
A Current-Source Modular

Converter for Large-Scale

Photovoltaic Systems.

Saud Hameed Alotaibi

BSc., M.Sc.

School of Engineering

Lancaster University

A thesis submitted for the degree of

Doctor of Philosophy

July, 2023



Declaration

I, Saud Alotaibi, confirm that the presented research in this thesis is my own and

was written and originated entirely by me. It has not been submitted previously

to any other university or similar institution that led to the award of a degree.

The research was conducted at the University of Lancaster, United Kingdom (UK),

between January 2019 and February 2023.

Saud Hameed Alotaibi

i



A Current-Source Modular Converter for Large-Scale Photovoltaic

Systems.

Saud Hameed Alotaibi, BSc., M.Sc..

School of Engineering, Lancaster University

A thesis submitted for the degree of Doctor of Philosophy. July, 2023

Abstract

The world is shifting toward renewable energy sources (RESs) to generate clean energy

and mitigate the stress of global warming caused by CO2 emissions in recent decades.

Among several RES types, large-scale photovoltaic (LSPV) plants are a promising

source for meeting ambitious clean energy targets and being part of power generation.

With the progress of high-power modular inverters, new opportunities have arisen to

integrate them into LSPV systems connected to medium-voltage (MV) grids to obtain

high efficiency and reliability, better system flexibility, and improved electrical safety

compared with string or central inverters.

This thesis presents and implements a new current source three-phase modular

inverter (TPMI) based on a novel dual-isolated SEPIC/CUK (DISC) converter.

The TPMI is designed with a single power processing stage comprised of series-

connected DISC submodules (SMs) to deliver MV into the utility grid. It outperforms

conventional high-power inverters in terms of modularity, scalability, galvanic isolation

compliance, and distributed maximum power point tracking (MPPT) capabilities.

The DISC converter employed as an SM in the proposed TPMI generates bipolar

output (i.e., both positive and negative voltages). In addition to having step-up

and step-down capabilities with a continuous input current, this converter shares
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an input side inductor, thereby reducing the number of components. The DISC

structure, modulation method, operation, novel state-space model, and parameter

design procedure are analysed in details. Then, simulation results are presented to

validate the theoretical and analytical analyses of the DISC converter.

The proposed TPMI inverter is subsequently integrated into the LSPV grid

connection to prove its suitability for such applications. In the theoretical analysis, the

advantages of TPMI structure over conventional topologies are discussed. Then, the

modulation technique, and operational concept are presented, followed by a dedicated

control strategy is implemented by adding a system and SM-level controllers. The

system controller is required for the generation of uniform duty ratios for all SMs

in order to regulate the power transfer. The SM level controller is introduced to

ensure equal current and voltage distribution between SMs and to compensate for

minor discrepancies between the various parameters. The entire TPMI system is

demonstrated through MATLAB and Simulink simulations, with the objective being

to deliver the rated (1 MW) power from the PV modules under normal operation,

uniform shading, and partial shading conditions and to match PV generation with

the grid’s power demands. A downscaled 3-kW TPMI inverter was developed in

the laboratory to validate its feasibility experimentally with its control strategy in

different operating conditions. Finally, the TPMI performance is compared with

selected current source inverter topologies, which shows that TPMI obtains good

efficiency within the context of existing state-of-the-art current source converters.

Then, the TPMI structure is modified by redesigning its DISC SMs, which provides

several benefits, including a reduction in the number of switch devices operating at

high frequency, thus decreasing switching losses, and an increase in efficiency. In
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this study, a half-cycle modulation (HCM) scheme is developed for the switches,

and the operation of a modified DISC SM is analysed. Simulation and experimental

results validate the performance of the modified TPMI topology and demonstrate its

suitability for LSPV applications. According to the results of the comparison, the

maximum power efficiency of the modified TPMI structure is 95.5%, which represents

an improvement over the original TPMI structure.
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Chapter 1

Introduction

1.1 Overview

The economic and social progress of modern society's growth is directly tied to the

availability of energy sources. Over 770 million people worldwide live in rural areas

without access to electricity, along with some countries and parts of the world su�er

from acute power shortages [1]. Historical and current energy generation sources are

dominated by fossil fuels such as coal, oil, and gas, as well as nuclear power as shown

in Fig 1.1 [2]. However, academics, scientists, and engineers worldwide consider them

environmentally damaging due to their impact on climate change and global warming.

According to United Nations (UN) studies, if emissions continue at their current rate,

the average global temperature will increase by 5:8� C by the end of the next century

[3]. Furthermore, the vulnerability of fossil fuel prices, combined with the uncertain

future of crude oil, has in
uenced the policies adopted by various countries, resulting in

a greater emphasis on green technologies to meet their energy demands. Furthermore,

nuclear energy is dangerous and requires an extremely high level of protection [4].
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Figure 1.1: Net global electricity generation (TWH) and its forecast through 2040 [2].

This signi�cant challenge re
ects the world's noticeable shift away from this form

of energy towards risk-free alternatives [5]. Despite the aforementioned energy sources

have been in use for a long time, their previously negative impacts demand a large and

coordinated shift to a more promising alternative. Consequently, many governments

are pursuing renewable energy sources (RESs) and encouraging zero- or low-carbon

technologies [6].

Several countries have taken the lead in transitioning their energy systems to

becoming carbon-neutral. This transition is mainly driven by government regulation

and incentives, as well as industrial developments in areas such as communications,

manufacturing, automation, and power electronics. In this era of energy transition,

economic and social progress have allowed the development of sustainable energy

sources that are extremely reliable and e�cient, as well as being capable of supplying

energy at a range of power levels. RESs are considered as superior alternative

energy sources and a possible solution to the �nite supply of fossil fuels and their

environmental impact [7].
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As seen by the historical trends in Fig 1.2, progress in clean energy has been

continually improving. The global renewable energy community projects that they

will be able to provide at least 26% of worldwide electricity generation by 2020, which

is up from 8% in 2019 [8]. The remarkable pace of the RESs capacity expansions is

likely to continue, with 270 gigawatts (GW) expected to become operational in 2021

and 280 GW in 2022. Among all RESs, solar and wind energy are the top and are

the most rapidly developing renewable energy sources [9]. Therefore, these two forms

of RESs are predicted to have a signi�cant impact on the supply side of distribution

networks in the future.

Figure 1.2: Global renewable energy capacity [8].

Solar photovoltaic (PV) energy generation systems are becoming a signi�cant

part of expansion plans for distributed energy resources (DERs) due to their (a)

environmentally friendly and pollutant-free technology; (b) high rate of return on

investment; and (c) widespread availability. Global PV expansion is expected to

accelerate as power electronics technologies improve and the cost of PV modules

decreases, making PV systems an attractive option for a low-cost energy source that
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can be developed and put into operation in less than a year [10]. The cost of PV

energy is forecasted to continue to fall because of increased economies of scale and

additional technological improvements in the industry. According to [11], the levelized

cost of electricity (LCOE) in PV energy decreased by 77% between 2010 and 2018,

from 0.37 USD per kWh to 0.085 USD per kWh, and the average declining energy

price is predicted to be 0.02 USD per kWh by 2030 and 0.05 USD per kWh by 2050.

Fig 1.3 and Fig 1.4, show the global installed electricity capacity from 2010 to 2018,

and its predicted capacity for 30 years. Globally, 40 GW of capacity was installed in

2010 at a rate of 17 GW per year. Similarly, global capacity installed in 2018 totalled

480 GW, with a 94 GW annual deployment [12].

Figure 1.3: Photovoltaic capacity and deployment per GW [12].

The continents of Asia, Europe, and North America are still in the top three in

terms of the amount of solar power generated [13]. As of 2030, Asia is predicted to

maintain its dominance in the worldwide market with an installed capacity of 1860
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GW, while North America will come in second with an installed capacity of 437 GW.

By 2050, the installed capacity will continue to expand, and Asia continues to lead

the global market with a total capacity of 4.837 GW. North America, with 1.728 GW,

is predicted to be the second-largest PV market, followed by Europe, with 891 GW

[13].

Figure 1.4: Each continent's photovoltaic capacity [13].

The considerable disparity between continents is largely explained by investment

levels. Asia is predicted to invest 113 billion dollars per year until 2050, followed

by North America at 37 billion dollars per year and Europe at 19 billion dollars per

year [13]. According to the policies and investments of many nations, the majority of

the increased power is generated through large-scale PV (LSPV) plants with output

power over 1 MW [14]. The size and number of completed LSPV plant projects in

2018 totaled approximately 235, all of which had power levels of at least 50 megawatts

(MW) and were situated in at least 37 countries[15].

The industry needs to be ready for such a signi�cant increase in available power
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over the next 30 years. Therefore, new and improved technologies are expected to

be developed to better integrate PV power generation into the grid. These new

developments are aimed at opening up new markets for the usage of this energy source,

as well as producing more e�cient PV panel technologies, more adaptable power

systems, and novel power converter topologies for handling a high-density of power.

This thesis investigates modular inverter structures for use in LSPV applications, with

a focus on developing new topologies for power converters that can accommodate

higher levels of power generation in the future.

1.2 Con�gurations of PV systems

Di�erent designs and con�gurations have been employed to integrate PV systems

into the grid [16]. Fig 1.5 shows the most common con�gurations: central, string,

multi-string, and AC modules. Selecting one con�guration over another depends on

several aspects, such as power output, location, cost, and availability, which are all

summarised in [17], [18].

1.2.1 Central Con�guration

A central inverter con�guration is composed of a central DC/AC converter connected

to many PV modules in a series to form a string. The disposition of PV strings is

connected in series to deliver a proper level of DC voltage on the DC side. A typical

central structure is that of a single-stage energy conversion process, which reduces

expenses and improves the e�ciency of energy conversion. In the case of LSPV power

plants, a number of central inverters are implemented in parallel to a low-frequency
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transformer (LFT) that is used to step up the low voltage level (540-690 V) to the

medium voltage grid level (20-30 kV)[19].

1.2.2 String Con�guration

A string inverter con�guration is a simpli�ed form of the central inverters, where

each individual PV string and inverter are placed as a single-phase connection. This

con�guration allows each string its own maximum power point tracking (MPPT)

controller. This 
exibility provides better MPPT performance and increases the total

power generation in uneven conditions compared to the central con�guration. Power

converters with galvanic isolation and two conversion stages can be used to eliminate

leakage currents and prevent voltage levels from exceeding the limit allowed in the

PV modules. Usually, DC-DC converters equipped with high-frequency transformers

(HFTs) or DC-AC converters equipped with LFTs can be employed [20].

1.2.3 Multi-string Con�guration

This is an advanced string inverter con�guration that allows the use of multiple strings

and DC/DC converters connected to a central inverter. In this context, it allows the

orientation of the maximum power point (MPP) to be set for the individual PV string

which is di�erent from the con�gurations of central and string, where all strings have

the same orientation [18]. In comparison to the previous con�gurations, this one

allows for independent MPPT operation, which results in maximum power harvesting

from the PV source and thus increases total e�ciency [20].
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1.2.4 AC-module Con�guration

The AC module integrated inverter system shown in Fig 1.5(d) is comprised of a

single solar PV module, and its individual inverter is connected to the utility grid.

In this way, an inverter with its own MPPT controller allows for the elimination of

the DC bus and the reduction of con�guration costs, allowing for more scalability

and 
exibility [21]. However, the main challenge is designing an inverter capable

of boosting the PV module's low voltage to a level compatible with the utility grid

voltage [22].

Figure 1.5: LSPV con�gurations (a) Central, (b) String, (c) Multi string, (d) AC
module.
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1.2.5 Comparative analysis of PV con�gurations

According to the analysis in [16], [22], the four con�gurations are evaluated in terms

of operation factors such as performance, power losses, and cost, as shown in Table

1.1.

General categories features Central String Multi-string AC module

Performance

Robustness
Availability
Flexibility

MPPT e�ciency

High
Low
low
Low

Low
High
High
High

Medium
Medium
Medium
Medium

Very-Low
Very-High
Very-High
Very-High

Power losses

Mismatching
Switching
Dc side
Ac side

High
High
High
Low

Low
Low
Low

Medium

Low
Medium
Medium
Medium

Very-Low
Very-Low
Very-Low

High

Cost
Installation

Maintenance
Medium

Low
High
Low

Medium
High

Very-High
Very-High

Table 1.1: Comparative aspects of LSPV con�gurations.

The �rst category of performance assesses robustness, availability, 
exibility, and

MPPT e�ciency. It is seen that the central con�guration is the most robust in

comparison to other con�gurations. A single central inverter is responsible for

managing the energy generated by hundreds of PV modules at the same time.

However, the central structure is harmed by the PV module's partial shading

conditions, which can disturb the MPPT control and reduce the total DC voltage,

reducing availability, 
exibility, and MPPT e�ciency signi�cantly. On the other hand,

string and AC model con�gurations perform well for all general characteristics, but

their robustness is limited [23].

In relation to the power loss category, power mismatches have a detrimental e�ect

on central con�gurations. These losses are unavoidable in any PV module group
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because of their condition-dependent nature (e.g. partially shaded, degradation of

PV string, cloud coverage, dust, cooling). Furthermore, it is important to consider

switching losses, which can vary depending on the devices and the control of the

PV inverter. Switching losses are also signi�cant in central inverters due to the PV

modules sharing the same dc current, complicating the MPPT operational controller

[20].

In addition, the DC or AC side losses associated with the length of cables are

a concern for LSPV power plant losses. Initially, DC losses in central inverters are

quite high because of the parallel connection of several PV strings to the same DC

bus. In contrast, it has low ac losses since the LFT is located quite close to its

inverter. On the other hand, string and multi-string topologies o�er lower DC losses

than central inverters because they can scale up dc voltages via a DC-DC stage with

galvanic isolation. However, extra electronic components are necessary to accomplish

this task. In the case of the AC module con�guration, the performance is superior to

other con�gurations, with the exception that the losses are fairly high on the AC loss

scale [16].

The �nal category takes into account the cost of installation and maintenance. In

comparison to other con�gurations, a central con�guration is by far the cheapest

system. This feature makes the central topology an attractive option for LSPV

projects. In other con�gurations, as the number of inverters increases, installation

and maintenance costs become too high [22].

To summarise, the central con�guration has the following characteristics: high

robustness; low 
exibility; signi�cant losses due to power mismatches and DC cables;

low ac side losses; and cheap installation and maintenance costs. Alternatively, string
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and multi-string con�gurations o�er excellent 
exibility and availability, with minimal

DC side losses and high installation and maintenance cost as the power levels increase.

AC module con�guration performs well in terms of 
exibility, simplicity, and MPPT

e�ciency. However, the major drawbacks of the ac module arrangement are its

capability to deliver the grid power level, high cost, and the possibility of a decrease

in power density.

In this context, a possible research �eld is a modular current source inverter,

where the structure is a promising research topic for improving PV yield and power

conversion e�ciency of grid-connected PV systems.

1.3 Challenges of PV systems

1.3.1 Availability and Lifetime

There is a signi�cant di�erence between the normal inverter lifespan (5 to 15 years)

and the lifetime of PV modules (around 25 years). Inverters are widely viewed as

the weakest component of PV systems in terms of operation and maintenance [24].

According to [25], inverters were responsible for 37% of unplanned maintenance and

59% of the total cost of repairs in a 50-megawatt (MW) PV plant. These failures are

to blame for the high costs, which include not only service costs but also energy losses

caused by the PV power plant's downtime [26].

However, DC-link capacitors (usually electrolytic types) are considered a fun-

damental cause of the limited lifetime of commercial PV inverters [27]. Presently,

most high-power PV converters require sizeable electrolytic capacitors to handle

low-frequency ripples and meet power quality standards. Even though electrolytic
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capacitors have a high capacitance density, they are considered very unreliable

parts [28]. Furthermore, electrolytic capacitors are 30 times less reliable than

non-electrolytic capacitors in the same operational conditions [29]. Moreover, high

solar power variability and operation at high-temperature ranges impair electrolytic

capacitors' lifetime due to their considerable equivalent series resistance (ESR) and

low breakdown voltage [30]. Consequently, the typical lifespan of a conventional PV

system is less than ten years.

Eliminating electrolytic capacitors from the design of PV systems and replacing

them with capacitors with long lifetimes can be an e�ective approach to improving

the lifetime of the PV system [31]. Continuous input current source converters have

been widely researched as possible topologies for using long-lifetime capacitors such as

�lm capacitors to obtain high-reliability PV systems with non-electrolytic capacitors

[32]{[34].

1.3.2 Limitations of Voltage Source Inverters

A two-level voltage source inverter, commonly referred to as a 2L-VSI, is a typical

structure for connecting PV systems to the grid. This topology is used due to its

low cost and simplicity [35]. Nevertheless, the output voltage of 2L-VSI is always

switching between the maximum and minimum DC voltage levels, resulting in a high

dv/dt and a signi�cant degree of electromagnetic interference (EMI), particularly at

high switching frequencies. Because input and output currents are discontinuous,

considerable �ltering devices are required to reduce current ripples and EMI [36]. In

addition, there are extra costs and also weight connected with the higher volume and

weight of the 2L-VSI topology due to its voltage buck nature, which requires a boost
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dc-dc converter to match the PV voltage and track (MPP) [37].

The restricted voltage rating of commercially available semiconductor devices

is an additional disadvantage of the 2L-VSI topology [38].The voltage rating of

commercially available insulated gate bipolar transistors (IGBTs) is approximately

6.5 kV. Moreover, these devices should be de-rated by a factor of 0.5 to account for

the device's commutation voltage and to improve the reliability of 100 failures in

time (Vcom@100FIT) which means that the 2L-VSI voltage is restricted to 3.25 kV

[39]. A series connection of IGBTs can also provide di�culties due to mismatches

in the characteristics of the IGBT devices and the gate-driver circuits, requiring

the installation of snubber circuits, and complicating the 2L-VSI's operation and

its control [40].

The limitations of 2L-VSI prompted academia and industry to explore alternative

techniques, such as a new power electronic technology based on Multilevel Converters

(MLCs) for high-power applications. The key features of these topologies are

modularity, scalability, redundancy and high power density operations that can allow

integration into the grid without (LFT), and a better power quality [41].

1.3.3 Leakage Current in PV systems

Grid-connected PV systems require extra care to comply with grid codes. Accordingly,

international authorities have established several widely acknowledged standards for

PV systems, which are necessary to avoid safety concerns [42]. The main source of

these safety problems and concerns is the existence of capacitanceCP V between the

PV cells/module and the grounded frame, as shown in Fig 1.6. As can be seen, a

direct ground (earth) current path from the PV module to the power grid is formed
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due to lack of galvanic isolation [43].

Figure 1.6: Three-phase grid-connected PV inverter [42]

The resonant circuit, which is comprised of the massive stray capacitanceCP V in

this path (also referred to as the ground capacitor) and the inverter's output L-�lter

on the grid side, can be excited by a variable common-mode (CM) voltage, resulting

in the 
ow of a high-amplitude capacitive CM current (i.e., leakage currenti cm). This

current has both low-frequency and high-frequency switching and line components.

In this case, harmonics are introduced into the grid, degrading system e�ciency,

undermining electromagnetic uniformity, and posing potential protection and safety

hazards (electric shock) [44].

In addition, the size (or even weight) of the PV array, the DC lines connecting

the array to the DC-AC power inverter, and environmental factors all play a role

in determining the amplitude of the leakage current. These aspects make it far

more di�cult to completely eliminate leakage currents in practice than was previously

assumed [45].

The solution explored in this thesis uses an isolated inverter based on small-size
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high-frequency transformers (HFTs). The HFTs are considered a mandatory part of

the proposed inverter and a viable alternative to low-frequency transformers, as they

provide galvanic isolation, a smaller footprint, and increased voltage gain. Therefore,

HFTs are increasing system reliability and improving human safety in the PV �eld.

1.4 Research Motivation

With present global energy demands and industrial consumption patterns, everyday

increases in electricity generation are required. RESs such as wind and solar, which

are anticipated to continue expanding their capacity, account for a sizeable share of

the world's electricity generation. In addition, LSPV energy is gaining signi�cant

market share and will likely be widely deployed in the future due to developments in

technology, cost reduction, and high reliability.

Due to the signi�cant growth in global LSPV power generation, there is the

potential for a variety of concerns and challenges in this �eld that will need to be

addressed to improve energy yield. These challenges include; increasing the output

per square foot of PV modules; ensuring constant power generation to meet demand

at all times; simulating inertia to mitigate the e�ects of the absence of synchronous

generators; and designing a new con�guration of power converters capable of managing

high densities of power generation.

A conventional LSPV power plant is mainly composed of PV modules that are

connected in series/parallel combinations to form PV arrays and strings, as shown

in Fig 1.7. These arrays and strings are then connected to dc-dc converters that

ensure MPPT operation and boost the dc voltage. The dc-dc converters' outputs are

connected to a common DC bus. The common dc bus is then connected to the utility
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grid via a step-up transformer by a central dc{ac inverter [46].

Figure 1.7: Conventional large-scale PV plant conversion system [46].

Although this con�guration is common for PV grid-connected systems, it does

not yet meet all the technical and cost-e�ective requirements for PV systems.

This con�guration requires the use of bulky and heavy LFT, large line �lters, and

boost converters, which considerably increases the weight and volume of the energy

conversion system, its operating costs, and losses [47]. Employing this single central

inverter system to supply high power to the main grid is challenging due to the power

rating restrictions of existing power inverters and the semiconductor [48]. In addition,

the vast number of PV modules connected in series in a PV array is controlled by

a common MPPT algorithm, which can limit the system's overall power output of

the string [49]. Thus, the con�guration of the power converter unit is still under

consideration.

A new energy conversion system could be found to continue to cope with the cost

and to boost the LSPV power plant's performance. MLCs have gained considerable

interest in PV power plants due to their superior physical modularity and scalability,

high power density, independent MPPT control, fewer AC and DC �lters, which

are also smaller in size, a better harmonic spectrum, and fault-tolerant operation.
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However, the implementation of MLCs often comes with some challenges, such as

galvanic isolation requirements, distributed MPPT operation, and power mismatch. It

is important to keep searching for novel con�gurations to develop a suitable converter

design capable of meeting the future trend of PV systems.

1.5 Research Aim and Objectives

1.5.1 Aim

The Ph.D. research is conducted in light of the widespread deployment of LSPV power

plants and the necessity for innovative power electronics topologies, which can operate

at medium or high power and voltage levels. Consequently, this thesis embodies

research undertaken on a three phase modular current source inverter (TPMI) based

on submodules (SMs) of a novel dual-isolated SEPIC/CUK (DISC) converter.

The proposed TPMI topology is selected for the study because it o�ers a high

output power density, galvanic isolation, suppression of bulky LFT and electrolytic

capacitors, reduction in the number of switch components, and simpli�cation of power

stage design. Each of these merits and potential disadvantages will be discussed in

more depth in the following chapters.

1.5.2 Objectives

As discussed above, the modular current source power electronics technologies will

play important roles in the LSPV systems. The main research objectives are:

To present a logical classi�cation of high-power converters starting with MLCs

and modular isolated converters. Their possible submodule con�gurations have
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been investigated for integrating LSPV systems into medium-voltage (MV) AC

grids.

To propose a new current source converter SM topology with continuous input

current for maximum power extraction and relatively low output ripples. The

proposed topology is a descendant of both Sepic and Cuk, so it is possible to

�lter the PV system using a small �lm capacitor rather than a large electrolytic

capacitor.

To investigate a state space model of the proposed SM converter in order to

identify and comprehend how the design parameters were picked, as well as to

provide a reliable model of the TPMI topology .

To explore a novel modular isolated inverter based on the DISC SMs to improve

the energy conversion of PV plants. The proposed TPMI has several advantages

over the conventional centrally installed system, such as modularity, scalability,

fault tolerance, and better performance during shading conditions because of

the use of distributed MPPT controllers.

To propose a modi�ed structure of the TPMI topology to reduce the number

of switches and switching conduction losses. The modi�ed structure employs a

new modulation technique that operates in half cycles only.

To develop a control technique for regulating the voltage and current fed into the

grid. The DISC SMs with high-order open-loop transfer functions require rigid

compensators for stable and reliable operation. Thus, a proportional-resonant

(PR) controller has been designed to inject pure active power and obtain a higher
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level of stability. The PR controller is straightforward in design and validates

simply on standard DSP boards.

To evaluate the proposed inverters performance under a variety of conditions

using real-time simulation models.

To create a scaled-down, low-voltage hardware testbed to experimentally

validate the feasibility of the proposed inverters.

1.6 Thesis Outline

The thesis format consists of six chapters. Each chapter begins with a brief

explanation of the thesis until that point and a summary of the chapter's aims. This

is included to improve the thesis' readability and permits each chapter to be read

independently.

Chapter 1 gives background context and con�guration details for LSPV power

plants. It includes a brief introduction to the challenges of PV systems, as well

as the limitations of a conventional voltage source inverter and the leakage current.

This is followed by a statement of the motivation, aims, and objectives of the thesis.

It concludes with an overview of the thesis outline.

Chapter 2 presents a survey of a state-of-the-art multilevel inverter, which can be

employed in PV power plants. This chapter compares the suitability of conventional

MLCs and alternative topologies for LSPV applications. The �nal recommendation

is to use an isolated TPMI structure, which is accompanied by its advantages.

Chapter 3 provides the details of a new DISC SM. The study covers operational

concepts and modulation-switching techniques. A novel dynamic model is introduced
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that acts as a theoretical foundation for the following design of the selected parameters

and control strategy.

Chapter 4 discusses the analysis and design of the TPMI topology based on DISC

SMs for processing and delivering a high level of power to the grid. The modular

system's modes of operation and modulation techniques are described. The control

system and its corresponding strategies are explained. A system-level controller

and an SM-level controller are included in the analysis, it also proposes the PR

compensator, which has been e�ectively implemented to regulate the output current

and comply with the most recent grid codes. Finally, the control burden is reduced

by allowing the use of low-cost DSP boards. Following this is the validation of the

proposed inverter based on simulation and experimental results.

Chapter 5 investigates a modi�ed DISC SM structure that improves the performance

of the proposed TPMI by reducing switching losses. By adding an active switch and

a diode to the AC side of the DISC SM and replacing two active switches with the

diodes, the resulting SM can assist in reducing switch conduction losses and improve

the inverter's e�ciency. The operating principle and modulation scheme for this

structure are described and the control system and its implications are presented.

Both simulation and experimental results are provided to validate the performance of

the improved structure.

Chapter 6 provides a summary of the thesis, focusing on the major contributions

and how they relate to the original research objectives. This chapter concludes with

recommendations for future research that would expand upon the results of this thesis.
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Chapter 2

State of the Art Review

This chapter provides a detailed literature analysis that places the research objectives

in the context of recent developments in power electronics. A summary of the

challenges associated with high-power inverters in the LSPV system is included.

In this chapter, the most common MLC topologies are investigated, and the

disadvantages associated with their use in LSPV systems are reviewed.

Modular isolated converters are given special consideration in LSPV applications

because they are a promising technology that aims to reduce extra conversion stages

and improve system availability. Therefore, this chapter provides an insightful

study of their possible con�gurations, and the most recent contributions to the �eld

are explored to propose a novel and exciting inverter topology for improving the

performance of LSPV systems.
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2.1 High power PV inverters

A wide range of PV inverter systems with diverse characteristics is now available due

to the rapid growth of LSPV applications over the past few years and the increased

competition among companies in the market. The high-voltage grid-tied PV inverter

system has substantial challenges, as in other high-power and industrial applications.

Some of these challenges are galvanic isolation, power imbalances, and a central MPPT

operation [47].

Firstly, the grid requirements, such as galvanic isolation, are met by placing

LFT between the inverter and the grid. The bulky scale of LFT imposes additional

limitations on the size and cost of the inverter. Moreover, the partial shading scenarios

bring many challenges for the PV inverter systems, as these systems su�er from voltage

variation and their operating point can shift away from the maximum power point

(i.e., the MPPT controller can settle at the local maxima points instead of the global

maximum), as shown Fig 2.1. Consequently, the maximum power output of the PV

modules is reduced [50].

Figure 2.1: Current-voltage (I{V) and power-voltage (P{V) curves for PV module
under partial shade.
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Furthermore, the connection of a high number of PV modules can limit the

system's overall output power, particularly when a central MPPT controller is

employed for them all. With partial shading conditions, some of the PV modules

will be shaded while the others are not in the same series string, especially when they

are spread over a roof or a wide area. In this case, the unshaded PV modules will be

a�ected by the shaded ones, and the total extracted power from the PV system will

be signi�cantly reduced [51].

Due to the previously mentioned challenges, extensive research on high-power

density converters and novel control strategies is required for further development of

LSPV power plants. Consequently, the selection of LSPV power converters depends

on a variety of operational and technological considerations for high-performance

conversions. These are the most key considerations [52]:

1. Initial Expense: since the initial cost of the power converter is only a

percentage of the total cost of the LSPV power plants, it should be kept as

low as possible to make LSPV systems competitive with other energy sources

[53].

2. Maintenance: it is preferred to reduce the required maintenance for inverters

as much as possible to ensure the long lifespan of the PV system. This is crucial

because inverters are usually considered vulnerable parts in PV systems [54].

3. E�ciency: the power converters in LSPV systems that operate at multi-MW

rates are preferred to have high e�ciency. Therefore, the power converter is

favourable with its included features, such as its e�cient control strategies, low

power losses, and reduced switch stress. [55].
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4. Reliability: the modular structure of the PV power inverters gives additional

degrees of freedom for handling failure accidents and the capacity to maintain

operation and reduce system downtime. This feature is not just for LSPV ap-

plications; it is essential for high-reliability applications such as uninterruptible

power supply applications (military installations or emergencies) [56].

5. Power quality: the voltages and currents generated by the power inverter must

comply with power quality speci�cations. Increasing the number of levels in the

inverter reduces total harmonic distortion and dv/dt stress on the semiconductor

devices. Although the system's power density and cost increase, its output �lter

requirement decreases. [57].

6. Galvanic isolation: the purpose of galvanic isolation is to prevent leakage

currents from entering the PV installation. Usually, this is accomplished by the

use of LFT, but it can also be embedded in some inverters via HFT.[58].

7. Size and weight: the lightweight and compact converter topology provides

numerous degrees of freedom to reduce cost and power losses. This propriety

is essential for applications with space or weight restrictions, such as o�shore,

space, and automotive applications [59].

8. Grid compliance: this is an important principle for grid-connected PV

systems. The power inverter is preferred to have the fault-ride-through

capability, grid support, and voltage/frequency conversion [60], [61].

24



Chapter 2. State of the Art Review 2.2. Multilevel converters

2.2 Multilevel converters

Both academia and industry have demonstrated an increased interest in developing

MLC topologies to provide new solutions for high-power LSPV applications. MLCs

are a form of power electronic converter that can distribute DC voltage to many

modules and generate three or more stepped output voltage levels [62], [63]. These

topologies have several advantages over traditional two-level converters, such as a

high power density, lower voltage stress on semiconductor switches, and less need for

�ltering on both the DC and AC sides [64], [65]. There are two main groups of MLCs:

single DC source converters and multicell topologies [66]. This literature will provide

an introduction to the MLCs, discuss the main topologies, and present di�erent

SM circuit designs and output voltage waveforms are depicted. In the following

subsections, several MLCs will explain which are used in high and medium power

PV plants. This will allow for a comparison of their performance for this application,

as well as a discussion of the advantages and disadvantages associated with each

topology.

2.2.1 Single DC source converters

Early MLCs used common dc sources with either a single dc-link capacitor or a

series connection of capacitors on the dc side [67]. In this family of converters,

the neutral point clamped (NPC) and 
ying capacitor (FC) topologies are usually

found in the central con�guration of PV power plants [68], [69]. Furthermore, many

other topologies belonging to this family have been proposed and discussed in several

literature reviews [70]{[72].
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2.2.1.1 Neutral Point Clamped Topology

The neutral point-clamped (NPC) converter (alternatively called a diode-clamped

converter) operates from a single DC source. The DC link is divided into di�erent

levels by capacitors, and these voltage levels are clamped by diodes. The NPC

topology is preferred for MV motor drives applications. The most common power

converters on the market are the ACS 1000 converter, which has a three-level NPC,

and the ACS 5000 converter, which has a �ve-level NPC [73]. A three-level NPC

with three converter legs is described in [74]. In a single-phase operation, the NPC

converter can have either a single-leg design or a double-leg design. Each topology

has its own advantages and disadvantages.

Half-bridge (HB) (single-leg) converters are limited to using just half of the

available DC link voltage, whereas full-bridge (FB) (double-leg) converters face

challenges with common-mode voltage. A HB three-level NPC, illustrated in Fig 2.2,

is composed of capacitorsC1 and C2 that generate voltage levels ofVdc/2 and � Vdc/2,

respectively, and these voltages are clamped by diodesD1 and D2 [75].

Figure 2.2: A three-level single-phase NPC.
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Fig 2.3 shows the output voltage waveform of the single phase for the HB three-level

NPC. The output voltage has an additional zero-voltage level, so the converter then

has three voltage levels rather than two. The power quality of the output voltage

improves as the number of levels increases and the shape more closely resembles a

sinusoidal waveform. In addition, the voltage stress on the semiconductor devices

would be lower because more devices would share them, but the number of capacitors

would increase.

Figure 2.3: Output voltage waveform of HF3-NPC.

In terms of increasing output voltage levels, the NPC provides a diversity of

topology possibilities. One option for a 5-level NPC is to add another leg to a classic

HB 3-level NPC to form a FB 5-level NPC [76]. The single phase of the FB 5-level

NPC topology is shown in Fig 2.4. This converter adopts the FB topology so that

the DC link can be used in its output waveforms to its full capacity. Fig 2.5 shows

the output waveform in which the 100V DC link is completely utilised.

An alternative way of generating a 5-level NPC is to augment the HB design with

additional capacitors and diodes, as shown in Fig 2.6. Both the HB 5-level NPC

and the FB 5-level NPC have �ve output voltage levels, but the HB 5-level NPC is
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Figure 2.4: 5-level FB NPC.

Figure 2.5: Output voltage waveform of 5 level FB NPC.

comprised of two additional diodes and four additional capacitors compared to the

HB 3-level NPC [77].

Moreover, the output levels delivered by the HB 5-levels NPC di�er from those

provided by the FB version, which areVdc/2, Vdc/4, 0, � Vdc/2, and Vdc/4, as it is

presented in Fig 2.7. Although HB 5-levels NPC has a lower DC-link utilization than

FB 5-levels NPC, this topology does not su�er the same common-mode voltage issues

[78].
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Figure 2.6: 5-level HB NPC.

Figure 2.7: Output voltage waveform of 5 level HB NPC.

HB or FB structures are not the only versions to build an NPC converter. It is

possible to design a structure that reduces the number of active switches by combining

an NPC with a FC topology, as discussed in [79]. The research described in [80] focuses

on a hybrid 5-level NPC and T-type inverter to enhance output voltage and reduce

the number of power components.

However, the NPC topology su�ers from unbalanced voltages exerted by the DC

link capacitors with increasing output power, which can increase the total harmonic
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distortion (THD) of the output voltage and damage the switching devices due to

overvoltage breakdown. This issue can be addressed by adjusting the modulation

technique to compensate for the DC-link capacitor voltage unbalance [81]. However,

this increases complexity and requires the use of two additional voltage sensors to

measure the capacitor voltages. Furthermore, a high number of clamping diodes

will be required with increasing output voltage levels which contributes to increasing

the cost, size, modulation, and control complexity . Therefore, These issues pose a

signi�cant obstacle to the use of NPCs as MLCs in LSPV power installations.

2.2.1.2 Flying Capacitor Topology

The FC topology is a modi�ed version of the NPC in which the clamping diodes have

been replaced by auxiliary capacitors that generate additional output voltage levels.

Fig 2.8 shows HB FC topology with three output levels, which requires four switching

devices. One of the most problematic aspects of this topology is the capacitor charge

balancing for e�cient operation, which can be challenging to maintain due to the high

number of capacitors and the lack of clamping diodes. In this case, the voltage of the

capacitors should be maintained atVdc/2 to keep the output voltage levels balanced

and ensure that all switching devices have the same voltage stress [82].

Fig 2.9 illustrates the output voltage waveform of the HB 3-level FC. The output

voltage is balanced and transitions betweenVdc/2 , 0 , and -Vdc/2. While the number

of levels in an FC topology increases, there are more redundant states for each output

voltage level, giving the designer additional freedom in maintaining capacitor voltage

levels. Although this is an advantage, higher output levels require balancing a large

number of capacitors [83].
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Figure 2.8: A three-level of FC topology.

Figure 2.9: Output voltage of three-level FC.

With additional 
ying capacitors, it is possible to form a HB version of 5-level

FC, as shown in Fig 2.10. The total number of capacitors is increased to ten, with

four of them placed as DC link capacitors and the remaining six as 
ying capacitors

to provide the voltage levelsVdc/2, Vdc/4, 0, � Vdc/4, and � Vdc/2. Fig 2.11 illustrates

the output voltage waveform of a 5-level HB FC topology [84].

31



Chapter 2. State of the Art Review 2.2. Multilevel converters

Figure 2.10: A �ve level of HB FC.

Figure 2.11: Output voltage of 5 level HB FC topology.

An inverter based on FC topology can be modularized and expanded to accommo-

date higher voltage levels and greater power density [85]. Although the FC topology

is cheaper than the NPC topology, it has some limitations that prevent it from being

employed as MLCs for a high-power solar PV system [86]. Firstly, many capacitors

need to be employed to match the voltage of the MV grid, requiring a complicated
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control technique to complete the pre-charging operation of the 
ying capacitors to

meet the voltage-level speci�cations. Thus, the operation becomes more complicated

and expensive at high power levels [87].

In addition, the FC topology requires a common DC link formed by a high number

of PV modules connected in series, therefore the MPPT operation is centralized, which

decreases its modularity and e�ciency. ALSTOM has recently developed a six-level

hybrid system for PV applications to reduce the e�ects of pre-charged 
ying capacitors

and problems with voltage regulation. This system combines three levels of an FC

system with two levels of an inverter system and uses an auxiliary balancing circuit

[88]. However, this is insu�cient to make the MV grid's voltage safe.

In a similar way to the NPC, the FC topology does not provide galvanic isolation

between the PV arrays and the grid-connected output side. Consequently, the use of

heavy and bulky transformers remains necessary for isolation [89]. For these reasons,

the NPC and FC MLC topologies are not able to meet all of the requirements of

medium-and high-voltage PV applications.

2.2.2 Multicell converters

In contrast to the family of single-dc sources, the multicell converters have been

designed to operate at higher voltage levels. Multicell converters are formed from a

series of connections of converters, also known as submodules (SMs). This simpli�es

the process of operating at high voltages and continuing with reduced capacity

during failures. Since SMs are connected to separate dc supplies, they can be added

or removed easily. Cascaded H-Bridge (CHB) and Modular Multilevel Converters

(MMC) are among the common multicell converters used in HVDC systems [90], [91].
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The next subsections introduce these converters found in PV applications.

2.2.2.1 Cascaded H-Bridge Topology

The CHB-converter topology is a promising MLC option for large-scale PV applica-

tions. CHBs are made up of several cascaded H-bridge SMs with separate DC power

sources on their input sides. CHB topologies o�er several advantageous features

that make their use in large-scale PV applications promising [92]. The structure's

scalability allows for the generation of high voltages, as the voltage levels can be

increased. The CHB modular design provides the capability to replace any SM that

unexpectedly fails, which helps in increasing the overall system availability. Moreover,

its structure guarantees independent MPPT control among all PV arrays [93]. For

PV applications, the CHB topology was proposed in three di�erent con�gurations:

with separate PV modules, a common dc link, and a common magnetic link [50].

Separate PV modules con�guration

The �rst form of CHB topology in PV applications is the traditional three-phase CHB

MLC, as depicted in Fig 2.12, where each H-bridge is directly connected to the PV

array to collect the maximum amount of power, referred to as a single-stage conversion.

Based on this structure, a small number of PV modules will be connected in a series

to create a DC supply for each H-bridge [94]. This type of connection can increase

the e�ciency of solar PV systems because each PV string operates independently

under its own control, resulting in improved MPPT performance [95]. However, the

H-bridge is vulnerable to leakage current due to the parasitic capacitance between the

PV modules and the ground. In addition, the system will become more costly and

di�cult to control as the number of PV modules increases [96].
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Figure 2.12: A three-phase CHB.

Another con�guration of the CHB topology is using DC/DC converters (known

as a two-stage conversion) in the LSPV system. Isolated DC/DC converters are used

to prevent leakage currents, track the MPP of each PV module, and increase the

voltage. In [97], [98], an isolated current-fed dual active bridge (CF-DAB) was used,

as shown in Fig 2.13, to provide the required galvanic isolation and grounding, as well

as a higher degree of control freedom. In addition, the authors suggested using �lm

capacitors instead of large electrolytic capacitors, which are the least reliable parts of

power converters, to reduce the ripples in the current coming in from PV converters.
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Figure 2.13: A CF-DAB converter with CHB based on SM.

In [99], further development of the CHB topology with an isolated DC/DC

converter is proposed using an isolated forward dual-active bridge (F-DAB) converter.

Its design, shown in Fig 2.14, provides galvanic isolation for the PV modules, as

well as the ability to boost voltage and decrease EMI. Moreover, it is considered an

alternative to CF-DAB converters because bidirectional power 
ow is not required for

PV applications. Compared to other unidirectional converters, the F-DAB has better

features, such as a higher power density and lower prices.

Figure 2.14: A F-DAB converter with CHB based on SM.

In this context, an isolated single active bridge (SAB) can be added as SM to the

CHB topology to form a seven-level CHB prototype, as was proposed in [100]. As

shown in Fig 2.15, each SM is made up of PV modules linked to a unidirectional SAB

with a HFT to insulate PV arrays and increase the voltage gain. Moreover, the SAB

converter was developed to operate with unbalanced PV power generation. However,
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a DC-DC converter with a CHB topology has a two-stage power conversion, which

results in higher power losses, and the need for extra �ltering capacitors makes the

conversion system bulky and decreases the lifetime of the converters.

Figure 2.15: A SAB converter with CHB based on SM.

Reference [101] describes a new version of the CHB MLC that decreases the

number of switches by adding an auxiliary circuit in a PV system that is integrated

with the grid, as shown in Fig 2.16. However, it still lacks the isolation necessary for a

PV system and grid connection, so it can cause to have high leakage currents. Due to

the lack of electrical isolation, parasitic capacitances build up between the PV arrays

and the ground, causing damage and posing a safety risk.

Figure 2.16: A single CHB SM with an auxiliary circuit.

A con�guration with ac{ac conversion (using a cycloconverter) can reduce the

stage of power conversion and improve system e�ciency. Consequently, a modi�ed
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CHB converter based on a cycloconverter circuit was used to make the MLC CHB

topology [102]. In the system shown in Fig 2.17, the DC voltage is converted to

AC using a full-bridge inverter. Furthermore, each secondary of the transformer is

then connected to a full-bridge AC{AC converter to produce output AC voltages.

Although the number of power conversion stages is lower in the proposed topology,

adding more switching devices would increase the total cost.

Figure 2.17: Modi�ed CHB converter based on a cycloconverter.

A common dc link con�guration

The second version of the CHB topology is formed in the LSPV system by

using a common dc-link, as shown in Fig 2.18. This has been introduced as a

solution to address voltage imbalance challenges in PV converters caused by partial

shading, uneven solar irradiation, uneven module degradation, and di�erent ambient

temperatures [103]. In [104], it was suggested to use a modular structure with a

common DC link, where the PV modules and their DC/DC converters are connected

to a common DC bus. Then, isolated 
yback DC/DC converters are used as the

active front end for each port to provide galvanic isolation and independent MPPT

control. Although 
y-back converters are noted for their cheap and simple design when
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compared to other isolated topologies, they su�er from discontinuous input currents

that increase generated harmonics and decrease the converter's e�ciency. Moreover,

The direct connection of many sources via a common dc-link presents some challenges,

including isolation and the requirement for additional control circuits to compensate

for voltage imbalance and common mode.

Figure 2.18: A CHB MLC with a common DC bus.

A common magnetic link

A common high-frequency magnetic link is introduced and employed in the CHB

con�guration for LSPV plants. Several paper studies have analysed the bene�ts of

employing a CHB MLC topology with a common high-frequency magnetic link in PV

systems [105], [106]. For instance, the need for multiple isolated DC/DC converters

and a common DC link can be eliminated, resulting in a decrease in the number of

conversion stages and an increase in performance e�ciency. Fig 2.19 presents the

CHB topology with a common high-frequency magnetic link developed in [106] for

direct integration of PV sources. The PV arrays are connected to a common magnetic
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