults 

3. Sometimes low signal-

to-noise ratio 
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2.8.3. Online Condition Monitoring Technique 

Technological development is accelerating and bringing the world to such a level 

where everyone and everything will be connected over the internet. Such technological 

development is providing secure communication and data exchange to connect machine 

to machine, machine to human, machine to objects, human to object at any time and in 

any place. This development is called the internet of things (IoT). The main idea behind 

the IoT is to establish self-governing, independent connections among physical devices, 

which is secure enough to allow data exchange in real time throughout the world [214].  

The IoT platform has already connected billions of devices such as smartphones, 

computers, laptops, tablets, sensors, cars, home/work appliances, and many other handy 

embedded devices all over the world [215], [216], [217], [218]. Some smart phones 

nowadays have various built-in sensors that can sense objects and capture information, 

take decisions from this captured information, and transmit this to an authenticated 

internet server [219]. 

2.8.3.1. Internet of Things  

A general scenario of IoT is presented in Fig. 2-18. With the advancement of 

technologies, data processing power and internal storage capacity, IoT devices have been 

extended rapidly which broadens IoT applications. Nowadays, different objects around 

the world can be fitted with barcodes or radio frequency identification (RFID) tags, which 

are easy for IoT smart devices such as barcode readers, smart phones, and RFID 

embedded scanners to scan and read [220], [221]. 

 

Fig. 2-18. Basics of the IoT network 

An IoT device consists of a sensor with a processing unit, a network, and the cloud 

as shown in Fig. 2-19. The smart sensor device is used to sense physical objects and to 
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collect information from them. Different types of smart sensors are applied to sense 

information from physical objects.  

 

Fig. 2-19. Basic block diagram of the IoT    
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Fig. 2-20. IoT architecture 
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This sensed information can include things like humidity, motion, vibration, 

temperature, chemical composition, electrical signals and so on.  The processing unit is 

used to make sense of the information from the objects. The network is used to transmit 

the information to the authenticated cloud server. 

2.8.3.2. IoT Architecture 

The IoT is structured using five layers – the perception layer, data-link layer, 

network layer, application layer, and business layer – as shown in Fig. 2-20 [222], [223], 

[224]. 

Researchers have conducted studies and literature surveys covering several IoT 

internet protocols (IPs) for each layer with appropriate workability under constrained 

environments and how these protocols have been applied to lead the communication flow 

effortlessly without any interruption. These protocols have certain standards, which need 

to be fulfilled to process data over network boundaries [225]. The details of these layers 

are described here. 

2.8.3.2.1. Perception Layer 

The perception layer consists of physical elements (smoke, temperature, vibration, 

pressure, and so on), and their corresponding sensor devices (smoke sensors, temperature 

sensors, vibration sensors, pressure sensors, and so on). This layer is also called the 

physical layer, device layer, or sensing layer. The sensors identify physical elements and 

collect information from or about them, such as their orientation, location, motion, 

humidity, pressure, and so on, using RFID tags, barcodes, or other identification methods 

[226]. The collected information is linked to the network layer for processing and secure 

transferal. RFID technology identifies the object and converts its identity into an 

electronic serial number using radio waves tagged on the objects [227], [228]. RFID 

technology is cost-effective and easy to implement [229]. The RFID system includes a 

reader, an access controller, an antenna, software, tags and a server [230]. The tags could 

be used in different contexts such as distribution, patient monitoring, military 

applications and so on. 

A barcode is a method which encodes via visualise information. The visualised 

information contains optical codes that are readable by a specific machine (barcode 

scanner, image scanner). The barcode consists of black and white bars which become a 

line of text in a computer through the barcode scanner [231]. There are mainly two types 

of barcodes – 1D and 2D [232]. A 1D code consists of several vertical black and white 

lines. This code structure is popular since any barcode scanner can read it. The 2D 
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barcode consists of several vertical and horizontal lines which is a bit more complex to 

read. Only specific image scanners can read this type of code.  The 2D code can hold 

more information (up to 2,000 characters) within less space compared to the 1D code 

(20–25 characters). 

2.8.3.2.2. Data-link Layer 

The data-link layer establishes a connection between the perception layer and the 

network layer. Several internet protocols, such as Bluetooth low energy (BLE), ZigBee, 

Wi-Fi, Z-wave, Dash7, Home plug GP, and so on, are utilised to build an initial interface 

in the perception layer and the network layer [233], [234].  

Bluetooth is a wireless technology like Wi-Fi, which is used to exchange data 

between electronic devices over short distances (10 to 100 metres) [235]. It uses ultra-

high frequency (UHF) radio waves with a short wavelength (2.4 to 2.485 GHz). A large 

number of electronic devices can be connected through Bluetooth technology.  

Wi-Fi is basically a wireless technology that allows electronic devices to connect 

to the internet. It is a trademark name of the Wi-Fi alliance which uses IEEE 802.11 

standards to transfer information [236]. A large number of electronic devices such as 

computers, laptops, tablets, smart-phones, and many other embedded electronic devices 

can be integrated using Wi-Fi. The authors of [237] show that Bluetooth devices require 

less power compared to Wi-Fi devices. 

ZigBee is a wireless technology created by ZigBee alliance in 2001, which is used 

to enhance the functionality of sensor-based networks over short distances [238]. The 

ZigBee alliance uses IEEE the 802.15.4 standard to develop this device, which is highly 

flexible, needs less power, is cost-effective, scalable and reliable [233]. This technology 

is normally used in healthcare monitoring, home automation, agriculture, and many other 

smart devices. 

Home plug GP is a low data rate communication protocol used for broadband 

power line communications [239]. This protocol is secure, reliable and very interoperable 

with IEEE 1901 devices. 

DASH7 is an open-source protocol combining an actuator network protocol and 

wireless sensor protocol [240]. This protocol is a low data rate protocol that transfers data 

up to 167 kbits/s. A summary of these technologies is presented in Table 2-5. 
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Table 2-5. A summary of perception layer technologies 

Parameters BLE  Wi-Fi Z-Wave ZigBee Home Plug GP Dash7 

Standardisation 

 

IEEE 

802.15.1 

IEEE 

802.11 

IEEE 

802.15.4 

IEEE 

802.15.4 

IEEE 

1901-2010 

ISO/IEC 

18000-7 

Supported 

Networks 

WPAN LAN LR-PAN LR-PAN WPAN WSAN 

Frequency  2.4 GHz 2.4/5 GHz ISM, 915 

MHz 

2.4GHz 

ISM 

28 MHz 68/433/915 

MHz 

Data rate  1 Mb/s 1 Gb/s 9.6/40 Kb/s 250 Kb/s 3.8 Mb/s Up to 167 

kb/s 

Topologies  Mesh and 

star 

Mesh and 

ethernet 

mesh Mesh only Ethernet 

 

Node-to-

node, star, 

tree 

2.8.3.2.3. Network Layer 

The network layer stores the incoming information from the data-link layer to the 

database, cloud, web server, and so on. This layer is also called the service management 

layer since it manages the incoming information and stores it into directories.  

Table 2-6. A summary of network layer protocols 

Parameter IPv4 IPv6 RPL 6LoWPAN 

Interoperability Low Low High High 

Security IPSec IPSec  

 

 

Confidentiality 

and integrity of 

message  

Secure 

authorisation  

standardisation IETF ETF IETF ROLL group IEEE 802.15.4  

Application source host to 

router 

Secure end-to-

end data 

processing for 

multiple IP 

users 

Building, home, 

Urban, and 

Industrial 

automation 

Smart grid 

meters, building, 

home, and thread 

automation 

Scalability × √ × √ 

Communication 

network 

Packet-switching Packet-switching  

 

P2P, P2M, and 

M2P  

processing 

capability limited 

 

The network layer uses a number of standard protocols, such as internet protocol 

version 4 (IPv4), internet protocol version 6 (IPv6), a routing protocol for low-power and 

lossy networks (RPL), and IPv6 low-power wireless personal area network (6LoWPAN) 

[241], [242]. These protocols are summarised in Table 2-6. 

2.8.3.2.4. Application Layer 

The application layer employs information globally from the middle-ware layer 

according to different protocols. The application layer includes smart homes, healthcare, 

the defence sector, power systems, intelligent transportation, and others. The range of 

protocols used in the application layer includes the constrained application protocol 
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(CoAP), Extensible Messaging and Presence Protocol (XMPP), Message Queuing 

Telemetry Transport (MQTT), Hypertext Transfer Protocol (HTTP), Advanced Message 

Queuing Protocol (AMQP), and so on [243], [244], [245]. CoAP is a specialised 

application layer protocol used to communicate among constrained devices. This 

protocol is especially suitable for local area networks. The protocol could be translated 

easily to HTTP during web integration by fulfilling special requirements, such as very 

low overheads, simplicity and multicast support, which are important requirements for 

the IoT [246]. The MQTT protocol consists of a message broker and a number of clients. 

The broker is a server that receives all incoming messages from clients and sends them 

to authenticated clients [247]. The client can be any range of devices from a micro-

controller to a fully-fledged server, which connects the MQTT broker by executing an 

MQTT library over a network. MQTT is a lightweight constrained protocol, which is 

especially applicable for cloud/remote communication. A performance investigation has 

been conducted, which shows that the MQTT-SN protocol is 30% faster compared to 

CoAP for the same payload [248]. XMPP is an application layer protocol developed by 

the eponymous open-source community in 1999 based on Extensible Markup Language 

(XML), which facilitates real-time data communication among network entities [244]. 

The protocol is normally applicable for file transfer, video, signalling, gaming and so on. 

The XMPP protocol provides better security, faster response, and scalability which is 

especially suitable for IoT applications. AMQP is an open-source application layer 

protocol, which facilitates queuing, orientation of message, reliability, routing, and 

security [249]. HTTP is an application layer protocol used to transmit hypertext 

information between web clients and servers [250]. The hypertext information is 

encrypted as a link so that the web clients can access encrypted information easily by 

clicking or touching the link. A brief comparison of these protocols is summarised in 

Table 2-7. 

2.8.3.2.5. Business Layer 

This layer designed a business model, and the graphical results of the analysis 

applied in various sectors depend on the extracted information from the application layer. 

Success of the IoT depends solely on this layer since it determines all the actions and 

strategies to achieve the goals. 
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Table 2-7. A summary of protocols of the application layer 

Parameter CoAP MQTT AMQP XMPP HTTP 

Year 2010 1999 2003  1997 

Real Time √ √ × √ √ 

Synchronous/ 

Asynchronous 

Both Asynchronous 

only 

Asynchronous 

only 

Both Both 

QoS Higher Higher Higher Lower Lower 

Power 

Consumption 

Lower Lower Higher Higher higher 

Bandwidth Lower Lower Higher Higher Higher 

Client-Broker or 

Client-Server 

Both Client-Broker 

only 

Both Both Client-

Server 

only 

Request to 

Response/ 

Publish to 

Subscribe 

Both Publish to 

Subscribe 

Both Publish to 

Subscribe 

Request to 

Response 

Header Size 4 byte 2 byte 8 byte 8 byte Undefined 

Encoding Binary Binary Binary Binary Text 

Licensing Open-Source Open-Source Open-Source  Free 

Security DTLS TLS/ SSL TLS/ SSL TLS/ SSL TLS 

Protocol UDP TCP TCP TCP TCP/UDP 

Interoperability Higher Lower Lower Lower Higher 

2.9 Industrial Internet of Things  

Wireless sensor networks are formed of spatially autonomous dedicated sensors, 

which are used to monitor and record the physical condition of objects (vibration, sound, 

pressure, temperature, humidity, speed, etc) and organise these monitored and recorded 

data at a central location. Wireless sensor network technologies have gained huge 

popularity in industrial applications, such as healthcare, security, air transport, military, 

manufacturing, and so on [233]. These technologies are continually expanding and 

developing, which motivates new research and investment in them. 

The International Data Corporation shows the current spending and forecasts for 

the IoT and IoT-related projects for 2016–2022, which indicates that the spending will 

go beyond $6 trillion by 2022 as shown in Fig. 2-21 [25]. There are more than 123 

standards and technologies published in the literature to develop the IoT projects [33]. 

The internet protocols and standards for developing IoT projects are mainly divided into 

three categories, such as wireless personal area networks (WPAN), wireless local area 

networks (WLAN) and cellular networks [15]. WPAN uses a low rate standard (IEEE 

802.14.4) and WLAN has a limited bandwidth standard (IEEE 802.3). 
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Fig. 2-21. Spending and forecast for the IoT 

The cellular networks such as second-generation (2G), third-generation (3G), fifth-

generation (5G), Long-term Evolution (LTE), worldwide interoperability for microwave 

(WiMAX), general packet radio service (GPRS), and global system for mobile 

communication (GSM) have faster data rates, wider coverage, and appropriate 

bandwidth, which is becoming the mainstream for the industrial internet of things (IoT). 

Nowadays, the general packet radio service (GPRS) and global system for mobile 

communication (GSM) are widely applied to develop industrial IoT projects. 

2.10 Application and Future Challenges of IoT 

IoT has a wide range of applications in our daily life, such as in smart cities, smart 

homes, smart transportation, smart healthcare, smart industries and so on. However, there 

have been so many constraints to implement IoT in every sector of our lives. The existing 

applications and challenges of IoT are discussed in section 2.10.1 and contribution of the 

thesis regarding IoT system for wind energy conversion system is hinted in section 

2.10.2. 

2.10.1 Existing Application of IoT and Future Challenges 

Many houses in modern cites are now integrated with the internet of things. The 

IoT is applied to monitor air quality, traffic information, power line switches, etc. Smart 

homes are being designed with the help of IoT, which facilitates the detection of 

emergencies, monitoring energy consumption, and protecting homes from suspicious 

activities. The IoT helps us to design and develop smart transport systems, which 

facilitate efficient consumer control of smart transport and collecting information 
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(transport law enforcement, arrival and departure schedules, unexpected delays, and so 

on) [233]. The healthcare sector uses IoT to monitor patient conditions and scheduled 

drug intake. IoT is also applied to develop smart industries, which is called the industrial 

internet of things (IoT). The application of IoT is increasing at such a speed that it will 

cover every sphere of life in the near future. Despite the tremendous features of IoT, it 

faces many issues and challenges during its implementation, such as interoperability, 

standardisation, information confidentiality, network security, object security, and safety 

[233], [251]. Different manufacturing companies follow their own fabrication process to 

develop IoT devices, which restrict interoperability between objects. Hence, the 

standardisation of IoT devices is required to render interoperability among the devices, 

which is a great challenge. Another challenge for IoT devices is in naming and identity. 

A large number of IoT devices have connected each other which requires unique name 

and identity on the internet. To resolve this issue, a systematic and robust technique is 

required to identify and assign each device separately on the internet, which is quite a 

challenging task. Information confidentiality is important in IoT since different barcodes 

(1-D, 2-D, QR, RFID) attached to products ensure product details. Unauthorised 

information needs to be restricted during product labelling. Network security is another 

challenge for IoT devices, since data has been transferred via wired mediums or wireless 

mediums. The entire data transmission system needs to be secure to make sure that no 

data is being lost or interfered with.    

2.10.3 Contribution of This Thesis in WECS Condition Monitoring 

The wind energy conversion system (WECS) is mainly located in remote areas 

where the environment is harsher in condition. The WECS experiences various types of 

faults particularly in the dc-link capacitor and switching devices of the multilevel 

inverter. These faults, if not detected and rectified at early stages, they may lead to 

catastrophic failures to the WECS and continuity of power supply. This thesis proposes 

a new algorithm embedded into the SVPWM controller to identify the fault location in 

real- time. Since most wind power plants are in remote areas or offshore, WECS 

condition monitoring needs to be developed over the internet of things (IoT) to ensure 

system reliability. A novel industrial IoT algorithm is developed which can monitor the 

WECS remotely over IoT. The details of the SVPWM embedded algorithm and industrial 

IoT algorithm will be discussed in chapter 4. 
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Summary 

WECS plays a significant role in the modern power sector. An extensive literature 

review has been conducted on WECS, which mainly focuses on full-scale power 

electronic converters and condition monitoring techniques. A summary is given here 

through the following points. 

 According to the World Wind Energy Association, wind energy contributed 6% of total 

world electricity generation in 2019, which is a significant share of world renewable power 

generation. This share in the global market makes wind energy the second most common 

source of renewable energy generation after hydropower in the world, resulting in a 

revolution in the modern power sector. According to statistics from the World Energy 

Agency in 2018, wind energy contributed 4% of global energy, and it forecasts this will 

triple by 2024. These achievements and forecasts attract new researchers to join the 

research into wind energy, motivating them to build their careers with deep sound 

knowledge and investigations. 

 The rectifier is one of the parts of the power electronic converter that produces ripples 

in output waveforms, and it is quite a challenging task to minimize these. Researchers have 

proposed different controllers to minimize these ripples, which result in poor dynamic 

performance, low efficiency, and low-power density. Hence, a controller has to be 

developed to suppress these ripples without sacrificing the performance of the rectifier. 

The MLI is another part of the power electronic converter which has several advantages 

over conventional 2LI, such as less stress on switching devices, less harmonic distortion, 

more utilisation of the DC-link voltage, and better power quality. Better performance 

depends on a suitable topology and controller. Several MLI topologies have been discussed 

in this section, including transformer-based converters and transformer-less converters, 

which require a huge number of semiconductor devices and related components compared 

to the 2LI. Transformer-based multilevel inverters require a transformer which makes the 

multilevel structure bulky and difficult to implement. The transformer-less multilevel 

inverters are free of this bulky transformer. These include the neutral point clamped inverter 

(NPCLI), flying capacitor clamped inverter (FCCLI), and cascaded multilevel inverter 

(CMLI). Despite the attractive advantages of the capacitor clamped topologies, such as 

reduced voltage stresses on the semiconductor devices and capacitors, and the possibility 

of high-voltage operation with low switching frequency, these topologies have not been 

popular in the industry mainly because they require a large number of capacitors. Though 

diode-clamped inverters have higher voltage and power ratings along with reduced 
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switching frequency, these features are not enough to attract industrial applications due to 

the large number of clamping diodes required to block the capacitor voltage along with the 

voltage balancing issues across these capacitors. Cascaded multilevel inverters have 

become a promising topology, since they do not require any clamping diodes or capacitors. 

However, a cascaded MLI requires several non-isolated DC sources that restrict it to being 

coupled with a rectifier. Hence, a cascaded MLI has to be designed which resolves this 

issue without compromising performance. 

 A number of pulse width modulation techniques have been discussed in this thesis such 

as sinusoidal pulse width modulation (SPWM), selective harmonic elimination pulse width 

modulation (SHEPWM), and SVPWM(SVPWM). Despite having many attractive features, 

SPWM produces higher harmonic distortion, higher switching losses, and lower efficiency. 

The main difficulty with SHEPWM lies in the proper optimisation of the switching angles, 

which complicates its practical implementation. SVPWM(SVPWM) has brought 

considerable advancement to the variable frequencies drive application due to its superior 

performance, including the lowest harmonic distortion in its output waveforms, being well-

suited for hardware implementation, and 15% increased DC-bus voltage utilisation. The 

key challenge in implementing the SVPWM technique is the large number of triangles 

exhibiting a different number of switching vectors, which makes the selection of switching 

vectors quite difficult. 

 The condition of the WECS needs to be monitored to maintain continuous power flow. 

Due to the global trend in generating electrical energy through renewable energy resources, 

especially from wind, the reliability of such systems has become a priority for stakeholders 

of transmission and distribution networks. As such, reliable condition monitoring and fault 

diagnosis techniques have to be adopted to detect any incipient faults in these systems to 

avoid potential consequences. This thesis presents a comprehensive review of the common 

faults, signals and signal processing methods for condition monitoring and fault diagnosis 

in WECS. The advantages and limitations of each technique have been highlighted. The 

review shows that there is still a significant research gap in developing comprehensive, 

cost-effective, real-time condition monitoring techniques for WECSs.  

 Since the majority of wind turbine plants are located in remote areas that often include 

harsh environmental conditions, online condition monitoring techniques need to be 

developed with the application of the internet in real-time for these wind turbine plants. 

With advancements in power electronics, communication technology, and sensor accuracy, 

reliable online condition monitoring for wind turbines will be viable in the near future. 
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Online condition monitoring has become popular nowadays and can be utilised to monitor 

the condition of WECS via the internet of things.
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Chapter III 

Design and Implementation of Proposed Controllers and Three-Phase CMLI for the 

WECS 

3.1 Introduction 

A block diagram of the wind energy conversion system (WECS) is depicted in Fig. 3-1, 

which proposes a three-phase cascaded multilevel inverter (CMLI), and a space vector pulse 

width modulation (SVPWM) controller. Apart from this proposed duo, the block diagram 

consists of several components and subsystems such as the blade, generator, rectifier, and 

motor. Aerodynamic force strikes the wind turbine blade, which rotates causing the wind 

generator to produce three-phase power [252]. An aerodynamic wind turbine model is 

described in section 3.2. The rectifier converts the wind-generated three-phase ac voltage to 

dc-link voltage, which contains ripples [50]. The SVPWM controller controls the rectifier as 

well as suppresses the ripples from the dc-link voltage, which is described in section 3.3. The 

proposed three-phase cascaded multilevel inverter (CMLI) with four series connected dc-link 

capacitors inverts the dc-link voltage to three-phase staircase ac voltage, which is described in 

section 3.4. The three-phase CMLI suffers from voltage balancing issues across the dc-link 

capacitors. The proposed SVPWM controller controls the three-phase CMLI and balances the 

dc-link voltage over non-isolated capacitors, which is described in section 3.5. The inverted 

three-phase staircase output voltages are fed to the three-phase squirrel cage induction motor. 

The proposed controller (SVPWM) and three-phase CMLI for WECS are designed in the 

MATLAB/Simulink software and a hardware prototype is developed to validate the simulated 

results, which are described in section 3.6. 

 

Fig. 3-1. Block diagram of proposed controllers and three-phase CMLI for the WECS. 
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3.2 Wind Turbine Model 

Aerodynamic force hits the wind turbine blade at a perpendicular angle, which causes it 

to rotate (𝑣). The rotation of the blade sweeping across its area (𝐴) produces mechanical power 

(𝑃𝑚), which is used to drive a generator to produce electrical power. The produced mechanical 

output power of any wind generator is presented in equation (1) [253].  

𝑃𝑚 =
1

2
𝜌𝐴𝑣3𝐶𝑝(𝜆(𝑡), 𝛽(𝑡))          (1) 

Here 𝜌 is called air density which is 1.225 kg/m3, 𝐶𝑝(𝜆(𝑡), 𝛽(𝑡)) is the mechanical power 

coefficient, which is a function of the tip speed turn ratio 𝜆(𝑡), and pitch angle of blade 𝛽(𝑡). 

The tip speed turn ratio λ(t) is the ratio of tip speed of blade (TS) to wind speed (𝑣) as in 

equation (2) [254]. 

𝜆 =
𝑇𝑠

𝑣
=

𝜔𝑟𝑅

𝑣
            (2) 

Where, 𝜔𝑟 is wind turbine rotor speed, and R is the rotor radius of the wind turbine. The 

power coefficient 𝐶𝑝(𝜆, 𝛽) of a wind turbine generator could be designed by using equation (3) 

[255]. 

𝐶𝑝(𝜆, 𝛽) = 𝐶1 (
𝐶2

𝜆𝑖
− 𝐶3𝛽 − 𝐶4) 𝑒

−𝐶5
𝜆𝑖 + 𝐶6𝜆       (3) 

The aerodynamic torque produced by the drivetrain is expressed in equation (4) [256]. 

𝜏𝑎(𝑡) =
1

2
𝜌𝜋𝑅2 𝑣2

𝜔𝑟(𝑡)
𝐶𝑝(𝜆(𝑡), 𝛽(𝑡))        (4) 

Based on Betz’s law, the blade of the wind turbine cannot capture all the power; therefore, 

the power coefficient,  𝐶𝑝(𝜆, 𝛽) should be well-defined to describe the efficiency of a wind 

turbine to produce electricity. The 𝐶𝑝 is determined by the ratio of actual electric power to total 

wind power, which flows into the wind turbine’s blades. 

The developed torque in the turbine by the maximum captured aerodynamic power is 

expressed in equation (5) [257]. 

𝜏𝑎𝑜𝑝𝑡 =
𝑃𝑚𝑚𝑎𝑥

𝜔𝑟𝑜𝑝𝑡
= 𝐾𝑜𝑝𝑡𝜔𝑟𝑜𝑝𝑡

2          (5) 

Where 

𝐾𝑜𝑝𝑡 =
1

2
𝜋𝜌𝑅5 𝐶𝑝𝑚𝑎𝑥(𝜆𝑜𝑝𝑡)

𝜆𝑜𝑝𝑡
3 , 𝜔𝑟𝑜𝑝𝑡 =

𝜆𝑜𝑝𝑡𝑣

𝑅
        (6) 

The existing controller, which ensures convergence to the optimum (Q) operating point 

at a steady state, is applied for the generator reference torque based on the nonlinear control 

law of the form. 

𝑇𝑔_𝑟𝑒𝑓 = 𝐾𝑜𝑝𝑡𝜔𝑟
2          (7) 
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However, control law (7) requires enough knowledge regarding turbine parameters and 

atmospheric condition, 𝐾𝑜𝑝𝑡 which depends on characteristics 𝐶𝑝(𝜆, 𝛽), blade radius 𝑅, and air 

density 𝜌. 

3.3 Space Vector Pulse Width Modulation (SVPWM) Controller 

The 3-phase ac voltage produced by the wind generator is converted into intermittent dc-

link voltage using the rectifier, which requires 6 bi-directional switching devices (S1-S6) as 

shown in Fig. 3-2. This converted dc-link voltage contains ripples, which restrict obtaining the 

desired input voltage for the three-phase CMLI. The space vector pulse width modulation 

(SVPWM) controller is applied to suppress these ripples and improve power quality. In the 

controller, the output voltage of the AC/DC converter (Vdc) is measured using a voltage sensor, 

which is compared to the reference signal (V*). The error signal (e = V*-Vdc) contains 

minimum ripples and is supplied to the PI controller to produce a modulated reference signal 

(Vm*). Then, Vm* is fed to the SVWM controller to generate pulses which control the rectifier. 

The entire process of minimizing the ripples from the dc-link voltages has been depicted in 

Fig. 3-2. 

 

Fig. 3-2. The proposed controllers and three-phase CMLI for the WECS 
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3.4 Proposed Three-Phase Cascaded Multilevel Inverter 

The conventional three-phase two-level inverter (2LI) consists of six insulated gate 

bipolar transistors (IGBTs), a squirrel cage induction motor, and a dc source (Vdc) as shown in 

Fig. 3-3 [258]. The 2LI is functioned properly when the upper switches of transistors (Sa1, Sb1 

and Sc1) are switched to ‘ON’; the lower switches of transistors (Sa2, Sb2, and Sc2) are switched 

to ‘OFF’ and vice versa. A constant dc-link voltage is set as the input voltage of three-phase 

inverter. It produces the output three phase ac voltages by using the concept of switching 

functions. Each phase leg is operated independently. Each switching function takes the value 

of ‘1’ if the upper switch is turned to ‘ON’ and the value of ‘0’ if the lower switch is turned to 

‘OFF’ and vice versa. The three-phase output voltages produced by this inverter which are Va, 

Vb, and Vc at points A, B, and C respectively are fed to the three-phase induction motor.  

 

Fig. 3-3. Three-phase two-level inverter (2LI) 

A three-phase 3-level CMLI is developed by cascading two 2Lis, which is depicted in 

Fig. 3-4. Each phase of the conventional 2LI consists of two IGBT as shown in Fig. 3.3. The 

middle point of the two IGBT is connected to the collector of the upper IGBT of another 2LI. 

 

Fig. 3-4. Proposed three-phase 3-level CMLI 
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The middle point of another 2LI inverter is connected to the load. One three-phase 2-level 

inverter is connected in cascade to the other three-phase inverter that’s why; this topology is 

called three-phase cascaded multilevel inverters (CMLI). The three phase 3-level cascaded 

multilevel inverter consists of 12 switching devices and 2 dc-link voltage sources as shown in 

Fig. 3.4. This topology is free from any clamping diodes and capacitors that greatly reduced the 

complexity of multilevel inverter. Zero levels in the output voltage of the three-phase CMLI as 

depicted in Fig. 3.4 is generated when the two switches Sa3 and Sa4 are turned on while switches 

Sa1 and Sa2 are turned off. A voltage level of Vdc/2 is generated when Sa2 and Sa3 are operating 

in a toggle mode with Sa1 and Sa4. On the other hand, the full dc-link voltage (Vdc) is obtained 

when Sa1 and Sa2 are turned on while Sa3 and Sa4 are turned off. Each phase produces 3-level 

output voltages of 0, Vdc/2, and Vdc according to the state of the four IGBTs. 

A three-phase 4-level CMLI can be implemented by cascading the three-phase 3-level 

CMLI and the 2LI. The three-phase 4-level CMLI consists of 18 switching devices and 3 dc-

link voltage sources. It requires an additional 6 IGBTs and a dc source compared to 3LCMLI. 

Similarly, a three-phase 5-level CMLI is developed and proposed here by cascading the three-

phase 4-level CMLI and the 2LI without any neutral point connection as shown in Fig. 3-5. 

  
Fig. 3-5. Proposed three-phase 3-level CMLI 
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Fig. 3-6. Switching pattern for producing multilevel voltage (a) 0V (1-level) (b) 1V (2-level) 

(c) 2V (3-level) (d) 3V (4-level) (e) 4V (5-level) 

The converted dc-link voltage with minimum ripples is fed to the proposed three-phase 

5-level CMLI as presented in Fig. 3-2. The proposed three-phase 5-level CMLI consists of 24 

switching devices and 4 dc-link capacitors (C1-C4). The voltages produced across these 

capacitors are Vc1, Vc2, Vc3 and Vc4, which are considered equal in amplitude 

(Vc1=Vc2=Vc3=Vc4=V).  If switches Sa5, Sa6, Sa7, and Sa8 are switched to ON while Sa1, Sa2, Sa3, 

and Sa4 are switched to OFF, the output voltage is OV (1-level) as shown in Fig. 3-6(a). If Sa1, 

Sa6, Sa7, and Sa8 are switched to ON while Sa2, Sa3, Sa4, and Sa5 are switched to OFF, the output 

voltage is 1V (2-level) as depicted in Fig. 3-6(b). If Sa1, Sa2, Sa7, and Sa8 are switched to ON 

while Sa3, Sa4, Sa6, and Sa5 are switched to OFF, the output voltage is 2V (3-level) as shown in 

Fig. 3-6(c). If Sa2, Sa2, Sa3, and Sa8 are switched to ON while Sa4, Sa5, Sa6, and Sa7 are switched 

to OFF, the output voltage is 3V (4-level) as presented in Fig. 3-6(d). If switches Sa1, Sa2, Sa3, 
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and Sa4 are switched to ON while Sa5, Sa6, Sa7, and Sa8 are switched to OFF, the output voltage 

is 4V (5-level) as shown in Fig. 3-6(e). Hence, the three-phase CMLI produces a staircase 

output voltage of 0, 1V, 2V, 3V and 4V which is summarized in Table 3-1. 

Table 3-1. The switching sequence of 5-level CMLI 

Switching sequence for phase A 
Terminal 

Voltage 
Sa1 Sa2 Sa3 Sa4 Sa5 Sa6 Sa7 Sa8 

1 1 1 1 0 0 0 0 4V 

0 1 1 1 1 0 0 0 3V 

0 0 1 1 1 1 0 0 2V 

0 0 0 1 1 1 1 0 1V 

0 0 0 0 1 1 1 1 0 

3.5 Proposed SVPWM Controller  

Several controllers have been proposed in the literature for multilevel inverter topologies 

[55]. Among them, the space vector pulse width modulation features several unique advantages 

including low total harmonic distortion, high output voltage, high switching frequency and 

self-voltage balancing ability that makes it a suitable candidate for the CMLI proposed in this 

thesis [106]. The conventional SVPWM controller diagram is a hexagon divided into 6 sectors 

[259]. Each sector is comprised of an equilateral triangle that has unity of sides and height 

(h=√3/2). The diagram comprises m3 switching states presented in 𝛼𝛽 reference frame, where 

m is defined as the number of levels in the output voltage waveform. The conventional 

SVPWM controller diagram has been extended to a multilevel SVPWM controller diagram 

[115]. The diagram is also divided into six sectors, which include (m-1)2 triangles and m3 

switching vectors in each sector. A conventional 5-level SVPWM controller diagram is shown 

in Fig. 3-7 [260].  

As shown in Fig. 3-7, there are two different types of triangles in the 5-level SVPWM 

diagram. These are: type 1 (denoted by 1, 2, 4, 5, 7, 9, 10, 12, 14, and 16) and type 2 (denoted 

by 3, 6, 8, 11, 13, and 15). Type 1 triangles have their base at the bottom and type 2 at the top. 

The reference vector (Vref) shown in Fig. 3-8 is rotating in either anti-clockwise or clockwise 

direction to determine the switching vectors of type 1 and type 2 triangle respectively as shown 

in Fig. 3-9. The triangle numbers ∆𝑛 could be determined using two variables of P1 and P2, that 
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are normally dependent on the position of the reference vector (𝐼𝛼, 𝐼𝛽) as shown in Fig. 3-10. 

These two variables are calculated as below: 

𝑃1 = 𝑖𝑛𝑡 (𝐼𝛼 +
𝐼𝛽

√3
)          (8) 

𝑃2 = 𝑖𝑛𝑡 (
𝐼𝛽

ℎ
)           (9) 

P1 presents a part of sector between two adjacent lines (𝑦 + √3 = √3𝑃1 and √3𝑥 = √3(𝑃1 +

1)) joining the vertices, which are separated by distance (h) and inclined at 1200 with respect 

to 𝛼 −axis. P1 = 0 reveals that point Iref is under line A1A2 while P1 = 1 implies that point Iref 

is between the two lines A1A2 and A3A5. 
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Fig. 3-7. Conventional 5-level SVPWM controller diagram. 
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Fig. 3-8. Determination of the reference vector location. 

 

Fig. 3-9. Rotation of vectors 

 

Fig. 3-10. Triangle number determination 

On the other hand, P2 is presented as another part of the sector between the two defined 

lines (𝑦 = ℎ. 𝑃1 and 𝑦 = ℎ. (𝑃1 + 1)) joining the vertices, which are separated by distance (h) 

and parallel to 𝛼 −axis. P2 = 0 implies that point Iref is between lines A0A3 and A2A4, while this 

point is located above line A2A4 when P2 = 1. Geometrically, the values of P1 and P2 indicate 

the intersection of two regions that are either a rhombus or triangle. In addition, point Iref lies 

in (a) triangle 1 if P1 =0, and P2 =0, (b) rhombus A1A3A4A2 if P1 = 1 and P2 = 0, and (c) triangle 
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4 if P1 = 1 and P2 = 1. The same calculation could be used for any number of levels. In Fig. 3-

10, the reference vector is located in the rhombus A1A3A4A2. This rhombus consists of two (2) 

triangles which are triangle 2 and triangle 3. Point Iref could be positioned in any of these two 

(2) triangles. Let (𝐼𝛼𝑖, 𝐼𝛽𝑖) is the coordinates of point Iref with respect to point A1 achieved as: 

𝐼𝛼𝑖 = 𝐼𝛼 − 𝑃1 +. 5𝑃2          (10) 

𝐼𝛽𝑖 = 𝐼𝛽 − 𝑃2ℎ              (11) 

In (3) and (4), (𝐼𝛼𝑖/𝐼𝛽𝑖) is the tangent of the line between the origin of the reference 

vector, and the rhombus which is compared to the tangent of the diagonal point of rhombus ( 

√3). The tangent comparison is conducted through the inequality 𝐼𝛽𝑖 ≤ √3𝐼𝛼𝑖 for determining 

a small vector IZ and an accurate triangle number  ∆𝑛 . If  𝐼𝛽𝑖 ≤ √3𝐼𝛼𝑖, the triangle number ∆𝑛 

is obtained as: 

∆𝑛= 𝑃1
2 + 2𝑃2           (12) 

𝐼1 = 𝐼𝛼𝑖            (13) 

𝐼2 = 𝐼𝛽𝑖            (14) 

If  𝐼𝛽𝑖 > √3𝐼𝛼𝑖 , the triangle number is obtained as: 

∆𝑛= 𝑃1
2 + 2𝑃2 + 1          (15) 

𝐼1 = 0.5 − 𝐼𝛼𝑖           (16) 

𝐼2 = ℎ − 𝐼𝛽𝑖           (17) 

The above equations offer a simple guide to arranging the triangles and facilitate ease of 

identification and can be extended to any number of desired levels. The on-time calculation is 

the same for all sectors as given below. 

𝑇𝑎 = 𝑇𝑠 [𝐼1 − (
𝐼2𝑇𝑠

2ℎ
)]           (18) 

𝑇𝑏 = 𝑇𝑠 [
𝐼2

ℎ
]             (19) 

𝑇0 = 𝑇𝑠 − 𝑇𝑎 − 𝑇𝑏           (20) 

where Ts = 1/2fs, fs is the switching frequency. 

The space vector diagram consists of 16 number of triangles in each sector and 125 

number of switching vectors, which makes the controller complex and difficult to implement. 

Moreover, the triangles have an unequal number of switching vectors, which causes a voltage 

imbalance across the dc-link capacitors. Vectors (000 to 111) basically contribute to the 

performances of the conventional 2-level diagram, while vectors (111 to 222), (222 to 333) and 

vectors (333 to 444)   respectively contribute to the performances of the 3-level, 4-level and 5-

level SVPWM controllers. 
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In this thesis, the switching vectors for 2-level and 3-level controllers are omitted, which 

not only reduce the switching vector’s complexity, but also balance the voltages of the dc-link 

capacitors. It is to be noted that omitting such low level contributed switching vectors do not 

significantly affect the performance of the CMLI. 
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Fig. 3-11. Proposed simplified 5-level SVPWM controller diagram 

This is attributed to the fact that low level contributed switching vectors are of least 

contribution to the performance of the CMLI, while the switching vectors of high-level 

contribution dominate the CMLI performance. The conventional SVPWM controller diagram, 

as shown in Fig. 3-7, consists of three types of switching vectors marked by three different 

colour bands (red, blue and green). The switching vectors marked by red bands in triangle 1 

(e.g. 000, 100, 110, 111, 211, 221, 222) and triangle 2 (e.g. 100, 200, 210, 211) in sector 1 are 

completely redundant. On the other hand, the green colour-coded switching vectors of triangle 

1 (e.g. 333, 433, 443, 444) and triangle 2 (e.g. 422, 432, 433) in sector 1 are mandatory for the 

formation of the triangles. The blue colour-coded switching vectors (e.g. 322) are redundant 
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for triangle 1 but mandatory for triangle 2 in sector 1. From this point of view, it can be 

concluded that green colour-coded switching vectors are mandatory for the formation of the 

triangles, while the red colour-coded switching vectors are completely redundant, and the blue 

colour-coded ones are either redundant or mandatory for the formation of the triangles in the 

SVPWM controller diagram. Hence, the 5-level SVPWM controller diagram has been 

simplified by omitting red colour-coded switching vectors as shown in Fig. 3-11. 

The proposed simplified diagram comprises 98 switching vectors instead of 127 

switching vectors in the case of the conventional SVPWM controller diagram. Moreover, only 

four switching vectors are enough to create a triangle. The elimination of the lower weighted 

switching vectors for triangle 1 has been shown in Fig. 3-12. These four high weighted 

switching vectors are selected from the simplified diagram to execute the control pulses for the 

CMLI.  

Hence, this thesis proposes a proportional integral (PI)-based SVPWM controller to 

balance the dc-link voltage over non-isolated capacitors and control the three-phase CMLI. In 

the proposed controller, the 3-phase output currents are measured and transformed to the dq 

reference frame using Clarke and Park’s transform. The dq reference signal (Iref) is compared 

to the dc-link current (Idc) and the resultant error signal is supplied to the PI controller as per 

the equations below. 

𝐼𝑟𝑒𝑓 = 𝐼𝑟 sin 𝜔𝑡           (21) 

𝐼𝑑_𝑐𝑜𝑛 = 𝑘𝑝(𝐼𝑑 − 𝐼𝑟𝑒𝑓) + 𝑘𝑖 ∫(𝐼𝑑 − 𝐼𝑟𝑒𝑓)𝑑𝑡       (22) 

𝐼𝑞_𝑟𝑒𝑓 = 0           (23) 

𝐼𝑞_𝑐𝑜𝑛 = 𝑘𝑝(𝐼𝑞 − 𝐼𝑞_𝑟𝑒𝑓) + 𝐾𝑖 ∫(𝐼𝑞 − 𝐼𝑞_𝑟𝑒𝑓)𝑑𝑡       (24) 

𝐼𝛼𝑖 = 𝐼𝑑_𝑐𝑜𝑛 (cos 𝜃 − 𝐼𝑞_𝑐𝑜𝑛
sin 𝜃)        (25) 

𝐼𝛽𝑖 = 𝐼𝑑_𝑐𝑜𝑛
(sin 𝜃 + 𝐼𝑞_𝑐𝑜𝑛

cos 𝜃)        (26) 

The angle (𝜃𝑖), and magnitude (𝐼𝑖
∗) are determined from the following equations. 

𝜃𝑖 = tan−1 (
Iβi

Iαi
)          (27) 

𝐼𝑖
∗ = √Iαi

2 + Iβi
2            (28) 

The sector number (s) is obtained by applying the following equation. 

𝑠 = floor (
𝜃𝑖

π/3
) + 1          (29) 
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Fig. 3-12. Process of omitting lower weighted switching vectors for triangle 1 

A comparison of the proposed number of switching vectors based on the simplified 

SVPWM controller and the conventional SVPWM controller is shown in Table 3-2.  

Table 3-2. Comparison of switching vectors in SVPWM controllers 

Switching Vectors of SVPWM 

No. of Levels Conventional Proposed 

3 27 26 

4 64 56 

5 125 98 

This comparison reveals the advantage of the proposed simplified SVPWM controller, 

particularly when a higher number of levels is required in the output voltage waveform. From 

Table 3-2, the proposed 5-level SVPWM controller diagram reduces the 27 switching vectors 
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in the conventional SVPWM controller. The proposed switching vectors for triangle 1 of the 

proposed SVPWM controller are shown in Table 3-3. 

Table 3-3. Proposed switching vectors 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sec. 
Tri. 

No. 
Switching Vectors Sec. 

Tri. 

No. 
Switching Vectors 

1 

1 I333→I433→I443→I444 

2 

1 I333→I343→I443→I444 

2 I322→I422→I432→I433 2 I332→I342→I442→I443 

3 I332→I432→I433→I443 3 I332→I342→I343→I443 

4 I332→I432→I442→I443 4 I232→I242→I342→I343 

5 I311→I411→I421→I422 5 I331→I341→I441→I442 

6 I321→I421→I422→I432 6 I331→I341→I342→I442 

7 I321→I421→I431→I432 7 I231→I241→I341→I342 

8 I331→I431→I432→I442 8 I231→I241→I242→I342 

9 I331→I431→I441→I442 9 I131→I141→I241→I242 

10 I300→I400→I410→I411 10 I330→I340→I440→I441 

11 I310→I410→I411→I421 11 I330→I340→I341→I441 

12 I310→I410→I420→I421 12 I230→I240→I340→I341 

13 I320→I420→I421→I431 13 I230→I240→I241→I341 

14 I320→I420→I430→I431 14 I130→I140→I240→I241 

15 I330→I430→I431→I441 15 I130→I140→I141→I241 

16 I330→I430→I440→I441 16 I030→I040→I140→I141 

Sec. 
Tri. 

No. 
Switching Vectors Sec. 

Tri. 

No. 
Switching Vectors 

3 

1 I333→I343→I344→I444 

4 

1 I333→I334→I344→I444 

2 I232→I242→I243→I343 2 I233→I234→I244→I344 

3 I233→I243→I343→I344 3 I233→I234→I334→I344 

4 I233→I243→I244→I344 4 I223→I224→I234→I334 

5 I131→I141→I142→I242 5 I133→I134→I144→I244 

6 I132→I142→I242→I243 6 I133→I134→I234→I244 

7 I132→I142→I143→I243 7 I123→I124→I134→I234 

8 I133→I143→I243→I244 8 I123→I124→I224→I234 

9 I133→I143→I144→I244 9 I113→I114→I124→I224 

10 I030→I040→I041→I141 10 I033→I034→I044→I144 

11 I031→I041→I141→I142 11 I033→I034→I134→I144 

12 I031→I041→I042→I142 12 I023→I024→I034→I134 

13 I032→I042→I142→I143 13 I023→I024→I124→I134 

14 I032→I042→I043→I143 14 I013→I014→I024→I124 

15 I033→I043→I143→I144 15 I013→I014→I114→I124 

16 I033→I043→I044→I144 16 I003→I004→I014→I114 

Sec. 
Tri. 

No. 
Switching Vectors Sec. 

Tri. 

No. 
Switching Vectors 

5 

1 I333→I334→I434→I444 

6 

1 I333→I433→I434→I444 

2 I223→I224→I324→I334 2 I323→I423→I424→I434 

3 I223→I323→I324→I334 3 I323→I423→I433→I434 

4 I323→I324→I424→I434 4 I322→I422→I423→I433 

5 I113→I114→I214→I224 5 I313→I413→I414→I424 

6 I113→I213→I214→I224 6 I313→I413→I423→I424 

7 I213→I214→I314→I324 7 I312→I412→I413→I423 

8 I313→I314→I324→I424 8 I312→I412→I422→I423 

9 I313→I314→I414→I424 9 I311→I411→I412→I422 

10 I003→I004→I104→I114 10 I303→I403→I404→I414 

11 I103→I104→I114→I214 11 I303→I403→I413→I414 

12 I103→I104→I204→I214 12 I302→I402→I403→I413 

13 I203→I204→I214→I314 13 I302→I402→I412→I413 

14 I203→I204→I304→I314 14 I301→I401→I402→I412 

15 I303→I304→I314→I414 15 I301→I401→I411→I412 

16 I303→I304→I404→I414 16 I300→I400→I401→I411 
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3.6 Results and Discussion 

3.6.1. Simulation Results and Discussion 

The proposed three-phase CMLI, and SVPWM controller for WECS have been designed 

in the MATLAB/SIMULINK software environment as shown in Fig. A (1), A (2), and A (3) 

in the Appendix. The length (𝑙), tip speed ratio (𝜆), and power coefficient (𝐶𝑝) of the wind 

turbine blade are set to 26m, 8 and 0.48;  respectively [261].  

The maximum power point tracker is shown in Fig. 3-13. The generator produces 

maximum power when the average wind speed is 12 m/s. The wind and generator speed have 

been displayed in Fig. 3-14. The three-phase voltage and current waveforms of the synchronous 

generator are presented in Fig. 3-15. The generated output peak-peak voltage and current are 

480V and 2.5A respectively, which are pure sinusoidal. The total harmonic distortion (THD) 

depicted in Fig. 3-16 assures their pure sinusoidal natures. 

 

Fig. 3-13. Maximum power point tracker 

 

Fig. 3-14. Wind and synchronous generator speed 
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Fig. 3-15. Three-phase output voltage and current of the three-phase synchronous generator 

 
Fig. 3-16. THD of the three-phase output voltages and currents of the three-phase synchronous 

generator 

 
Fig. 3-17. dc-link voltage without the controller and with the SVPWM controller 

The generated three-phase output waveforms are converted to DC-link voltage using a 

three-phase uncontrolled rectifier. The obtained output voltage of the uncontrolled three-phase 

rectifier constitutes ripples as presented in Fig. 3-17, which need to be minimized. The 

SVPWM controller has been practiced for the three-phase rectifier to suppress the ripples from 
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the dc-link voltage. The obtained output voltage of the controlled rectifier is shown in Fig. 3-

17, where the ripples are minimized. 

The output dc-link voltage of the three-phase rectifier is fed to the input of the three-

phase CMLI, which suffers voltage unbalancing issues across the dc-link capacitors as 

presented in Fig. 3-18. Due to the voltage unbalancing issues across the dc-link capacitors, 

three-phase output voltage and current waveforms distort from their sinusoidal behaviour as 

depicted in Fig. 3-19. The THD of these distorted three-phase waveforms is increased as shown 

in Fig. 3-20, which indicates the deviation from the sinusoidal behaviour.  

 
Fig. 3-18. Unbalanced dc-link voltages across dc-link capacitors 

 
Fig. 3-19.  Unbalanced three-phase voltage and current of the CMLI due to unbalanced dc-link 

voltages 
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Fig. 3-20.  THD of unbalanced three-phase voltage and current of the CMLI 

To resolve the voltage balancing issues as well as to control the three-phase CMLI, the 

proposed PI-based SVPWM controller has been applied. The proposed PI-based SVPWM 

controller resolves the voltage balancing issues, which are presented in Fig. 3-21. The sampling 

frequency for both the rectifier and three-phase CMLI is set to 5000 Hz. The obtained output 

voltage and current waveforms of the CMLI are also showing almost sinusoidal natures as 

depicted in Fig. 3-22. The output voltage waveform comprises five staircase levels; 0V, 60V, 

120V, 180V, and 240V. The THD of the three-phase output voltage and current waveforms as 

shown in Fig. 3-23 is reduced to around 5.69, which indicates almost sinusoidal natures as well 

as satisfying the IEEE519 standard on harmonics [262].  

 
Fig. 3-21. Balanced dc-link voltages across dc-link capacitors applying SVPWM controller 
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Fig. 3-22.  Balanced three-phase voltage and current of the CMLI applying SVPWM controller 

 

Fig. 3-23.  THD of balanced three-phase voltage and current of the CMLI 

The simulated results show the robustness of the proposed SVPWM controller and three-

phase CMLI. 

3.6.2. Experimental Results 

An experimental setup has been developed as depicted in Fig. 3-24 for validating the 

simulation result. The experimental prototype consists of a synchronous generator, insulated 

gate bipolar transistor (IGBT, Dual N Channel, 155 A, 2 V, 511 W, 1.2 kV), voltage sensor 

(PR32-30), current sensor (LA 25-NP), digital signal processing board (TMS320F28335), 3-

phase squirrel cage induction motor (380V, 1.6/3.1A, 0.4/1KW, 0.64/0.76), 3-phase gate driver 

(5/15V), and DC supply ( GPC-3030D, 0/30V, 0/3A). The three-phase input voltage is scaled 

down to half of the simulated three-phase voltage due to the limitation of ratings of hardware 

capacity and lab facility. 
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Fig. 3-24. Experimental setup of proposed controllers and three-phase CMLI for the WECS 

The three-phase line-to-line voltages (Vab, Vbc, and Vca) and phase currents (Ia, Ib, and Ic) 

of the synchronous generator are presented in Fig. 3-25 and 3-26, which are symmetrical in the 

simulated results. The real trend of total harmonic distortion (THD) presented in Fig. 3-27 is 

around 6% which satisfies the IEEE519 standard on harmonics [262].  
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Fig. 3-25. Three-phase output voltage of the synchronous generator 

 
Fig. 3-26. Three-phase output current of the synchronous generator 
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Fig. 3-27. THD of the three-phase output voltages of the synchronous generator 

 
Fig. 3-28. Crest factor of the three-phase output voltages of the synchronous generator 

 
Fig. 3-29. Output power of the synchronous generator 
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Fig. 3-30. Power factor of the synchronous generator 

The voltage crest factor is close to √2 as depicted in Fig. 3-28, which indicates the almost 

sinusoidal nature of the output voltage. The output power and power factor are around 47W 

and 0.98 as presented in Fig. 3-29 and 3-30 respectively. The power factor is close to unity 

which is the desired power factor for the proposed system. 

The SVPWM controller is designed in the MATLAB/Simulink software environment. 

Code composer studio (ccs 3.3) has been installed and interfaced with Simulink. The SVPWM 

controller model is linked to the code composer studio, which converts the model into C source 

code. The C source code is uploaded to the digital signal processor (DSP) control board 

(TMS320F28335). The DSP generates firing pulses across the specified general-purpose 

input/output (GPIO) pins with a magnitude of 3.3V each. The firing pulses are connected to 

the 3-phase gate driver, which boosts the firing pulse voltages to 15V. The boosted firing pulses 

control the rectifier’s IGBTs (S1 to S6). The voltage sensor captures the dc-link ripple voltages 

from the AC/DC converter. The voltage sensor converts the DC-link ripple voltage (120V) to 

3.3V, which is fed to the DSP board through an analogue to digital conversion pins. The DSP 

board sends the converted dc-link ripple voltage to the SVPWM controller model. 

The SVPWM controller is employed, and the generated dc-link voltage is presented in 

Fig. 3-31. The experimental dc-link output voltage is ripple free and similar to the simulated 

results, which validates the SVPWM controller. 

This experimental output voltage has been fed to the input of the proposed three-phase 

CMLI. The proposed SVPWM controller is designed in the MATLAB/Simulink software 

environment. Code composer studio (ccs 3.3) has been installed and interfaced with Simulink. 
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The proposed SVPWM controller is linked to the code composer studio, which converts the 

model into C source code. The C source code is uploaded to the digital signal processor (DSP) 

control board (TMS320F28335). The DSP generates firing pulses across the specified general-

purpose input/output (GPIO) pins with a magnitude of 3.3V each. The firing pulses are 

connected to the 3-phase gate drivers which boost the firing pulse voltages to 15V.  

 

Fig. 3-31. Experimental DC-link voltage applying the PI-based THIPWM controller 

The boosted firing pulses control the IGBTs of CMLI (Sa1 to Sa8, Sb1 to Sb8 and Sc1 to 

Sc8). The current sensor captures the output current of the three-phase CMLI and converts the 

captured current to 3.3A, which is fed to the DSP board through an analog to digital conversion 

pins. The DSP board sends the converted current to the proposed SVPWM controller. Shifter 

and scaler blocks are used to revert the current signal to its original shape. The complete 

hardware setup of the proposed three-phase CMLI and SVPWM has been shown in Fig. 3.24. 

The experimental three-phase line to line output voltages (Vab, Vbc, and Vca) and phase currents 

(Ia, Ib, and Ic) of the three-phase CMLI are presented in Fig. 3-32, and 3-33 respectively.  The 

three-phase output voltages show staircase output waveforms with 5-levels (0V, 30V, 60V, 

90V, and 120V) which are in a balanced condition. The proposed SVPWM controller has 

balanced the dc-link voltage over non-isolated capacitors. The three-phase output currents are 

also in balanced condition and similar to the simulated results. These results reveal the excellent 

performance of the proposed SVPWM controller and three-phase CMLI. 
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Fig. 3-32. Balanced three-phase output voltage of the three-phase CMLI 

 

Fig. 3-33. Balanced three-phase output current of the three-phase CMLI 
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The real trend of total harmonic distortion (THD) presented in Fig. 3-34 is around 6% 

which satisfies the IEEE519 standard on harmonics [262].  

 

Fig. 3-34. Real trend of the voltage THD of the three-phase CMLI 

 

Fig. 3-35. Real trend of the voltage crest factor of the three-phase CMLI 

The voltage crest factor is close to √2 as shown in Fig. 3-35, which indicates the almost 

sinusoidal nature of the voltages. The output power and power factor are 42.5W and 0.76 as 

presented in Fig. 3-36, and 3-37 respectively. The output power factor of the proposed CMLI 

is 0.76 due to the machine rated power factor available in the laboratory. This power factor can 
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be increased to a value close to unity using a power factor correction scheme such as a capacitor 

bank as shown in Fig. 3-38 [263]. 

 

Fig. 3-36. Output power of the three-phase CMLI (8W/div) 

 

Fig. 3-37. Power factor of the three-phase CMLI 
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Fig. 3-38. Power factor improvement using capacitor bank [263]. 

Summary 

The WECS proposed in this thesis presents a three-phase CMLI, and a SVPWM 

controller. The SVPWM controller has been simulated and experimented to suppress ripples 

from the dc-link voltage as well as to control the rectifier. The three-phase CMLI has been 

proposed, which requires four dc-link capacitors instead of dc supply to produce 5-level 

staircase output. The proposed SVPWM controller has been simulated and experimented to 

balance the dc-link voltage over non-isolated capacitors as well as to control the three-phase 

CMLI. The complete WECS has been designed and simulated in the MATLAB/Simulink 

software. An experimental prototype of the WECS has been constructed to validate the 

simulation result. The obtained results from simulation and experiment reveal that the proposed 

controllers and CMLI topology have shown excellent performance. 
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Chapter IV  

Condition Monitoring of the DC-Link and Three-phase CMLI for a WECS over the 

industrial IoT 

4.1 Introduction 

Condition monitoring for wind energy conversion systems (WECS) has become an 

essential industry practice, as this helps improve wind farm reliability, overall performance, 

and productivity. If not detected and rectified in the early stages, some faults can be 

catastrophic with significant loss of revenue along with interruptions to businesses that 

primarily rely on wind energy [36]. A WECS failure results in system downtime and repair or 

replacement expenses that significantly reduce annual income. Such failures call for more 

systematised operation and maintenance schemes to ensure the reliability of the WECS. The 

condition monitoring and fault diagnosis systems for WECS play an important role in reducing 

maintenance and operational costs and increase system reliability [264]. This thesis proposes a 

condition monitoring algorithm, energy storage, and management system and industrial IoT 

algorithm to monitor the condition of switching devices in the three-phase CMLI, DC-link 

capacitors for the WECS as shown in the block diagram in Fig. 4-1. The block diagram is 

divided into six architectural layers, including the physical layer, data sensing layer, data 

processing layer, data-link layer, network layer, and application layer. The condition 

monitoring algorithm and energy storage system for the WECS are included in the physical 

layer, and the rest is divided between the data sensing layer, data processing layer, data-link 

layer, and application layer. The details of this architecture have been designed in the 

MATLAB and Protius software environment, which are presented in section 4.2. The design 

of the physical layer has been simulated and performances have been investigated, which are 

described in the earlier part of section 4.3.  

 
Fig. 4-1. The block diagram to monitor the condition of the WECS 
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A hardware prototype of the architecture has been developed and tested to validate the 

proposed condition monitoring algorithm and industrial IoT algorithm for the WECS, which is 

described in the middle part of section 4.3.  The condition of the WECS has been monitored 

remotely via local area network and internet, which has been added at the end of section 4.3. 

A summary is included in section 4.4. 

4.2 Proposed condition monitoring algorithm, energy storage and management 

system and industrial IoT algorithm for monitoring the condition of the WECS 

The physical layer consists of several components and subsystems, which include turbine 

blades, generator, rectifier, three-phase cascaded multilevel inverter (CMLI), a motor, DC-link 

capacitors, energy storage and management system, and controllers as shown in Fig. 4-2. The 

full-scale power electronic converter (rectifier and CMLI) has been given much attention in the 

physical layer due to its flexibility and faster response, which facilitates the integration of 

various renewable energy sources and improves power system reliability [40]. 

 

Fig. 4-2. Design of condition monitoring system for the wind energy conversion system 

The 3-phase AC voltage in the wind generator is converted into intermittent DC voltage 

across the DC-link capacitor through 6 bi-directional switching devices which contain ripples. 

These ripples affect input voltage quality for the DC/AC converter [8]. A SVPWM controller 

is used to suppress such ripples and improves power quality as shown in Fig. 4-2. The rectifier 

is coupled through DC-link capacitors to the cascaded multilevel inverter (CMLI), which drives 

a 3-phase AC motor. The multilevel inverter (MLI) has brought tremendous change to high-
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power medium-voltage industry applications, which is one of the new trends DC/AC converters 

[265]. MLIs have several advantages over conventional inverters, including less stress on 

switching devices, more utilisation of the DC-link voltage, and better power quality [53]. A PI-

based space vector modulation (SVM) controller is used to control the three-phase CMLI as 

presented in Fig. 4-2. 

An algorithm has been proposed here to monitor the condition of the switching devices 

in the three-phase CMLI and dc-link capacitors as depicted in Fig. 4-3.  

 

Fig. 4-3. Proposed condition monitoring algorithm 

The condition monitoring algorithm generates faulty control pulses, which are used to 

control the semiconductor switching devices of the three-phase CMLI and the switches of the 

dc-link capacitors. Due to these faulty control pulses, three transitions have been displayed in 

the RMS output waveforms of the three-phase CMLI consecutively. The first transition 

continues for 30 seconds and the condition of the switching device has been monitored in real-

time and indicates the healthy condition of the switching device. The second transition executes 
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just after the first transition and continues until 60 seconds. The condition of the switching 

device has been monitored during the second transition, which indicates the faulty condition 

of the switching device. The third transition begins just after the second transition and continues 

until 90 seconds. The condition of the switching device has been monitored in real-time and 

indicates the fault clearance of the switching device. The same process has been repeated for 

all the upper switching devices (i.e. Sa1 to Sa4) of the three-phase CMLI. The creation and 

clearance of the faults are continued until 270 seconds and the condition of the WECS is 

monitored in each period. 

In addition, the proposed algorithm has also been applied here to monitor the condition 

of the dc-link capacitors as presented in Fig. 4-3. The proposed generated faulty control pulses 

have been applied to control the dc-link switches (SW1 to SW4). Due to the faulty control 

pulses, three transitions have been displayed in the RMS output waveforms of the three-phase 

CMLI consecutively. The first transition continues for 30 seconds and the condition of the 

RMS output has been monitored in real time and indicates the healthy condition of the dc-link 

capacitor (C1). The second transition executes just after the first transition and continues until 

60 seconds. The condition of the dc-link capacitor (C1) has been monitored during this 

transition and indicates an open circuit fault of the dc-link capacitor (C1). The third transition 

begins just after second transition and continues until 90 seconds. The condition of dc-link 

capacitor (C1) has been monitored in real time and indicates the open circuit fault clearance 

from the dc-link capacitor (C1). The same process has been repeated for all the dc-link 

capacitors (C1 to C4). The creation and clearance of faults are continued until 270 seconds and 

the condition of the RMS output has been monitored in each period. 

Moreover, the battery energy storage and management system play a vital role in the 

modern power sector in terms of the dual performance of storing electrical energy in dc form 

through the rectifier circuit and releasing the stored electrical energy through the inverter circuit 

at the required time [266]. This thesis proposes an energy storage and management system to 

improve the performances of the WECS. The proposed system consists of a battery (B, super 

capacitor), two switching devices (S and S*), a voltage sensor, and a controller which is 

described in Fig. 4-2. The voltage (V) captured by the voltage sensor is compared with the 

threshold voltage (Vth). The following decisions are taken as a result of the comparison. 

Decision 1: If V≤0.5Vth, both of the switches (S and S*) are made ON (1). The WECS 

operates in normal condition with low voltage and the battery starts to discharge through switch 

S*. 
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Decision 2: If V>0.5Vth ‖ V≤Vth, switch (S) is made ON (1) and switch (S*) is made OFF 

(0). The WECS is operating in normal condition.  

Decision 3: If V>Vth, switch (S) is made OFF (0) and switch (S*) is made ON (1). The 

WECS is operating in faulty condition, which increases the dc-link capacitor voltage. The 

three-phase cascaded MLI is isolated from the rectifier. The battery (super capacitor) is in 

charging mode and energy is stored. 

The data sensing layer consists of a three-phase step down transformer and a three-phase 

full-bridge rectifier as shown in Fig. 4-4. The output voltage of the transformer is fed to the 

three-phase full bridge rectifier. The dc output voltage of the rectifier is fed to the data 

processing layer, which consists of an Arduino Uno board along with an integrated 

development environment (IDE), and a liquid crystal display (LCD). The data is processed in 

binary form after which it is transferred to the data-link layer. The data-link layer consists of a 

global system for mobile (GSM) module (SIM card), SIM800L module, and a global packet 

radio service (GPRS). 

 

Fig. 4-4. Proposed industrial IoT module 

The Arduino Uno board and SIM800L module are among the most popular smart 

devices, and are highly recommended when developing any industrial IoT system due to their 

small portable size, ease of development and excellent manufacturer support [267], [268], 

[269]. The SIM800L module can work like a cellular mobile phone with the integration of an 
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external peripheral, which can generate calls, SMS messages, emails, and build dual 

communications with the internet [270]. Data can be written to the internet and the web page 

can be read through the SIM800 module. 

A UART (Universal Asynchronous Receiver/Transmitter) sends (TX for SIM800 and D8 

for Arduino Uno) and receives (RX for SIM800 and D7 for Arduino Uno) lines. The required 

hardware components and software to develop the proposed industrial IoT system comprise a 

SIM800L, Arduino Uno, a mobile phone SIM card inserted into the back of the SIM800L 

device, and a USB cable for serial interface between the Arduino and the computer. 

A program is developed in the Arduino IDE environment to control the data processing 

and send it to the SIM800 module along with the GSM module via the Arduino Uno board 

which is described here. 

In the Arduino IDE, three libraries – Adafruit FONA Library (AFL), Software Serial 

Library (SSL), and Liquid Crystal Library (LCL) – are included. The AFL is used for GSM 

Breakouts. The Arduino Uno board possesses built-in supported serial of communication using 

SSL on pins 0 and 1, which is connected to computer through USB cable. The SSL is developed 

and allows serial communication to the other digital pins of the Arduino Uno via the IDE 

software for replicating the functionality. It could also be probable to build multiple software 

serial port connections with a speed of up to 115200 bps. A parameter allows device inverted 

signals requiring that protocol. The LCL allows the Arduino Uno board to print the message 

signal in the LCD display, which is developed based on the Hitachi HD44780 (LM016L) 

chipset. The LCL can work on 4/8 bits mode; for example, 

LiquidCrystal (rs, rw, enable, d0, d1, d2, d3, d4, d5, d6, d7). 

This is an 8-bit mode where bits (d0–d3) are optional. The rs, rw, and enabled bits are the 

number of the Arduino Uno board pins, which could be interfaced to the RS, RW and E pins 

on the LCD respectively. The d0, d1, d2, d3, d4, d5, d6, and d7 are the numbers of the Arduino 

Uno board pins which could be interfaced to the corresponding data pins to the LCD. The three-

phase voltages (Va, Vb, and Vc) are acquired from the Arduino analogue pins specified in the 

Arduino Uno board as A0 to A6 and are converted to digital data (binary) using an analogue to 

digital converter with limited resolution of 0–1023 pixel for 10 bits or 0–4095 pixel for 12 bits. 

The Arduino library enables the Arduino board to run couple of operations using GSM, 

such as sending and receiving voice calls, SMS and MMS messages and even connecting to 

the internet all over the world through a General Packet Radio Service (GPRS) network.  

The network layer is a dedicated server for hosting incoming data from the SIM800L 

module. The GPRS provides idealised data rates between 126 to 256 kbits/s for the server 
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domain. The posted data in the server are compared with the threshold voltage. If the posted 

data goes below the threshold voltage, a message is sent to the application layer. The 

application layer consists of authenticated remote users, email servers and Wi-Fi switches as 

shown in Fig. 4-2. The authenticated remote users can access data from the server directly over 

the internet. They are also notified instantly with fault information via their authenticated email 

server. The authenticated remote users can control the Wi-Fi switches of the WECS. A brief 

flow chart of the proposed industrial IoT for the WECS is shown in Fig. 4-5. 

 

Fig. 4-5. Block diagram of proposed industrial IoT algorithm for WECS 
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4.3 Results and Discussion 

4.3.1. Simulation Results 

The proposed condition monitoring algorithm, and energy storage system for the WECS 

were designed and simulated in the MATLAB software environment. The simulation results 

were monitored and investigated. The three-phase CMLI output voltages were captured, as 

shown in Fig. 4-6 display fault information outlined with rectangles coloured in red. Due to the 

fault, the waveforms of output voltage (Vab and Vca) are affected and labelled with green circles 

when Vbc is in a healthy state. This indicates that the fault is located in the switching devices 

of either Phase-A or Phase-C. It can be observed that the positive peak of Phase-A and negative 

peak of Phase-C are affected, which confirms the fault to be located within Phase-A, not Phase-

C. Furthermore, as the positive portion of Phase-A is affected, the fault is expected to be within 

the upper switching devices (Sa1 to Sa4), since the upper switching devices execute the positive 

level of the output voltages. It must be noted that switching devices Sa1, Sa2, Sa3, and Sa4 take 

part in generating levels 2, 3, 4, and 5 of the output voltages, respectively. The results show 

that the fifth level of Phase-A is affected, while the other levels maintain a normal condition. 

Therefore, it can be concluded that the fault is located within switch Sa4. Hence, the switch Sa4 

should be replaced to mitigate the fault. 

 
Fig. 4-6. Output voltages of the three-phase CMLI due to a fault at Sa4 

The algorithm proposed in this thesis executes the control signals in such a way that 

demonstrates three transitions. Each transition stands for 30 seconds. In the1st transition, it 

generates the signal part which runs the CMLI in normal condition. In the 2nd transition, it 

generates the faulty signal to the switches while in the 3rd transition, it generates a signal to 

drive back the CMLI into normal condition. All considered faults are open circuit fault. The 
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dynamic performances of the three-phase CMLI was investigated by applying the proposed 

condition monitoring algorithm for semiconductor switching devices (Sa1 to Sa4) located in the 

physical layer. A dynamic RMS voltage is shown in Fig. 4-7, which shows a different transition 

dynamically during the simultaneous faults. The first transition of the dynamic RMS voltage 

continued for 30 seconds with an amplitude of around 156V, which indicates the healthy 

condition of the switching device. The RMS voltage was flopped down and continued until 60 

seconds during the second transition with an amplitude of around 146V, which indicates the 

faulty condition of switching device (Sa1). The dynamic RMS voltage returned to the normal 

position (healthy condition) and continued until 90 seconds during the third transition. The 

same process was repeated for all the upper switching devices of the three-phase CMLI. The 

creation and clearance of the faults were continued and investigated for the performance of the 

proposed condition monitoring algorithm until 270 seconds. 

 
Fig. 4-7. Dynamic RMS voltage due to faults in the switching devices (Sa1 to Sa4) 

 
Fig. 4-8. Dynamic THD due to faults in the switching devices (Sa1 to Sa4) 
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The total harmonic distribution (THD) of the RMS voltage was below 5% during the 

healthy condition as depicted in Fig. 4-8, which satisfies the IEEE519 standard on harmonics 

[271]. The THD was increased to around 5% during the second transition due to the fault in 

the switching device (Sa4). The THD returned to the IEEE519 standard during the third 

transition, which proves the robustness of the proposed condition monitoring algorithm. The 

performance of the THD was continued and investigated until 270 seconds. 

The conditions of the dc-link capacitors were also monitored in physical layer by 

applying the proposed condition monitoring algorithm. The three-phase output voltages were 

measured as depicted in Fig. 4-9, which highlight the fault information marked by red coloured 

rectangles. Due to such faults, the three-phase output voltage is dropped to around 180V (peak), 

which wipes out the 5th level. This missing 5th level of the three-phase voltage indicates faults 

in either of the dc-link capacitors (C1 to C4). 

 
Fig. 4-9. Output voltages of the three-phase CMLI due to a fault in C4 

 
Fig. 4-10. Dynamic RMS voltage due to faults in the dc-link capacitors (C1 to C4) 
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The dynamic performances of the dc-link voltage were investigated by applying the 

proposed condition monitoring algorithm for the faults in the dc-link capacitors (C1 to C4) in 

physical layer. The dynamic RMS voltage due to faults in the dc-link capacitor is presented in 

Fig. 4-10. The first transition of the dynamic RMS voltage continued for 30 seconds with an 

amplitude of around 156V, which indicates the healthy condition of the dc-link capacitors. The 

RMS voltage is dropped and continued until 60 seconds during the second transition with an 

amplitude of around 124V, which indicates the faulty condition of the dc-link capacitor (C4). 

The dynamic RMS voltage returned to the normal position (healthy condition) and continued 

until 90 seconds during the third transition. The same process is repeated for all the DC-link 

capacitors of the WECS. The creation and clearance of faults were continued, and the 

performance of the proposed condition monitoring algorithm investigated until 270 seconds. 

The total harmonic distribution (THD) of the RMS voltage is below 5% during the healthy 

condition as depicted in Fig. 4-11, which satisfies the IEEE519 standard on harmonics. The 

THD was increased to around 5% during the second transition due to the fault in the DC-link 

capacitor (C4). The THD returned to the IEEE519 standard during the third transition, which 

proves the robustness of the proposed condition monitoring algorithm. The performance of the 

THD was continued and investigated until 270 seconds. 

 
Fig. 4-11. Dynamic THD due to the faults in the dc-link capacitors (C1 to C4) 

The battery storage and management system was designed and simulated in the MATLAB 

software environment as presented in Fig. 4-2. The characteristics of the super capacitor is 

shown in Fig. 4-12, where the shaded area denotes the nominal energy. Under the normal 

condition, the dc-link voltage is almost constant albeit with a slight overshoot and undershoot, 

which is presented in Fig. 4-13. The state of charge (SoC) in the super capacitor is also almost 

constant except for a slight discharging due to the fluctuation of the dc-link voltage.  
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Fig. 4-12. Super capacitor characteristics 

 

Fig. 4-13. dc-link voltage and SoC of super capacitor at normal operation of WECS 

 

Fig. 4-14. Swing of the dc-link voltage and SoC of the super capacitor during the faulty 

condition of the WECS 
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The dc-link voltage was increased sharply between 0.025s to 0.1s due the three-phase faults as 

shown in Fig. 4-14. As the dc-link voltage goes above the maximum value, the super capacitor 

starts to charge for that faulty period, which is depicted in Fig. 4-14. 

4.3.2. Experimental Results 

To assess the robustness of the proposed algorithms for the WECS, a hardware prototype 

was developed, which contains six architectural layers. The physical layer consists of a 

synchronous generator, rectifier, three-phase cascaded multilevel inverter (CMLI), a squirrel 

cage induction motor, voltage sensor, current sensor, digital signal processing board 

(TMS320F28335), gate drivers, dc source, heat sink, and computer as presented in Fig. 4-15. 

The output voltages of the three-phase CMLI are captured as shown in Fig. 4-16, which 

indicates fault information marked by red coloured circles. 

 

 

Fig. 4-15. Experimental setup of proposed algorithms for the WECS 
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Fig. 4-16. Experimental output voltages of the three-phase CMLI due to fault at Sa4 

The fifth level of Phase-A (positive peak) and Phase-C (negative peak) are affected while 

other levels remain at normal conditions, which is almost similar to the simulated results 

presented in Fig. 4-6. It can therefore be concluded that the fault location is within switch Sa4.  

 

Fig. 4-17. Dynamic RMS voltage due to the faults in semiconductor devices (Sa1 to Sa4)  

The dynamic performances of the three-phase CMLI were investigated by applying the 

proposed condition monitoring algorithm for the semiconductor switching devices (Sa1 to Sa4) 

in physical layer. The dynamic RMS voltage is shown in Fig. 4-17, which is almost 

symmetrical with the simulated results as presented in Fig. 4-7. The dynamic total harmonic 
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distribution (THD) of the RMS voltage is shown in Fig. 4-18, which almost matches the 

simulated results depicted in Fig. 4-8. 

 

Fig. 4-18. Dynamic THD due to the faults in semiconductor switching devices (Sa1 to Sa4) 

The crest factor of the RMS voltage was measured with an amplitude close to √2 until 30 

seconds during the first transition as depicted in Fig. 4-19. This value indicates the almost 

sinusoidal nature of the output voltage of the WECS [272]. The crest factor shows a slight non-

sinusoidal nature during the second transition and returns to the normal condition in the third 

transition. This process was continued and investigated until 270 seconds for all the upper 

switches. These results and investigations reveal the superior performance of the proposed 

condition monitoring algorithm for monitoring the condition of the switching devices of the 

three-phase CMLI.  

 

Fig. 4-19. Dynamic crest factor due to the faults in semiconductor devices (Sa1 to Sa4) 
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Fig. 4-20. Three-phase output voltage of the dc-link capacitor fault  

The output voltages of the three-phase CMLI were captured as shown in Fig. 4-20, which 

indicate the fault information marked by red coloured circles. The fifth level of each voltage 

(positive and negative peak) was wiped out, while the other levels remain in normal condition, 

which was the same as the simulated results presented in Fig. 4-9. It can, therefore, be 

concluded that the fault location is at C1. 

 

Fig. 4-21. Dynamic RMS voltage due to the faults in the dc-link capacitors (C1 to C4) 

The dynamic performances of the three-phase CMLI were investigated by applying the 

proposed condition monitoring algorithm for the dc-link capacitors (C1 to C4) in physical layer. 
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The dynamic RMS voltage is shown in Fig. 4-21, which is almost symmetrical with the 

simulated results as presented in Fig. 4-10. The dynamic total harmonic distribution (THD) of 

the RMS voltage is shown in Fig. 4-22, which almost matches the simulated results as depicted 

in Fig. 4-11. 

 

Fig. 4-22. Dynamic THD due to the faults in the dc-link capacitors (C1 to C4) 

 

Fig. 4-23. Dynamic crest factor due to the faults in the dc-link capacitors (C1 to C4) 

The crest factor of the RMS voltage was measured with an amplitude close to √2 until 

30 seconds during the first transition as depicted in Fig. 4-23. This value indicates the almost 

sinusoidal nature of the output voltage of the three-phase CMLI [272]. The crest factor shows 
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the slight non-sinusoidal nature during the second transition and returns to normal conditions 

in the third transition. This process was continued and investigated until 270 seconds for all the 

dc-link capacitors. These results and investigations reveal the superior performance of the 

proposed condition monitoring algorithm for monitoring the condition of dc-link capacitors. 

All the condition monitoring of the WECS described above could have been monitored 

remotely over the internet of things, including for the remaining five architectural layers. In the 

data sensing layer, a three-phase step-down transformer (220, 50Hz, 9V, 1000mA) is used to 

sense the three-phase voltage from the squirrel cage induction motor as depicted in Fig. 4-15. 

The three-phase bridge-rectifier (SP 9V, 2W10) is used to link the sensed three-phase voltage 

to the Arduino Uno board in the data processing layer. The data sensing layer processes the 

data in binary form and sends the processed data to the SIM800L in the data-link layer. The 

data-link layer posts and updates the three-phase processed data to the server in the network 

layer every 60 seconds as depicted in Fig. 4-24. The three-phase processed data generates 

sinusoidal output waveforms in the authenticated server, which identifies fault information for 

phases B and C. The fault information is being monitored in real-time by the authenticated 

remote users in the application layer. 

 

Fig. 4-24. Condition monitoring of the WECS using an industrial IoT algorithm  

The authenticated remote users monitor this fault information by accessing the server 

over the internet. This faulty three-phase voltage has also gone below the threshold voltage, 

which is sent to the authenticated email servers every 60 seconds. The authenticated remote 

users may shut down the WECS through Wi-Fi switches over the internet or advise the local 

operating personnel of the fault correction through the ability of the WECS if the faults are not 

severe. 
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The condition of the WECS is also monitored remotely using the IoT via a local area 

network (LAN). The real-time output waveforms of the WECS are captured using a Keysight 

oscilloscope (PA2203a). Remote users can monitor the output waveform using Keysight 

oscilloscope local area network (LAN) connection. The rear panel LAN ports of the 

oscilloscope and remote computer communicate through an ethernet cable. The dynamic DNS 

option is enabled to allow each oscilloscope to register its hostname to discriminate multiple 

devices. When the oscilloscope is connected to the remote computer, screen images of the 

oscilloscope can be shown on the remote computer. The output of the oscilloscope can be 

monitored over the internet through its hostname or IP address as shown in Fig. 4-25. The web 

browser helps control the oscilloscope, capture screen images, save the captured images to the 

computer, print the web pages, and recall the files to the web page. The recommended browser 

is internet explorer; other java enabled browsers may also be applicable. The authenticated 

remote users can access the computer securely over the internet by launching the Chrome 

Remote Desktop app in both host computer and authenticated remote devices (computer, 

laptop, phone, etc.). The WECS could be controlled over IoT by the authenticated remote users. 

Once the remote users can access a local computer, they will be able to control and diagnose 

the WECS remotely. 

 

Fig. 4-25. Condition monitoring of the WECS via the LAN 

4.3.3. Suggestions on how to mitigate the faults 

The CMLI consists of four three-phase 2-level inverters connected in cascade. If a fault 

occurs in any switch of the three-phase 2-level inverter, its performances will be affected which 

could be monitored through industrial IoT system proposed in this thesis. The authenticated 
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remote users will allow the CMLI to operate if the nature of fault severe and within the fault 

right through ability of the CMLI. The authenticated remote users may shut down the system 

and instruct the local operators to replace the faulty section when the fault is in severe 

condition. Replacement of the faulty three-phase 2-level inverter by a new one is a rapid cost-

effective solution due to the significant reduction in the prices of power electronic components. 

Authors of [273] proposed a novel switching technique based on selective harmonic 

elimination (SHE) controller to mitigate faults of multilevel cascaded H-bridge (CHB) 

inverters which could be implemented in future. Authors of [274] proposed a design of a fault-

tolerant structure to mitigate the fault of cascaded H-bridge multilevel inverter. Failure mean 

time and reliability have been evaluated using Markov method in which rate of failures of 

switches are calculated. This fault tolerant structure could be also applied in future to mitigate 

the faults of CMLI.” 

Summary 

Monitoring the condition of the WECS is mandatory for reducing downtime and 

obtaining an uninterrupted power supply. This thesis proposes an algorithm to monitor the 

condition of the dc-link and semiconductor switching devices in a three-phase CMLI for the 

WECS in real-time. The algorithm was designed in the MATLAB software environment and a 

hardware prototype was developed to test the algorithm. The experimental results reveal the 

superiority of the algorithm for monitoring the condition of the dc-link capacitors and 

semiconductor switching devices. The performances of the algorithm were also investigated 

remotely in real-time through an industrial IoT algorithm. A hardware prototype of the 

industrial IoT algorithm was also developed to monitor the condition of the dc-link capacitors 

and semiconductor switching devices remotely in real time. The real-time data of the dc-link 

capacitors and semiconductor switching devices was posted to the server so that authenticated 

remote users could monitor the condition and advise accordingly in real time. From the 

experimental results, it can be concluded that the proposed industrial IoT algorithm shows 

excellent performance.
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Chapter V 

Conclusions and Future work 

5.1 Conclusion 

This thesis proposes a three-phase cascaded multilevel inverter (CMLI) to produce a 

better quality of output voltage waveform, and a space vector pulse width modulation 

(SVPWM) controller to control the three-phase CMLI and balance the voltages across the dc-

link capacitors. A hardware prototype has been developed to validate the proposed three-phase 

CMLI and SVPWM controller. In addition, this thesis proposes an algorithm to monitor the 

condition of  the dc-link capacitors and switching devices of the three-phase CMLI, and energy 

storage and management system to protect the dc-link capacitors as well as store the energy 

during faulty periods of WECS function, and an industrial internet of things (IoT) algorithm to 

monitor the condition of the WECS remotely in real-time. A hardware prototype has also been 

developed to verify the proposed PI-based SVPWM embedded and industrial IoT algorithms. 

These significant contributions set out to improve system performance and reliability, which 

are separately covered in two chapters (Chapter 3 and Chapter 4). These contributions and key 

features are summarized here in section 5.2.  

5.2. Main Contributions in the thesis 

The main contributions of this thesis are summarized here. 

1. The rectifier produces harmonic ripples in its output voltage waveform across the dc-

link capacitors during conversion, which restricts the achievement of the desired input 

voltage waveform for the three-phase CMLI. Several ripple minimization techniques 

have been discussed with their limitations in the literature [275], [276], [277]. A 

SVPWM controller has been developed, which minimizes the ripples of the dc-link 

voltage. The SVPWM controller has self-rotating voltage vectors in each sector around 

the coordinates which can minimize the ripples of rectifier using the PI controller. The 

SVPWM controller has been designed and simulated in the MATLAB software 

environment. An experimental prototype has also been developed and tested to validate 

the SVPWM controller. The simulated and experimental results reveal the superiority 

of the SVPWM controller.   

2. The multilevel inverter (MLI) has brought a tremendous revolution in industry for 

converting the dc-link voltage to three-phase ac voltage [278]. Several topologies of 

MLI have been discussed with their limitations in the literature [279]. The cascaded h-
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bridge inverter (CHBI) is one of the promising topologies of MLI, since it requires the 

least number of components during its fabrication [280]. However, the CHBI requires 

a large number of isolated dc sources, which restricts its coupling with the dc-link. A 

three-phase CMLI has been proposed in this thesis, which requires four non-isolated 

dc-link capacitors and is easily coupled with the rectifier. The proposed three-phase 

CMLI has been designed and simulated in the MATLAB software environment. An 

experimental setup of the three-phase CMLI has been developed and tested to verify 

the simulated results. The simulation and experimental results reveal the robustness of 

the proposed CMLI.  

3. The proposed three-phase CMLI suffers from voltage balancing issues across the non-

isolated dc-link capacitors like capacitor clamped inverter [281]. A simplified SVPWM 

controller has been proposed to balance the dc-link voltage across the non-isolated dc-

link capacitor. The proposed SVPWM controller has been simplified by reducing the 

switching vectors which contributes to balance the voltage across the dc-link capacitors. 

The SVPWM controller has been designed and simulated in the MATLAB software 

environment. Also, an experimental test rig has been developed to validate the 

simulation results. The proposed SVPWM controller shows excellent performance for 

balancing the dc-link voltage over non-isolated capacitors.  

4. Condition monitoring and early fault diagnosis for the WECS have become essential 

industry practices, as they help improve wind farm reliability, overall performance and 

productivity. If not detected and rectified at an early stage, some faults can be 

catastrophic with significant loss of revenue along with interruptions for businesses that 

primarily rely on wind energy [23]. The failure of the WECS results in system 

downtime and repair or replacement expenses that significantly reduce annual income. 

This thesis proposed a condition monitoring system (CMS) for the WECS which 

comprises six architectural layers, including the physical layer, data sensing layer, data 

processing layer, data-link layer, network layer, and application layer. The physical 

layer consists of several components and subsystems, which include a synchronous 

generator, rectifier, proposed three-phase CMLI, a motor, and the proposed controllers. 

The data sensing layer consists of a three-phase step-down transformer and a three-

phase full-bridge rectifier. The three-phase output voltage is sensed from the physical 

layer and fed to the three-phase step down transformer. The three-phase full bridge-

rectifier converts the three-phase step downed voltage and feeds it to the data processing 

layer, which consists of an Arduino Uno board along with an integrated development 
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environment (IDE) and a liquid crystal display (LCD). The data is processed in a binary 

form after which it is transferred to the data link layer. The data link layer consists of a 

global system for mobile GSM module with SIM Card (SIM800L) and a global packet 

radio service (GPRS). The network layer is a dedicated server for hosting incoming 

data from the SIM800L module. The GPRS provides idealized data rates between 126 

to 256 kbits/s for the server domain. The posted data on the server are compared with 

the threshold voltage. If the posted data goes below the threshold voltage, a message is 

sent to the application layer. The application layer consists of authenticated remote 

users, email servers and Wi-Fi switches. The authenticated remote users can access the 

data from the server directly over the internet. They are also notified instantly with 

information about the fault via their authenticated email server. The authenticated 

remote users can control the Wi-Fi switches of the WECS. The authenticated remote 

user can monitor the performances of WECS in real time over internet. The status of 

the WECS is also updated with the authenticated remote users via email. 

5. The condition of the WECS is also monitored remotely using the internet of things 

(IoT) via a local area network (LAN). The real time output waveforms of the wind 

energy conversion system are captured using a Keysight oscilloscope (PA2203a). The 

remote users can monitor the output waveform using the local area network (LAN) 

connection. When the oscilloscope is connected to the remote computer, screen images 

on the oscilloscope can be shown on the remote computer. The output of the 

oscilloscope can be monitored over the internet through its dedicated web server. The 

web browser helps to control the oscilloscope, capture screen images, save the captured 

images to the computer, print web pages, and recall the files to the web page. The 

authenticated remote users can access the computer securely over the internet by 

launching the Chrome Remote Desktop app in both the host computer and the 

authenticated remote devices (computer, laptop, phone, etc.). The WECS can ultimately 

be controlled over the IoT by authenticated remote users. Once the remote users can 

access a local computer, they will be able to control and diagnose the WECS remotely. 

5.3.Suggestions for future work 

The proposed WECS along with condition monitoring system (CMS) will play a 

significant role in the future smart power sector. Despite its significant contribution, this 

research has some challenges, which could be investigated in future research. The key points 

for future research are as follows:  
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Renewable energy production has increased significantly now a days which needs to be 

integrated into the recent smart power grid system [282]. But integrations of renewable 

energies into smart power grid lead to several significant technical challenges. Power quality 

is an important factor in the integrations of renewable energies. One of the major power 

problem quality issues is harmonic distortion, which is caused by the power electronic 

converter utilized for the conversion of renewable energy [283]. The harmonic distortion is 

significant when renewable energy penetration is high. The harmonic distortion needs to be 

minimized, and this is recommended for future research. 

Photovoltaic power generation has also increased in recent years due to the reduction in the 

price of solar PV panels along with support policies in many countries [284]. The integration 

of PV generation into power grids leads to several technical challenges, such as the impact of 

the power electronic converter along with controllers, reverse power flow, power quality issues, 

voltage fluctuations, dynamic stability, and big data challenges [285], [286]. Exploring these 

issues in greater depth in order to resolve them is recommended as a valuable direction for 

future research. 

Renewable power generation is integrated into low-voltage or medium-voltage distribution 

networks, since renewable power plants are mostly located in remote areas, which are not 

planned properly. In some cases, the large-scale power plants are normally connected to high 

voltage transmission networks, which require advanced structures to combine these energies. 

There are numerous challenges related to the control, operation and protection involved in 

integrating these energies into the transmission grid, due to the power electronic converters 

implemented for grid connectivity [287]. These challenges could be investigated elaborately in 

future. 

The condition of the dc-link capacitors and switching devices in the three-phase CMLI have 

been monitored in real time locally and remotely. Condition monitoring of other parts, such as 

the blade, generator, rectifier, controller, and squirrel case induction generator has not been 

covered in this research, which are recommended as future works [288], [289], [290]. Though 

some faults have been investigated and discussed, no fault tolerant techniques have been 

covered yet to mitigate the faults, and these could be explored in future research.   

The energy storage and management system has been designed and simulated as part of 

looking at the three-phase faults in this thesis. But no experimental investigations have yet been 

covered, and this needs to be done in the future.  

This thesis proposes an industrial IoT system to monitor the condition of the WECS 

remotely in real time, which only covers for the three-phase voltages. Other signals such as 
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gate pulse, dc-link voltage, synchronous generator output, and three-phase currents have not 

yet been covered, and these are recommended that these could be explored as future work. 

This thesis uses a cellular network system to monitor the condition of the WECS. This 

network can post the data to the authenticated server, which has bandwidth limitations. Other 

networking systems such as wireless networks and satellite networks could be applied to 

monitor the WECS in the future.  

However, industrial IoT based projects are facing several challenges such as real time data 

accessing interoperability, end to end secure data privacy management, prohibition of 

unauthorized network, integration and identification of authenticated remote users [291]. The 

major issue is the security challenges due to the exploitation of unauthorized network since the 

industrial IoT devices are liable to provide secure information to the authenticated remote 

users. Recently, IoT automated industries are suffering hacking or blocking services between 

transmission like hacking of automated banking currency or intellectual property which have 

been developed based on untrustworthy IoT technology. This issue needs to be addressed by 

developing a trustworthy security system to reduce security threats which are recommended as 

future work. 
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