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THESIS ABSTRACT 

The global trend towards larger size ground mounted solar photovoltaic (PV) power plants is set 

to continue, with the development of several projects in the 200MW range and higher. This 

installation trend will challenge the current PV plant architectures by requiring power converters 

with a higher power rating and a higher voltage level at the point of common coupling (PCC), which 

can lead to higher ratio transformers or more transformation stages to be used for the connection of 

the solar farm with the electricity grid. 

Two possible solutions are proposed in this thesis to minimize the number of transformer stages 

and/or the transformer turns ratio of a grid-connected PV plant without changing the standard 

configuration of the system. 

The first solution is a multistring PV system architecture based on a high-voltage-gain DC/DC 

converter. By introducing a high-voltage-gain DC/DC converter, the PV system can be connected to 

a medium voltage grid through a single transformer stage and the turns ratio of transformer can be 

reduced, thus resulting in reduced cost and increased efficiency of the PV system. A 1MW section of 

a PV plant has been modeled and simulated using MATLAB/Simulink and PLECS Blockset. The 

simulation results of three different case studies are presented to evaluate the performance of the 

proposed PV system configuration. 

The second solution is a PV system based on a cascaded H-bridge (CHB) multilevel converter 

topology. Despite the fact that the CHB converter topology can deal with the aforementioned 

challenges, it faces the issue of leakage current that flows through the solar panel parasitic 

capacitance to ground which could damage the PV panels and pose safety problems. This thesis 

proposes a CHB topology with multiphase isolated DC/DC converter for a large-scale PV system 

which eliminates the leakage current issue. At the same time, the multiphase structure of the DC/DC 
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converter helps to increase the power rating of the converter and to reduce the PV voltage and 

current ripples. A 0.54 MW rated seven-level CHB converter using multiphase isolated DC/DC 

converters has been modeled and simulated using MATLAB/Simulink and PLECS Blockset. 

Simulation results of different case studies are presented to evaluate the performance of the 

proposed PV system configuration. 

The proposed PV system based on a high-voltage-gain DC/DC converter has achieved 

satisfactory performance for boosting the voltage, thus the PV system is connected to a medium 

voltage grid through a single transformer with low turns ratio. Moreover the interleaved 

configuration of the high-voltage-gain DC/DC converter helps to increase the voltage gain and 

power rating of the converter. 

The medium voltage grid connection with a single transformer stage also has been achieved in the 

proposed PV system based on a CHB topology with multiphase isolated DC/DC converter. 

Moreover, the use of a multiphase isolate DC/DC converter has completely removed the leakage 

current issue and has resulted in better maximum power point tracking (MPPT) efficiency than the 

single-phase converter case. 
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Chapter 1                                              
Introduction 

This chapter gives the motivation and key objectives of the research reported in this thesis and 

some background information on the main topic of this thesis. General background information on 

photovoltaic technologies is given in Section 1.1. The motivation and objectives of the thesis are 

given in Section 1.2 and Section 1.3 respectively. Finally, the thesis outline and the list of 

publications are presented in Section 1.4 and Section 1.5 respectively. 

1.1. Background 

1.1.1. Photovoltaic Fundamentals 

The sun is almost an inexhaustible source of energy capable of supplying large amounts of energy. 

The total amount of solar energy absorbed by the desert area in six hours is comparable to the total 

global energy consumption in an entire year [1]. This large amount of solar energy incident on the 

earth remains unharnessed. 

Photovoltaic (PV) technology converts this energy into electrical energy. The basic element of PV 

technology is the solar cell. A solar cell consists of a p-n junction fabricated in a thin wafer of layer 

of semiconductor similar to a diode. When exposed to light, photons with energy greater than the 

band-gap energy of the semiconductor create an electron-hole-pair. These carriers are swept apart 

under the influence of the internal electric fields of the p-n junction and create a current proportional 

to the incident radiation [2]. In order to obtain adequate output voltage, PV cells are connected in 
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series to form a PV module. These PV modules may be connected and/or combined to form PV 

arrays which yield a desired output power (Figure 1-1). 

1.1.2. Maximum Power Point Tracking 

A solar cell can be operated at any point along its voltage-current characteristic, as can be seen in 

Figure 1-2. The amount of power obtained from a PV cell depends on its operation voltage and 

atmospheric conditions such as temperature and solar irradiation. The variation of the 

voltage-current characteristic and voltage-power characteristic of a PV cell as a function of 

irradiation and temperature are shown Figure 1-3 and Figure 1-4 respectively. Thus it is important to 

operate a PV cell at its maximum power point (MPP). 

The purpose of maximum power point tracking (MPPT) is to move the PV cell operating voltage 

close to the MPP under changing atmospheric condition. Large varieties of MPPT control methods 

have been proposed [3-13]. Among these algorithms, two direct algorithms are commonly used to 

track the MPP – the perturb and observe method (P&O) and the incremental conductance method 

(IncCond).  

Cell Module Array  
 

 

Figure 1-1 Depiction of PV system modularity 
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The P&O method [5-9] is the most widely used method in PV systems because of its simple 

structure. This method runs periodically by perturbing the operation voltage Vpv and observing the 

power variation Ppv. For the operating points where the voltage variations increase the power, the 

algorithm continues to perturb the voltage in the same direction. Otherwise if the power is decreased, 

the perturbation is reversed. The flow chart of the P&O method is presented in Figure 1-5. 
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Figure 1-2 v-i and v-p characteristic of a PV cell 
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Figure 1-3 v-i and v-p characteristic of a PV cell (under different solar irradiation) 

(a) v-i characteristic (b) v-p characteristic 

 

 



 

4 

 

Theoretically, the method has the advantage of being simple to implement in its basic form. 

Nevertheless, in its simplest form, it has some limitations such as oscillations around the MPP under 

steady-state operation and this may cause power losses. This oscillation depends on the incremental 

step size for the change in voltage reference. For a small incremental step the oscillation can be 

minimized. However a smaller perturbation size slows down the MPPT. 

The IncCond method [10-13] is based on the fact that the differential of the PV power is zero at 

the MPP, positive on the left of the MPP, and negative on the right, as summarized in Table 1-1. This 

method tracks the MPP by comparing the instantaneous conductance (i/v) to the incremental 

conductance (∆I/∆V), and the flowchart of the IncCond method is shown in Figure 1-6. Vref is the 

reference voltage which the PV array is set to work at. Once the PV array operated at MPP, where 

Vref is equal to Vmpp, the operation of the PV array is maintained at this point. This method provides a 

better tracking of the MPP under fast changing atmospheric conditions when compared with the 

P&O method. Moreover, it reduces the oscillation around the MPP under steady-state. However, the 

complexity of the IncCond method, compared to the P&O, increases the calculation time. 
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Figure 1-4 v-i and v-p characteristic of a PV cell (under different temperature) 
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Figure 1-5 Flow chart of the P&O method 
 

 

Table 1-1 Summary of IncCond method 
 

Differential 
Differential in 

impedance form Operating point Voltage reference 

dP/dV = 0 ∆I/∆V = -I/V On the MPP Vref=Vref 

dP/dV > 0 ∆I/∆V > -I/V Left of the MPP Vref=Vref+V* 

dP/dV < 0 ∆I/∆V < -I/V Right of the MPP Vref=Vref-V* 
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1.1.3. Grid-Connected PV Systems 

In general, the PV systems are classified into two different groups: stand-alone PV systems (off 

grid) and grid-connected systems. Stand-alone PV systems operate independent of the electric utility 

grid. Generally speaking, a given PV system is designed and sized to supply certain electrical loads 

[14]. Grid-connected PV systems are designed to operate in parallel with and interconnected with 

the electric utility grid [15]. As it can be observed from Figure 1-7, installations of PV systems were 

mainly driven by stand-alone PV systems in the early 1990s [16]. However, significant price 

reductions of PV modules and power conversion technology improvements in combination with 

government and other market incentives have led to an increase in the uptaking of grid-connected 

PV systems. In 2010, more than 95 % of the installed capacity of total solar PV systems were 

grid-connected PV systems [16, 17]. 

dIpv=Ipv(k)-Ipv(k-1)
dVpv=Vpv(k)-Vpv(k-1)

|dVpv|≤0 

|dIpv|≤0 

Yes
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Vref=Vref + dVpv Vref=Vref - dVpv
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dIpv>0 

YesNo

Return

Yes Yes

Input: Ipv(k), Vpv(k)

 
 
 

Figure 1-6 Flow chart of the IncCond method 
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For the grid-connected PV systems, in general, four major inverter topologies have been proposed 

[18-24]:  

 Centralized PV inverter 

 String PV inverter 

 Multistring PV inverter 

 AC module inverter. 

The centralized inverter topology, shown in Figure 1-8 (a), is the simplest PV system architecture 

and has the lowest installation cost. The main characteristic of this topology is that it uses a single 

three-phase inverter to connect PV arrays to the grid. This topology, however, presents several 

drawbacks such as: mismatch power losses under the limitation of a single MPPT, poor 

upgradeability, higher power loss on reverse current blocking diodes, and very low continuity of 

service at low solar irradiation level. 

The string PV inverter, shown in Figure 1-8 (b), uses one inverter per PV string. In this way, the 

string inverters prevent the mismatch losses and allow each string to operate at its MPP. This 

increases the overall efficiency compare to the centralized inverter. Nevertheless, the high number 

 
 
 

Figure 1-7 Percentages of grid connected and off-grid PV systems 
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of inverters might increase the power conversion losses and elevate the cost of installation.  

The AC module depicted in Figure 1-8 (c) is an integrated electrical device which composed a 

single PV module and its own inverter. The advantage of this topology is that it removes the 

mismatch losses between PV modules, due to the fact that every single PV module has its own 

inverter and MPPT controller. Additionally, the modular structure, which simplifies the 

modification of the whole system because of its “plug & play” characteristic, is another advantage. 

On the other hand, the low overall efficiency due to the high-amplification and the high price per 

Watt because of more complex circuit topologies are the major disadvantages. 

The multistring PV inverter, illustrated Figure 1-8 (d), combines the benefits of the centralized 

and string inverters by introducing DC/DC converters with MPPT control strategies for each string. 

Each string is interfaced with its own DC/DC converter to a common inverter. The advantage of this 

inverter topology, when compared with the centralized inverter, is that every string can be controlled 

individually. Also this inverter allows higher upgradeability, more degrees of control and more 

flexibility. Although higher cost and more power electronics stage are involved in this topology, 

higher MPPT efficiency proves to be an advantage in long term operation [24]. 
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Figure 1-8 Grid-connected PV system architectures 

(a) Centralized inverter (b) String inverter (c) AC module inverter (d) Multistring inverter 
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1.1.4. Grid Requirements 

Specific standards, which are regulated by each country, have to comply when a PV system is 

connected with the grid [18]. Key international standards dealing with grid-connected PV systems 

are as follows: 

 IEEE Recommended Practice for Utility Interface of Photovoltaic (PV) Systems, IEEE 

Std. 929-2000 [25]. 

 IEEE Standard Conformance Test Procedures for Equipment Interconnecting Distributed 

Resources with Electric Power Systems, IEEE Std. 1547.1-2005 [26] 

 Electrical Installations of Buildings. Part 7: requirements for special installations or 

locations. Section 712: Photovoltaic power supply systems, Danish Standard Association 

DS/HD 60364-7-712 [27]. 

 Photovoltaic Systems – Characteristics of the Utility Interface, IEC 61727 [28]. 

 Electromagnetic Compatibility - Part 3-2: Limits - Limits for harmonic current emissions 

(equipment input current up to and including 16A per phase), BS EN 61000-3-2 [29]. 

 The Australian Standard for grid-connected inverters, AS4777 [30] 

These standards deal with issues like the total harmonic distortion (THD), the individual harmonic 

levels in the injected current, the frequency deviation of the grid voltage from the standard one, the 

power factor, the normal operating voltage range and the level of the DC current that is allowed to be 

injected in the grid. In [18] a comparison of three different standards is made (IEC61727, IEEE1547 

and EN61000-3-2), focusing on the aforementioned issues and is summarized in Table 1-2. 
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Table 1-2 Summary of Standards dealing with grid connected PV systems 
 

Issue IEC61727[28] IEEE1547[26] EN61000-3-2[29] 

Nominal power 10 kW 30 kW 16 A × 230 V 
 = 3.7 kW 

Harmonic currents 
(Order) Limits 

(3-9) 4.0% 

(11-15) 2.0% 

(17-21) 1.5% 

(23-33) 0.6% 

(2-10) 4.0% 

(11-16) 2.0% 

(17-22) 1.5% 

(23-34) 0.6% 

(>35) 0.3% 

(3) 2.30A 

(5) 1.14A 

(7) 0.77A 

(9) 0.40A 

(11) 0.33A 

(13) 0.21A 

(15-39) 2.25/h 

Even harmonics in these ranges shall be less 
than 25% of the odd harmonic limits listed 

Approximately 30 % 
of the odd harmonics 

Maximum current 
THD 5.0 % - 

Power factor at 50 % 
of rated power 0.90 - 

DC current injection Less than 1.0% of 
rated output current 

Less than 0.5% of 
rated output current 

< 0.22A - 
corresponds to a 50W 

half-wave rectifier 

Voltage range for 
normal operation 

85 % ~ 110 % 

(196V ~ 253V) 

88 % ~ 110 % 

(97V ~ 121V) 

- 

Frequency range for 
normal operation 50 ± 1 Hz 59.3 Hz to 60.5 Hz - 
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1.2. Motivation 

In recent years, the interest for renewable energy has been significantly increased as a result of the 

growing energy demand, mounting power prices and the increasing need for more environmentally 

friendly energy sources [31]. Among various types of renewable energy sources, solar energy and 

wind energy have become the most promising and commercially attractive in recent years. 

The ease of installation and declining cost of technology have led solar PV energy to become one 

of the leading renewable energy sources and the energy generation of solar PV system has grown by 

an average of 30 % per annum over the last few decades [32]. Solar PV installations take on a variety 

of forms including power station, buildings, transportation applications, standalone devices, rural 

electrification and powering satellites. The cumulative growth of solar PV installed capacity since 

2000 is shown in Figure 1-9 [17]. In 2011, an estimated 28 GW of solar PV power capacity was 

installed world-wide which means that the amount of newly installed solar power capacity in 2011 is 

almost same as 70 % of cumulative PV capacity until 2010. 

In the past, the installation growth of solar PV system was mostly sustained by small and medium 

 
 
 

Figure 1-9 Global cumulative PV capacity since 2000 
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scale installation. However, due to mass production, technology advancement, higher efficiency and 

lower cost of solar cell, the installation of large-scale PV system has been rising significantly since 

2007 and has already reached 200 MW in total capacity of single PV power plant (the largest is 200 

MW in Golmud, China) [32, 33]. Large-scale PV systems with output of 500 kW or more 

contributed more than 4,000 MW to the total installation of 16,000 MW in 2010, as shown in Figure 

1-10 [34]. In the upcoming years, the PV systems will continue to grow in size reaching the range of 

GW.  

  

 
 
 

Figure 1-10 Annual installed and cumulative power output capacity of large-scale PV systems 
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1.3. Objective 

1.3.1. Problem Formulation 

As mentioned before, the installation trend of PV systems continuous to move towards large-scale 

PV power plants. This installation trend will challenge the current PV system architectures by 

requiring converters with a higher power rating and a higher voltage level at the point of common 

coupling (PCC), which can lead to higher ratio transformers or more transformation stages to be 

used for the connection with the electricity grid. 

1.3.2. Objective 

The objective of this research is to develop and analyze PV system architectures for 

grid-connected large-scale PV power plants. In order to overcome the previously mentioned 

problems, i.e., converter power rating challenge and transformer stages/transformer turns ratio issue, 

two possible solutions are proposed in this thesis. 

The first solution introduces a multistring PV system architecture based on a high-voltage-gain 

DC/DC converter. By introducing a high-voltage-gain DC/DC converter, the PV system can be 

connected to a medium voltage grid with a single transformer stage and the turns ratio of the 

transformer can be reduced. 

The cascaded H-bridge (CHB) multilevel converter is another solution which deals with the above 

mentioned challenges. However, the conversion topology based on a CHB converter faces the 

leakage current issue which could damage the PV panel and pose safety problems. Thus in this thesis, 

a multiphase isolated DC/DC converter for a large-scale PV system based on CHB converter is 

proposed. The proposed topology eliminates the leakage current issue and the multiphase 

configuration of the DC/DC converter helps to increase the power rating of the converter. 
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H-bridge multilevel Converter for Large-Scale PV Grid-Integration with Isolated 

DC/DC stage”, in IEEE International Symposium on Power Electronics for 

Distributed Generation Systems (PEDG), Aalborg Denmark, 25-28 June 2012, 
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16 

 

1.5. Thesis Outline 

Chapter 1 focuses on the background and motivation regarding the research reported in this 

thesis. The chapter also addresses the objectives of the research and outlines the organization of the 

thesis. The chapter finishes with a list of technical publications in international conferences derived 

from the work reported in this thesis. 

 

Chapter 2 gives an overview about two categories of DC/DC converters; the high-voltage-gain 

DC/DC converters and the isolated ones. Advantages and disadvantages of the high-voltage-gain 

DC/DC converters are discussed in relation to solar PV applications. Then, single-phase and 

multiphase isolated DC/DC converters are surveyed. 

 

Chapter 3 describes the theory of the soft-switched interleaved boost converter. Then, a 

grid-connected large-scale PV system based on the soft-switched interleaved boost converter is 

proposed. This chapter includes the simulation results and analysis to confirm the operation 

performance of the proposed large-scale PV system. 

 

Chapter 4 presents the multiphase boost-half-bridge converter and its integration within a solar 

PV system. This chapter focuses on detailed description of the boost-half-bridge converter and CHB 

converter. A CHB converter topology for grid-connected large-scale PV system based on 

multiphase boost-half-bridge converter is proposed. Furthermore, simulation results are shown, 

confirming the performance of the proposed system. 

 

Chapter 5 summarizes the final conclusions based on the results reported in Chapters 3 and 4. 

Also the summary of the thesis and directions for future work are given. 
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Chapter 2                                                    
DC/DC Converters Overview 

This chapter presents an overview of DC/DC converters. Section 2.1 reviews the technical 

literature on high-voltage-gain DC/DC converters. A survey of both single-phase and multiphase 

isolated DC/DC converters is presented in Section 2.2. 

2.1. High-Voltage-Gain DC/DC Converters 

The installation trend of the solar PV systems moves toward large-scale which has already 

reached 200 MW power levels. This trend will challenge the existing PV system architectures by 

requiring power converters with a higher power rating and higher voltage level at the PCC, which 

can lead to higher ratio transformers or more transformation stages to be used for the connection 

with the electricity grid. In order to reduce the turns ratio of the transformer or the number of 

transformer stages without changing the commonly used PV configuration, implementation of a 

high-voltage-gain DC/DC converter is proposed as a solution in this thesis. 

Theoretically, a boost converter is able to provide high-voltage-gain with extremely high duty 

cycle. In practice, however, the voltage gain of the boost converter is limited because of the losses 

associated with the power devices and the passive elements such as the inductor and the capacitor. 

Moreover, high duty cycle results in serious reverse-recovery problems and increases the rating of 

devices. In order to deal with conversion efficiency and the voltage gain issue of the boost converter, 

a relatively large variety of high-voltage-gain converter topologies has been proposed. This section 

surveys the technical literature of high-voltage-gain DC/DC converter topologies. 
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2.1.1. Cascade Boost Converters 

Figure 2-1 shows a boost converter comprised of two cascade connected boost converters 

introduced in [35]. The main advantage of this topology is that it can meet the requirements of 

generating a high output voltage with a relatively high efficiency. Due to its high-voltage-gain, 

cascade topology can be attractive for large-scale PV system. Additionally, the converter can be 

operated with high switching frequency to improve power density. Moreover, the voltage stresses of 

the first stage are low and the second stage can be designed to operate at low switching frequency to 

reduce the switching losses. 

However, the converter requires two power devices and associated driving circuits, which result 

in complexity and increased cost. Two power switches in the converter must be synchronized to 

avoid the beat frequency, the stability of the converter is also a concern and finally the control circuit 

should be designed with extra care and effort [36]. 

In order to reduce the circuit’s complexity, the two switches in the cascade boost converter can be 

integrated into one switch [37, 38]. The integrated cascade boost converter is shown in Figure 2-2. 

When compared with the cascade boost converter, the power circuit and control are simplified by 

combining switches S1 and S2 in Figure 2-1 into one switch S and adding a diode D2. The converter 

has several advantages. Firstly, a high conversion ratio can be obtained by modifying the number of 

stages. Secondly the instability caused by the cascade structure is avoided.  

L2L1

C1 C2

D1 D2

S1

Stage 1 Stage 2

Vin VoutS2

 
 
 

Figure 2-1 A boost converter comprised of two cascade boost converters 
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High conversion ratio can be achieved by using more stages; however, the order of the converter’s 

dynamic increases with the number of stages. Moreover, the integrated cascade boost converter is 

operated in hard switching which increases the switching losses and causes the converter to suffer 

from severe diode reverse-recovery problem in high power applications.  

An integrated cascade boost converter with zero voltage switching (ZVS) is introduced in [39] 

(Figure 2-3). In order to reduce the switching losses of the switch S, an active clamp circuit is 

introduced, which consists of a resonant capacitor Cc, a switch Sc and a resonant inductor Ls. These 

L2L1

C1
Co

D1 Do

SVin Vout
D2

 
 
 

Figure 2-2 Integrated cascade boost converter 
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Figure 2-3 Integrated cascade boost converter with ZVS 
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extra elements are added in the converter to create a resonance so that the main switches S and the 

clamp switch Sc can achieve ZVS. The additional switch current because of the resonance between 

the resonance inductor and the output capacitance of a MOSFET (metal oxide semiconductor field 

effect transistor) is not serious in the adopted ZVS converter. Therefore, the increased switch current 

because of the resonance will not cause any serious problems in the adopted ZVS converter.  

In contrast, the switch voltage stress of the integrated cascade boost converter is equal to the high 

voltage, and the current stress is large because the currents of the inductors L1 and L2 flow through 

the switch when the switch is turned on. These two factors increase the conduction losses and reduce 

the converter efficiency. 

2.1.2. High-Voltage-Gain Converters with a Coupled Inductor 

A coupled inductor can be taken as a transformer to achieve high-voltage-gain in non-isolated 

DC/DC converters [40]. Figure 2-4 shows a high-voltage-gain converter with a coupled inductor 

introduced in [40]. The second winding of the coupled inductor operates as a voltage source, which 

is in series with the power branch. The main advantage of this converter topology is that it can 

recycle the leakage energy and alleviate the reverse recovery problem of diodes. The leakage energy 

is absorbed, and the turn-off voltage ringing on the power switch is suppressed by the clamp diode 

L2Dc

SVin Vout

*n1 *n2

L1

Cc

Co

Do

 
 
 

Figure 2-4 High-voltage-gain converter with a coupled inductor 
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Dc and the clamp capacitor Cc. The converter can achieve a high step-up voltage conversion, but the 

hard switching operation increases switching losses. 

In order to achieve soft switching operation of the switch in high-voltage-gain converter with a 

coupled inductor, a high-voltage-gain soft switching converter with a coupled inductor is proposed 

in [41]. Figure 2-5 shows a high-voltage-gain soft switching converter with a coupled inductor. The 

auxiliary circuit is composed of an inductor Lr, two diodes D1 and D2, and two switches S1 and S2, 

which are used to realize the soft switching. However, the circuit is complex and the cost is 

relatively high. 

Figure 2-6 shows another high-voltage-gain soft switching converter with a coupled inductor [42]. 

The clamping circuit is composed of a capacitor Cc, a resonant inductor Ls and a switch Sc. The 

resonant inductor is added to ensure the ZVS condition for the main and the clamp switch. High 

voltage spike induced from the coupled inductor is suppressed by the clamp circuit. Even though the 

soft switching operation slightly increased the efficiency of the converter, the overall efficiency is 

still degraded due to the losses associated with the leakage inductor. 

A converter with a coupled inductor could easily increase the voltage gain by increasing the turns 
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Figure 2-5 High-voltage-gain soft switching converter with a coupled inductor 
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ratio of the coupled inductor. However, the coupled inductors produce larger inductance during 

steady-state and smaller inductance during transients. A large steady-state inductance increases 

losses and hence degrades the overall efficiency. Additionally, the converter layout is constrained 

and the design procedure is relatively complex. 

2.1.3. High-Voltage-Gain Converters with a Switched Capacitor 

The capacitor can serve as another voltage source that is used to increase the voltage gain in 

DC/DC converters. Starting from the idea of using basic switched-capacitor (SC) cells in filter 

designs, many SC converters have been proposed [43-47]. The main advantage of a SC converter is 

that power conversion is achieved using only capacitors and switching devices. Due to the absence 

of magnetic components, the converter is compact, light and suitable to high-temperature 

environments. These traits are combined to give converter high efficiency as well. 

Figure 2-7 shows an N-stage high-voltage-gain converter with a SC [47]. The converter string is 

formulated by cascading a number of converter cells, which is formed by a capacitor, a diode, and 

two switches. Each capacitor can be taken as a voltage source, and the diode provide the current path 
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Figure 2-6 High-voltage-gain soft switching converter with a coupled inductor 2 
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when the switch is turned off.  

In order to reduce the number of the power switches, an N-stage high-voltage-gain SC resonant 

converter is proposed in [43]. The converter is illustrated in Figure 2-8. The SC converter basic cell 

is composed of two diodes and two capacitors. There are no power switches in the SC cell which 

simplifies the circuit topology. The zero current switching (ZCS) operation is achieved by the 
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Figure 2-7 N-stage high-voltage-gain converter with a switched capacitor 
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Figure 2-8 N-stage high-voltage-gain switched capacitor resonant converter 
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resonance of the switching capacitors and the resonant inductor Lr that together form a resonant tank. 

Current spike problem of the conventional SC converter is also improved. However, the converter 

topology introduces a large resonant inductor to achieve soft-switching which degrades several 

merits of the SC topology, such as its small size, its ability to operate under high temperatures and 

good integration capability [48]. Also, the switching frequency has to be pushed to tens of 

megahertz to utilize the inductance [48, 49]. 

A SC converter without big resonant inductor is introduced in [50], as shows in Figure 2-9. The 

converter achieves the ZCS for all switches. The zero current transition to the switching devices is 

provided by employing the distributed parasitic inductance in the circuit resonating with the 

capacitor. 

In general, SC converters do not require the magnetic components, such as the inductor or the 

transformer. Thus the switching frequency can be pushed to a high level. However, a large number 

of power devices are required to achieve high-voltage-gain, which increases converter complexity 

and cost. 
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Figure 2-9 High-voltage-gain ZVC switched capacitor converter 
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2.1.4. High-Voltage-Gain Interleaved Converters 

The high-voltage-gain converters introduced in sections 2.1.1~2.1.3 are single-phase converters, 

which are not suitable for high power applications. In order to increase the power level of converters, 

the interleaved structure, that connects converters in parallel at the input and series at the output, has 

been proposed in the technical literature [51-54]. The interleaved structure has several advantages; 

increased voltage gain, reduced current stress in all components, minimum input current and output 

voltage ripples, and low conduction and commutation losses. 

A high-voltage-gain interleaved boost converter is proposed in [51]. The interleaved structure is 

achieved by inserting the switched capacitor into the conventional boost converter, as shown in 

Figure 2-10. The main difference of this converter in relation to the conventional boost converter is 

the capacitors C1 and C2, and the diodes D1C and D2C. These capacitors are charged with voltage that 

is equal to VOB, the output voltage of conventional boost converter. Thus the output voltage of the 

converter is equal to (N+1) times the voltage VOB, where N is the number of interleaved stages which 

connected to the converter. Moreover, the voltage stress of the switching device remains the same as 

the conventional boost converter. The main disadvantage of the interleaved converter is that the 

switching devices operate under hard-switching conditions, which increases the switching losses. 

The high-voltage-gain interleaved converter with a coupled inductor is illustrated in Figure 2-11. 
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Figure 2-10 High-voltage-gain interleaved converter 



 

26 

 

In order to improve the magnetic utilization and to optimize the magnetic core, two separate 

inductors in Figure 2-10 are integrated as a coupled inductor [52]. The ZCS turn-on is achieved but 

the converter requires many number of switched capacitor cells to get high-voltage-gain. 

The active-clamp scheme is applied to the interleaved converter to achieve zero voltage transition 

(ZVT) performance of the power switches, which is shown in Figure 2-12 [53]. When compared 

with the conventional interleaved boost converter, the converter topology introduces the active 

clamped circuit and a second coupled inductor. The second coupled inductor is winding in phase 

with the first coupled inductor and the third winding couples to the inductors in another phase. By 

introducing a coupled inductor and an active clamp circuit, the voltage stress in main switch is 

reduced and the voltage spikes are clamped effectively. However the use of a coupled inductor 

degrades the converter efficiency as mentioned before. 

The soft-switched interleaved boost converter is introduced in [54], and the circuit configuration 

of the converter is depicted in Figure 2-13. High-voltage-gain can be achieved by replacing the 

diode of the conventional boost converter with a switch SU and introducing an auxiliary circuit 

which consists of a capacitor Ca, an inductor La, two diodes DU and DL, and an additional capacitor 

CD connected in series with the output capacitor CO. The converter has several advantages such as 
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Figure 2-11 High-voltage-gain interleaved converter with a coupled inductor 
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reduced voltage stresses of switches and diodes, soft-switching operation of power switches, and 

low input current ripple due to interleaved structure. 

2.1.5. Summary 

In the previous section, different types of high-voltage-gain converters were reviewed. The major 

concerns when choosing the high-voltage-gain DC/DC converter for large-scale grid connected PV 
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Figure 2-12 ZVT interleaved converter with a coupled inductor and active clamp circuits 
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Figure 2-13 Soft-switched interleaved boost converter 
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systems are the cost and efficiency issues. The interleaved structure greatly reduces components’ 

voltage and currents rating, thus the cost issues can be addressed. Moreover, the interleaved 

structure helps to increase the power rating of the converter. Regarding the efficiency, voltage stress 

on switching devices should be decreased to reduce the conduction losses. Additionally, 

soft-switching operation should be achieved to decrease the switching losses. The aforementioned 

problem of a coupled inductor in section 2.1.2 degrades the converter efficiency and the use of a 

switched capacitor is not suitable when considered the drawbacks mentioned in section 2.1.3. The 

best candidate for grid integrated large-scale PV system is the soft-switched interleaved boost 

converter which reviewed in the end of section 2.1.4. In chapter 3, the soft-switched interleaved 

boost converter is examined for its basic operation, and performance is evaluated for PV power plant 

application. 
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2.2. Isolated DC/DC Converters 

Large-scale PV systems have reached 200 MW power level and they will continue to grow in size 

in the upcoming years. As the power level of the PV systems increases and their connection requires 

medium voltage level, the multilevel converters have gained great popularity recently as for 

large-scale PV systems [22, 55-58]. Among multilevel converters, CHB converter is one of 

candidate topology for large-scale PV systems [55-57]. However, the topology based on the CHB 

converter faces the issue of leakage current that flows through the solar panel parasitic capacitance 

to ground which could damage the PV panels and pose safety issues. In order to avoid such leakage 

currents flowing through the stray capacitances between the panels and the ground, it is essential to 

have isolation between the PV panels and the CHB converter. Additionally the increasing power 

level of the PV system requires converters with a higher power rating. 

In section 2.2.1, a brief review of single-phase isolated DC/DC converters is delivered, and the 

survey of multiphase isolated DC/DC converters for large-scale PV applications is presented in 

section 2.2.2. 

2.2.1. Single-Phase Isolated DC/DC Converters 

In many applications, a galvanic isolation between the input and the output is required for safety 

and reliability. An economic way to achieve such isolation is to employ a high-frequency 

transformer. High-frequency transformers are of a small size and weight and provide higher 

efficiency than the low-frequency counterparts. Among many kinds of single-phase isolated DC/DC 

converters, the most popular are: the flyback converter, the forward converter, the push-pull 

converter, the half-bridge converter, and the full-bridge converter. 

A flyback converter is a simple and very practical isolated version of the buck-boost converter. 

The circuit of the flyback converter is presented in Figure 2-14 (a). This converter finds widespread 

applications at relatively low power level, in the range between 50 W ~ 100 W. Multiple outputs can 
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be obtained using minimum number of added elements, only an additional winding, a diode, and a 

capacitor. However, the voltage stresses on switching devices are high and the transformer core is 

poorly utilized. 

A forward converter is a simple isolated version of the buck converter, and the circuit diagram of 

the forward converter is depicted in Figure 2-14 (b). The power level of the converter is higher than 

that of the flyback, and it ranges from 500 to 1000 W. However, the maximum duty cycle is limited 

(D<0.5). If this limit is violated, then the switch off time is insufficient to reset the transformer. 

A push-pull converter is basically a forward converter with two switch and primary windings, and 

its circuit diagram is shown in Figure 2-15. The primary advantage of push-pull converter is its 

simplicity and the converter is used up to 300 W power level. However, the transformer 

primary-side center tap configuration causes poor transformer utilization and saturation. Thus, the 

duty cycle of a push-pull converter is also limited, being the same issue as in the forward converter. 

Moreover, the center tap configuration causes higher voltage stresses on switching devices (twice 

the input voltage). 

A half-bridge converter (Figure 2-16) is similar to the push-pull converter, but the center tap 

configuration is not required. The reversal of the magnetic field is achieved by reversing the 
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Figure 2-14 (a) Flyback converter (b) forward converter 
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direction of the primary winding current flow. In this converter, two capacitors are required to form 

the DC input midpoint. The switching devices are turned on alternatively to avoid a supply short 

circuit, in which case the duty cycle must be less than 0.5. The average voltage of the split DC 

capacitors at the midpoint is one half of the input voltage. 

Figure 2-17 illustrates a conventional full-bridge converter. Comparing the full-bridge converter 

with the half-bridge converter, it can be seen that the two split DC capacitors have been replaced by 
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Figure 2-15 Push-pull converter 
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Figure 2-16 Half-bridge converter 
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two power switches. The full-bridge topology is typically used in power levels of approximately 

750 W or greater. At low power level, converters such as the forward converter are preferred 

because of their lower parts count. One of the advantages of the full-bridge topology is its versatile 

control schemes with little to no modification to achieve desired results.  

Single-phase isolated DC/DC converters are very popular and used in many applications. Among 

them, five most popular single-phase isolated DC/DC converters are briefly reviewed in this section. 

However, large-scale PV system applications face a very high voltage and current conditions, where 

the voltage goes up to 1 kV and the current may go up to 100 A and even higher. Most of 

single-phase isolated DC/DC converters seem insufficient and deficient as their components are not 

able to handle the high voltage and current conditions. In order to overcome these issues of the 

single-phase converters, a multiphase converter, which uses single-phase converters as the baseline 

technology, can be a better option. 
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Figure 2-17 Full-bridge converter 
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2.2.2. Multiphase Isolated DC/DC Converters 

In large-scale PV applications, high-voltage and high-current operating condition require 

converters with high power ratings. In such high power applications, single-phase converters 

experience severe component stress, and no longer are suitable candidates as an isolated DC/DC 

converter. The multiphase structure can easily reduce the voltage and current stress of converter 

components and devices. Thus, this section surveys the multiphase isolated DC/DC converters and 

questions converter suitability for large-scale PV applications. 

2.2.2.1. Multiphase Dual Active Bridge Converter 

The multiphase dual active bridge converter, shown in Figure 2-18, is introduced in [59]. The 

converter consists of primary switch legs and secondary switch legs and both switch legs operate 

under soft-switch condition. The multiphase configuration allows the converter to have lower filter 

rating when compared to its single-phase counterpart. Both primary and secondary bridges generate 
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Figure 2-18 Multiphase dual active bridge converter 
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quasi-square-waves phase-shifted from each other and this phase difference delivers the energy 

from input to output.  

However, as the phase shift increases, the losses of the converter increase. Additionally, the 

topology involves two switch legs which require 12 power switches for a three-phase converter and 

thus it increases the switching losses and the converter cost.  

2.2.2.2. Multiphase ZVS PWM DC/DC Converter 

Figure 2-19 shows a multiphase ZVS PWM DC/DC converter introduced in [60]. The converter is 

composed of primary switch legs and secondary diode legs. Asymmetrical duty cycle control 

scheme is proposed to achieve ZVS. The resonant network, which composed of the transformer 

leakage inductance and the intrinsic capacitor of the switches, is excited by the asymmetrical duty 

cycle and the utilization of the intrinsic resonant elements within the converter eliminates the need 

for extra resonant component for ZVS. External inductors and capacitors can be added to improve 

the ZVS range.  

The converter, however, suffers from limited duty cycle due to large leakage inductance 
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Figure 2-19 Multiphase ZVS PWM DC/DC converter 
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(0 < D < 0.333), and experiences high circulating energy in the primary side during the 

free-wheeling periods. 

2.2.2.3. V6 Converter 

Figure 2-20 shows a three-phase phase-shift PWM DC/DC converter proposed in [61]. The 

converter topology is known as a V6 converter. The converter consists of three full-bridge 

converters and three-phase full-bridge rectifier. Each phase is controlled with phase-shift 

modulation control and is capable of achieving ZVS and ZCS operation without any auxiliary 

circuitry. The three-phase transformers are configured in ∆-Y setting, and it increases the output 

voltage without increasing the transformer turns ratio. 

One major drawback of this converter topology is its complexity when compared with the 

converter in section 2.2.2.1. Moreover, the delta connection of the transformer increases the losses 

because of circulating currents.  
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Figure 2-20 V6 converter 
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2.2.2.4. Multiphase Step-Up DC/DC Converter 

Figure 2-21 shows a multiphase step-up DC/DC converter introduced in [62]. The converter 

consists of parallel connected boost converters in primary side, a full-bridge rectifier in secondary 

side, and high-frequency transformers which link the two sides. Compared to other multiphase 

converters which utilizes minimum of two switches in the primary side of transformer, only one 

switch is connected at each phase, and it offers control simplicity. Another advantage of the 

converter is that it is a boost-type converter which acts as a current source converter. Unlike 

voltage-source converter, current source converter does not require input filter to eliminate the high 

frequency input current ripples. 

In contrast, the converter experiences several disadvantages. First of all the duty cycle of the 

converter is limited. In order to maintain continuous flow of inductor current, the duty cycle must be 

kept higher than 0.333. The next disadvantage is the high switching losses because of hard switching 

operation, and it requires an additional snubber circuit. 
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Figure 2-21 Multiphase step-up DC/DC converter 
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2.2.2.5. Multiphase Boost-Half-Bridge Converter 

Figure 2-22 shows the multiphase boost-half-bridge (BHB) converter introduced in [63]. The 

converter is configured in such a way that the BHB converter and the voltage-doubler rectifier are 

connected in series or/and in parallel. The converter has several advantages such as reduced voltage 

stresses on diodes and capacitors, soft-switching operation of power switches and diodes, and low 

input current ripple due to multiphase structure. Moreover, the converter topology can have wide 

duty cycle range, 0 < D < 1.  

2.2.3. Summary 

In the previous sections, different types of both single-phase and multiphase isolated converters 

are reviewed. As the installation trend of PV system is moving toward large-scale PV power plant, it 

requires converters with higher power rating. Therefore, single-phase structure converters are no 
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Figure 2-22 Multiphase Boost-half-bridge converter 
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longer attractive candidates for grid integrated PV systems. The major concerns when choosing the 

multiphase isolated DC/DC converter for grid-connected large-scale PV systems based on the CHB 

topology are efficiency and cost. The use of a multiphase configuration can increase the power 

rating and voltage rating of the converter. Regarding the efficiency, soft-switching operation of 

power switches and diodes should be considered in order to decrease the switching losses. The best 

candidate for large-scale PV power plants with the CHB converter is the multiphase 

boost-half-bridge converter which has been reviewed in section 2.2.2.5. In chapter 4, the same 

converter is examined for its basic operation and its performance is evaluated for PV application. 
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Chapter 3                                                              
A Large-Scale PV System Based on a 

Soft-Switched Interleaved Boost Converter 

This chapter presents a soft-switched interleaved boost converter and its integration with a PV 

system. In Section 3.2, the basic theory of the soft-switched interleaved boost converter is discussed. 

A brief description about the voltage-source converter (VSC) is given in Section 3.3. The proposed 

PV system and associated control system are described in Section 3.4. In Section 3.5, analysis and 

simulation results are presented to validate the performance of the proposed system. Finally, 

conclusions are drawn in Section 3.6. 

3.1. Introduction 

High-voltage-gain DC/DC converters seem to be an attractive solution towards reducing the 

number of transformer stages, but such solution requires the converter power rating issue to be 

addressed. The interleaved structure improves on the limitation that remains in the single-phase 

high-voltage-gain DC/DC converters. Interleaved structure increases a power rating by reducing 

current flow through individual components and dropping size of passive components. A number of 

interleaved high-voltage-gain converters are reviewed in section 2.1.4. Among those, soft-switched 

interleaved boost converter (Figure 2-13) appears appropriate for large-scale PV power plant 

applications, and it is referred as “SIB converter” from this point on. 

The objective of this chapter is to introduce a multistring PV topology using the SIB converter for 
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a large-scale solar PV system. By introducing the SIB converter, the number of transformer stage 

and turns ratio of transformer are reduced, which could decrease the overall cost of the system and 

improve the PV system efficiency. Moreover, the use of interleaved configuration can increase the 

power rating and the voltage gain of the converter. In this way, the energy conversion and grid 

connection of large-scale PV systems can be achieved with benefits such as single transformer stage 

and no power rating issue of DC/DC converter. 
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3.2. SIB Converter Characteristic 

3.2.1. SIB Converter Topology 

The basic cell of the SIB converter shown in Figure 3-1 consists of an input inductor LI, two power 

switches, an output capacitor Co and an auxiliary circuit. The auxiliary circuit is composed of a 

capacitor Ca, an inductor La and a voltage-doubler (capacitor CD and two diodes DU and DL) [54]. 

When compared with the conventional boost converter, the diode of the boost converter is replaced 

by the switch SU and an auxiliary circuit is introduced. The newly introduced auxiliary circuit 

increases the voltage gain of the converter. At the same time, the auxiliary capacitor Ca and the 

auxiliary inductor La help to achieve the soft-switching of switches in the continuous conduction 

mode (CCM). 

The basic cell can be extended to interleaved DC/DC converter. Figure 3-2 and Figure 3-3 show 

examples of series and parallel extensions of the DC/DC converter respectively, where N is the 

number of series connected basic cells and P is the number of parallel connected basic cells. N could 

be increased to get higher voltage gain and to reduce the input inductor current, while P could be 

increased to elevate the power rating of the converter and to lower the input inductor current. 
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Figure 3-1 Basic cell of the soft-switched interleaved boost converter (SIB converter) 
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Figure 3-2 Example of extension N=2, P=1 
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Figure 3-3 Example of extension N=1, P=2 
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3.2.2. SIB Converter Operation Principle 

The interleaved asymmetrical PWM switching is applied to the SIB converter. D is the duty cycle 

for the lower switch and 1-D is applied as the duty cycle for the upper switch, and each leg is 

interleaved with a phase difference of 2π/(N∙P).  

The symmetrical and asymmetrical switching is briefly compared in Figure 3-4. In symmetrical 

switching, one of two switches in a switch-leg is on for the duration of the duty cycle. At the end of 

the duty cycle, the switch turns off, and both switches in switch-leg are off. At the half of the period, 

another one of the two switches turns on and operates the same manner as previously discussed. In 

asymmetrical switching, when the upper switch in a switch-leg is on, the lower switch is off, and 

vice versa. Therefore, only one switch is on at any given time.  

The asymmetrical switching allows duty cycles from 0 to 1, unlike the symmetrical switching, 

which only allows duty cycles from 0 to 0.5. When the duty cycle exceeds 0.5 with symmetrical 
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Figure 3-4 Comparison between symmetrical and asymmetrical switching 
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switching, both upper and lower switches in switch-leg turn on at the same time. However, the 

asymmetrical switching does not have that problem regardless of duty cycle, since the opposite side 

switch in a switch-leg always complements the other. 

The operation of the SIB converter can be divided into five modes. Equivalent circuits of each 

mode shown in Figure 3-5 and key waveforms are shown in Figure 3-6 [54]. 

 

Mode I: This mode starts with when the auxiliary inductor current ILa decreases to zero. Both the 

input inductor current ILI and the auxiliary inductor current ILa flow through the lower switch SL and 

both currents keep increasing until the lower switch is turned-off. During this mode, the lower 

switch SL remains on and the lower diode DL is turned on.  

 

Mode II: This mode starts when the lower switch SL is turned off. At the same time, the body diode 

of the upper switch is turned on, and the switch current ISL flows through the body diode of the upper 

switch SU. During this mode, the gating signal for SU is applied and SU is turned on under ZVS 

condition. Positive voltage is applied to the auxiliary inductor La and the current ILa starts to decrease. 

At the end of this mode the auxiliary inductor current ILa reaches to zero, thus the lower diode of 

voltage-doubler DL achieves ZCS turn-off. 

 

Mode III: This mode begins when the upper diode of the voltage-doubler DU is turned on. During 

this mode, the input inductor current ILI keeps decreasing and the auxiliary inductor current ILa keeps 

increasing. At the end of this mode, the upper switch current ISU reverses its direction. 

 

Mode IV: This mode starts when the main channel of the upper switch SU is conducted. The 

auxiliary inductor current ILa keeps increasing, until the upper switch SU is turned off. 
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Mode V: This mode begins when SU is turned off. When SU is turned off, the body diode of SL is 

turned on and now the current flow through it. During this mode, the gating signal for SL is applied 

and SL is turned on under ZVS condition. Negative voltage is applied to the auxiliary inductor La and 

the current ILa starts to decrease. At the end of this mode, the auxiliary inductor current ILa decreases 

to zero, thus the upper diode of the voltage-doubler DU achieves ZCS turn-off. 
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Figure 3-5 Operation modes of the SIB converter (N=1, P=1) 
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Figure 3-6 Key waveform of the SIB converter (N=1, P=1) 
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3.2.3. SIB Converter Design 

When designing the SIB converter, there are some key equations to be considered. The voltage 

gain of the SIB converter under CCM is given by 

 

 

1
1out in
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   (3.1) 

 

The relationships between the voltage gain and the duty cycle of the SIB converter and the 

conventional boost converter are illustrated in Figure 3-7. The voltage gain of the SIB converter is 

N+1 times compared to that of the conventional boost converter. Since reduced duty ratio leads to 

reduced current stresses on the components, it is a desirable feature in high step-up applications and 

resulting in increased efficiency. 

The auxiliary capacitor voltage VCa can be derived from the volt-sec balance on La as, 
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Figure 3-7 Voltage gain of the SIB converter (P=1, different N) and conventional boost 

converter 
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The voltage across output capacitor 
OCV  and the voltage-doubler capacitor voltage 

DCV  can be 

expressed as, 
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where, ∆V is the voltage drop caused by the duty loss ∆D = D2-D1 

Since the average currents flow through the voltage-doubler diodes equals the average output 

current, the following equation can be derived: 

 

 , ,
1 (1 )
2U aD av L pkI D D I        (3.5) 

 

 , ,
1 ( )
2L aD av L pkI D D I        (3.6) 

 

where, pkLa
I , and pkLa

I , are positive and negative peak value of the auxiliary inductor La, and 

given by  

 

 ,

( )
a D O

a

C C C L s
L pk

a

V V V D T
I

P L

  



  (3.7) 

 

 ,
a

a

C U s
L pk

a

V D T
I

P L

 



  (3.8) 



 

49 

 

 

where, DL and DU are the duty loss of the lower switch SL and the upper switch SU, respectively.  

The peak values of the auxiliary inductor currents pkLa
I ,  and pkLa

I , , and the average current of 

diodes DU and DL decrease as P increases, and they do not depend on N. The lower diode current IDL 

and the upper diode current IDU are the negative and positive portions of the auxiliary inductor 

current ILa respectively. The negative portion of the current ILa is added to the current in switch S1, 

resulting in increased conduction losses and the positive portion of ILa is subtracted from the current 

in switch S2, resulting in decreased conduction loss. 

Basically, as N increases the voltage conversion ratio increases linearly, and the peak current 

values of components decrease as P increases. Equations (3.1)-(3.8), N and P should be properly 

considered when designing the converter. 
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3.3. Two-Level Voltage-Source Converter (VSC) 

A VSC is composed of a 6-pulse bridge equipped with switches and diodes connected in 

anti-parallel. The configuration of the two-level VSC is shown in Figure 3-8. The two-level bridge is 

the simplest circuit configuration that can be used to build a three-phase VSC bridge. It has been 

widely used in many applications and for a wide range of power levels. To achieve the required 

rating, a number of switches are connected in series to build one valve. Gate turn-off (GTO) valves 

allow higher current but low DC voltage than comparable insulated gate-bipolar transistor (IGBT) 

valves. 

The basic operating principle of a VSC is shown in Figure 3-9. Its function is to convert the DC 

voltage of the DC-bus capacitor into an AC current. The VSC valves can be switched on at any time 

by gate voltages. However, if one valve is switched on, then its complementary valve must have 

been switched off previously to prevent a short circuit of the DC-bus capacitor. This switching 

operation results in a square wave AC voltage comprising of two voltage levels: +Vdc/2 and –Vdc/2. 

Such a VSC is therefore referred to as a two-level VSC [64]. 
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Figure 3-8 Two-level three-phase voltage-source converter 
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Figure 3-9 Principle of VSC 
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3.4. Large-Scale PV System based on SIB Converter 

3.4.1. Proposed PV System Model 

A grid connected PV system model based on the SIB converter is discussed in this section. The 

general structure of the large-scale PV system based on the SIB converter is shown in Figure 3-10. 

Each section of the general system consists of two power conversion stages: the SIB converters as 

DC/DC conversion stage and the VSC as DC/AC conversion stage. Each PV array is connected to 

the SIB converter which further connects to the common DC bus of the VSC, and then the VSC 

connects to the medium voltage grid through the transformer. In system modeling and simulation, 

only a single section of the general PV system has been considered. 
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Figure 3-10 General structure of the large-scale PV system based on the SIB converter 
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A PV model which is considered in simulation was provided as a PLECS application example 

[65]. The PV model accounts for the non-linear V-I characteristic of a PV module, the temperature 

and the effect of solar irradiation. The model of a PV module is based on the characteristic of the 

BP365 PV module and the specifications of the PV module are given in Table 3-1[66]. 

In order to connect a PV system to the medium voltage grid through single transformer stage, 

voltage gain of 16 is required, and based on this requirement N=2 and P=1 configuration of the SIB 

converter is chosen, as shown in Figure 3-2. A two-level VSC and an inductor filter are considered 

as an inverter and an AC filter respectively (Figure 3-11). 

Table 3-1 BP365 PV module specification 

(Solar irradiation = 1000W/m2   e  e at  e      C) 
 

Rated Power (Pmpp) 65 W Nominal voltage 12 V 

MPP voltage (Vmpp) 17.6 V MPP current (Impp) 3.69 A 

Open circuit voltage (Voc) 22.7 V Short circuit current (Isc) 3.99 A 
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Figure 3-11 Two-level three-phase VSC and inductor filter 
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3.4.2. Control System 

The control system of the proposed system consists of two control blocks controlling the DC/DC 

converter and the VSC. The DC/DC converter maintains the input DC voltage of the DC/DC 

converter and the VSC regulate the DC bus voltage and the reactive power, and controls the AC 

current. 

3.4.2.1. SIB Converter Controller 

The SIB converter maintains the DC output voltage of the PV array at MPP using an MPPT 

algorithm based on the incremental conductance method [10-13] and its control diagram is shown in 

Figure 3-12. The incremental conductance method adjusts the PV array terminal voltage to MPP 

voltage by comparing the instantaneous conductance (i/v) to the incremental conductance 

(dI/dV).The detailed explanation and the flow chart of the incremental conductance method are 

given in Section 1.1.2. The PV array voltage is regulated by a proportional integral (PI) controller, 

where V*
PV is the reference voltage which the PV array is set to operate. 

3.4.2.2. VSC Controller 

The classical synchronous reference frame technique is chosen to control the VSC [67]. The VSC 

V*pv 

Vpv 

PI

Vpv 

Ipv 
MPPT V*pv 

PWM Gate
Signals+

_

 
 
 

Figure 3-12 Control diagram of the SIB converter 
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controller consists of an inner current loop and an outer loop. The inner current loop controls the AC 

current, and the AC current references are provided by the outer loop. The outer controller includes 

the DC voltage controller and the reactive power controller. Thus the reference of the active current 

can be obtained from the DC voltage controller. On the other hand, the reference of the reactive 

current can be derived from the reactive power controller. The inner current controller as well as the 

outer controller will be described next. 

The inner current controller is implemented in dq synchronous reference frame [68]. Usually, the 

dq-control structures are associated with the PI controller due to their behavior when regulating DC 

variables. However, the PI current controllers have no satisfactory tracking performances when they 

have to regulate a coupled system. Therefore, in order to improve the performances of the PI current 

controller, a cross-coupling term and a voltage feed forward are used. The control diagram of the 

inner current controller implemented in synchronous reference frame is presented in Figure 3-13 (c), 

where vgrid is the three-phase grid voltage and vL is three-phase line-to-line voltage of the VSC. 

The outer controller consists of the DC voltage controller and the reactive power controller. The 

DC voltage controller maintains the DC bus voltage to its reference value and the reactive power 

controller regulates the reactive power to its reference value. Block diagrams of both the DC voltage 

controller and the reactive power controller are shown in Figure 3-13 (b).  
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Figure 3-13 Control diagram of the VSC 

(a) PLL and abc to dq transformation (b) outer controller (c) inner current controller 
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3.5. Simulation Results 

In order to validate the overall performance of the proposed PV system based on the SIB converter 

(Figure 3-10), a 1 MW section of a PV plant has been modeled using MATLAB/Simulink [69] and 

PLECS [70]. The parameters of the proposed PV system are given in Table 3-2. Total ten of 100 kW 

PV arrays, which feeding its own DC/DC converter, are employed for a single section. Each PV 

 

Table 3-2 Simulation specification of the PV system based on the SIB converter 
 

PV array 

Array configuration 

(Series × Parallel) 

Series : 45 (VMPP = 797.2 V) 

Parallel : 34 (IMPP = 125.2 A) 

Maximum power PMPP 99.4 kW 

DC/DC converter 

Configuration N : 2 P : 1 Input inductance (LI) 0.75mH 

Input voltage ( VMPP 

range) 

450 V~800 V Voltage doubler and output 

capacitances (CD and CO) 

400µF 

Output voltage Vdc 12.7 kV Auxiliary capacitance (Ca) 56µF 

Switching frequency 5 kHz Auxiliary inductance (La) 25µH 

Other parameter 

DC bus voltage 12.7 kV 

DC-link capacitance 3000µF 

Grid voltage (line-to-line RMS) 20 kV 

Switching frequency of VSC 2 kHz 

Utility frequency 50 Hz 

Transformer turns ratio n1:n2 = 6 k:20 k (1:3.03) 
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array consists of 34 parallel connected PV strings, and each PV string is composed of 45 PV 

modules connected in series, due to the 1 kV limit for the DC output voltage of a PV array. 

In order to test the dynamic and the steady-state performance of the proposed PV system, three 

case studies were performed: constant solar irradiation condition for steady-state, fast changing solar 

irradiation conditions as input power transient, and grid voltage sag as a grid disturbance. 

3.5.1. Constant Solar Irradiation 

The simulation results under constant solar irradiation condition are shown in Figure 3-14 and 

Figure 3-15. Figure 3-14 (a) presents the constant solar irradiation considered in this case, where all 

the panels of the PV system receive constant solar irradiation of 1000 W/m2. The voltage Vpv, current 

Ipv and power Ppv of the PV array are shown in Figure 3-14 (b), (c) and (d) respectively. As it can be 

noticed, the MPPT controller maintains both voltage and current of the PV array at the MPP level. 

The ripple of PV array voltage is around 1 V which is less than 1 %. The DC bus voltage vdc, the 

three-phase inverter current ic, and the active and reactive power P and Q are illustrated in Figure 

3-15 (a), (b), and (c) respectively. From Figure 3-14 (b) and Figure 3-15 (a), it can be observed that 

the SIB converter can achieve a gain of 16 in the case of a configuration with N=2 P=1which shown 

in Figure 3-2. The THD of the inverter current is kept below 1.5 % and the ripple of DC bus voltage 

is very small. 

3.5.2. Fast Changing Solar Irradiation 

The dynamic response of the proposed PV system under fast changing solar irradiation is shown 

in Figure 3-16 and Figure 3-17. In dynamic condition, when the MPP changes due to irradiance 

variations, the MPPT is usually analyzed using trapezoidal irradiation profiles as worst case scenario 

[71]. A trapezoidal irradiation profile considered in this case study is shown in Figure 3-16 (a). The 

solar irradiation change starts with a positive slope from 400 W/m2 to 1000 W/m2 for about 

0.4 seconds, followed by a 0.2 second steady-state period, and finally returning to 300 W/m2 after 
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0.4 seconds.  

The voltage Vpv, current Ipv and power Ppv of the PV array are shown in Figure 3-16 (b), (c) and (d) 

respectively. It can be noticed that the MPP PV current follows the solar irradiation profile as it is 

directly affected by the solar irradiation, while the MPP voltage changes very little. It can also be 

observed that the MPPT algorithm ensures that the PV array operates at MPP under fast changing 

solar irradiation. Figure 3-17 (b), (c), and (d) show the DC bus voltage vdc, the three-phase inverter 

currents represented in dq frame and the active and reactive power P and Q respectively. The active 

component of the inverter current and power follow the solar irradiation profile. At the same time, 

the DC bus voltage and the reactive power are regulated at specified value, 12.7 kV and 0 VAr 

respectively. 

3.5.3. Grid Voltage Sag 

The system response under grid voltage sag is shown in Figure 3-18 and Figure 3-19. Figure 3-18 

(a) presents the grid voltage profile considered in this case study. A voltage drop of 0.1 pu is 

considered at the PCC for a period of three fundamental cycles (50 Hz). The voltage Vpv, current Ipv 

and power Ppv of the PV array are shown in Figure 3-18 (b), (c) and (d) respectively. As it can be 

observed, the PV array power, voltage and current are not affected by the grid voltage disturbance. 

Figure 3-19 (a), (b), (c) and (d) show the DC bus voltage, the inverter current, the active and reactive 

power and the line-to-line inverter voltage respectively. As it can be seen, the inverter current, active 

power and reactive power are not considerably affected by the voltage disturbance. The DC bus 

overshoot is less than 1 % showing good dynamic performance of proposed PV system under grid 

voltage sag. 
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Figure 3-14 Simulation results under constant solar irradiation 

(a) Solar irradiation (b) PV array voltage (input voltage of the DC/DC converter) (c) PV array current 

(d) PV array power 
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Figure 3-15 Simulation results under constant solar irradiation 

(a) DC bus voltage (b) Inverter currents (c) Active and reactive power 
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Figure 3-16 Simulation results under fast changing solar irradiation 

(a) Solar irradiation (b) PV array voltage (input voltage of the DC/DC converter) (c) PV array 

current (d) PV array power 
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Figure 3-17 Simulation results under fast changing solar irradiation 

(a) Solar irradiation (b) DC bus voltage (c) Inverter currents (d) Active and reactive power 
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Figure 3-18 Simulation results under grid voltage sag 

(a) Grid voltages (b) PV array voltage (c) PV array current (d) PV array power 
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Figure 3-19 Simulation results under grid voltage sag 

(a) DC bus voltage (b) Inverter currents (c) Active and reactive power (d) Line-to-line inverter 

voltages 
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3.6. Conclusion 

A multistring PV architecture based on the SIB converter for a large-scale PV system has been 

introduced in this chapter. By using the SIB converter, the power level and PCC voltage rating of a 

classical PV system can be further increased without affecting the number of the transformer stages 

or the turns ratio of the transformer used for the connection with the electricity grid. 

The steady-state and the dynamic performance of the proposed system have been tested under 

three different case studies: constant solar irradiation, fast changing solar irradiation, and grid 

voltage sag. The presented simulation results verify the system operation characteristics under all 

three different case studies. The SIB converter was able to achieve a gain of 16, thus allowing the PV 

system to achieve medium voltage level with a single step-up transformer. 
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Chapter 4                                                              
A Large-Scale PV System Based on a 

Multiphase Boost-Half-Bridge Converter and 

CHB Multilevel Converter 

This chapter presents the multiphase boost-half-bridge converter and its integration with a PV 

system. Operational characteristics and the theory of the multiphase boost-half-bridge converter are 

discussed in Section 4.2. In Section 4.3, the basic theory of the cascaded H-bridge converter is given. 

The proposed PV system and its associated control system are described in Section 4.4. In Section 

4.5, analysis and simulation results are presented to validate the performance of the system. Finally, 

conclusions are drawn in Section 4.6. 

4.1. Introduction 

The multilevel converters have gained great popularity recently for large-scale PV systems [22, 

55-58]. These multilevel converter topologies can achieve high-voltage operation and make it 

possible to connect to medium and high-voltage electricity grid. Moreover, these converter 

topologies offer improved power quality, such as low current and voltage THD and smaller dv/dt. 

Among multilevel converter topologies, the CHB converter is of great interest for PV applications 

[55-57]. H-bridge fitted with PV arrays act as isolated DC sources, making possible the independent 

voltage control and individual MPPT and enabling great flexibility for system expansion. 

Furthermore, the inherent improved power quality of multilevel converter allows lower switching 
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frequency and thus smaller size of filters, leading to higher system total efficiency. In spite of all 

these advantages, the CHB topology has a major drawback when considered for PV applications, 

which is the leakage currents issue caused by the stray capacitances between the PV panels and the 

ground, and thus can damage the panels and/or pose safety issues. In order to avoid the leakage 

currents flowing through the PV panel parasitic capacitance to the ground, it is essential to have 

galvanic isolation between the panels and the grid-connected CHB converter. The isolation can be 

obtained by using a DC/DC converter with a medium- or high-frequency transformer. Single-phase 

isolated converters, however, experience severe voltage and current stresses when applied to 

large-scale PV applications. On the other hand, the multiphase configuration can easily increase the 

power ratings of the converter. Several multiphase isolated DC/DC converters were reviewed in 

section 2.2.2. As for the best candidate for large-scale PV plant architecture based on the CHB 

converter, the multiphase boost-half-bridge converter presented in section 2.2.2.5 is chosen, and it is 

referred as “M-BHB conve te ” from this point on. 

The objective of this chapter is to introduce a CHB converter topology using the M-BHB 

converters for a large-scale PV system. By using the M-BHB converters, the major issue regarding 

the leakage current can be overcome. Providing galvanic isolation between the PV panels and the 

CHB converter, both the leakage current problem and the safety concern are completely removed. 

Moreover, the use of multiphase configuration can increase the power rating and the voltage gain of 

the converter. Additionally, the proposed topology merges the advantages of PV multistring 

topology and the CHB multilevel topology. While coping with the leakage current issue, the 

proposed topology could reduce the overall cost of the system by reducing the number of 

transformers, which are large in size and are expensive. Moreover, the total PV system efficiency 

can be improved. In this way, the energy conversion and grid connection of large-scale PV systems 

can be achieved with benefits such as high power quality, single transformer stage, and no leakage 

current issue. 



 

69 

 

4.2. M-BHB Converter Characteristic 

4.2.1. M-BHB Converter Topology 

Figure 4-1 shows the BHB converter that is used as a basic cell of the M-BHB converter. The 

basic cell is composed of a boost chopper, a half-bridge inverter, a high-frequency transformer, and 

a voltage-doubler rectifying circuit. There is an inductor Li and two switches SU and SL with two split 

capacitors CIU and CIL at the primary side of high-frequency transformer; a voltage-doubler diode 

bridge is composed of DU and DL with two capacitors COU and COL at the secondary side of 

high-frequency transformer. The ZVS of switches is achieved by using the energy stored in 

transformer leakage inductor Lk, and natural ZCS turn-off of rectifier diodes is realized. 

By connecting the BHB converter (basic cell) in series and/or parallel, the basic cell can be 

extended to configure M-BHB converter. The M-BHB converter can have N groups of basic cells 

and each of N group also has P parallel connected legs. That is N is the number of voltage-doublers 

connected in series to form the output voltage and P is the number of parallel connected diode legs of 

a voltage-doubler. Figure 4-2 and Figure 4-3 show the extension examples. N could be increased to 

get higher voltage gain, reduce voltage ratings, and reduce the turns ratio of the high-frequency 
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Figure 4-1 Boost-half-bridge converter: basic cell of M-BHB converter 
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transformer. P could be increased to elevate the power rating of the converter. Moreover, the 

interleaving effect of the multiphase configuration can reduce the voltage and current ripples which 

help to increase the efficiency. 
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Figure 4-2 Example of extension: N=1, P=2 
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Figure 4-3 Example of extension: N=2, P=1 
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4.2.2. M-BHB Converter Operation Principle 

The interleaved asymmetrical PWM switching (Figure 3-4) is applied to the M-BHB converter. D 

is the duty cycle for the lower switch and 1-D is applied as the duty cycle for the upper switch, and 

each phase-leg is interleaved with a phase difference of 2π/(N∙P). The operation of the BHB 

converter can be divided into six modes. The equivalent circuits of each mode and the key 

waveforms are shown in Figure 4-4 and Figure 4-5, respectively [63]. 

 

Mode I: This mode starts when the lower switch SL is turned on. The leakage inductor current 
kLI  

flows in the same direction as the previous mode and it is bigger than the input inductor current 
ILI , 

thus the current flows through the body diode of the switch SL. Positive voltage is applied across the 

input inductor LI, the 
ILI  starts to increase and negative voltage is applied to the leakage inductor Lk 

and thus the current 
kLI  starts to decrease.  

 

Mode II: When decreasing 
kLI  is smaller than the increasing

ILI , the mode II starts. The lower 

switch current 
LSI  changes its direction and the switch SL achieves ZVS turn-on. The 

kLI  keeps 

decreasing and reaches zero. The upper diode current 
UDI  decreases with the same slope of the 

current 
kLI  and the upper diode DU achieves ZCS-off. 

 

Mode III: This mode begins when the 
kLI  changes its direction. Both 

kLI  and 
ILI  flow through 

the SL. On the secondary side, the lower diode DL conducts and the lower output capacitor COL is 

charged. 

 

Mode IV: When the SL is turned off, the mode IV starts. Both 
kLI  and 

ILI flow through the body 
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diode of the upper switch SU. Positive voltage is applied to the inductor Lk and the current 
kLI starts 

to increase and reaches zero. At the same time, the lower diode current 
UDI  decreases and the diode 

DL achieves ZCS-off. 

 

Mode V: This mode starts at the time when the increasing 
kLI  changes its direction. On the 

secondary side, the DU is conducting and the upper output capacitor COU is charging.  

 

Mode VI: When the increasing 
kLI  is same as the decreasing

ILI , this mode is begun. The upper 

switch current 
USI  changes its direction and the switch SU achieves ZVS turn-on. 
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Figure 4-4 Operation modes of the BHB converter (N=1, P=1) 
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Figure 4-5 Key waveforms of the BHB converter (N=1, P=1) 
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4.2.3. M-BHB Converter Design 

It is important to consider some key equations when designing the M-BHB converter. The ideal 

voltage conversion ratio can be obtained by 

 

 
1

out S

in P

V NN
V D N




  (4.1) 

 

Basically, as N increases the voltage conversion ratio increases linearly and P does not affect it. 

The relationships between the voltage gain and the duty cycle of the M-BHB converters with 

different N (where the turns ratio of the high-frequency transformer NS: NP is 1:1 and P=1) are 

shown in Figure 4-6. Generally, the duty cycle of the conventional converters based on push-pull, 

half-bridge or full-bridge topologies are limited to smaller than 0.5 or bigger than 0.5. However, the 

range of the duty cycle of the M-BHB converter is theoretically between 0 and 1. Since the low or 

high duty cycle cause large peak currents going through the components, it should be limited, e.g. 

0.2 < D < 0.8. 
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Figure 4-6 Voltage gain of the M-BHB converter (P=1, different N) 
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From Equation 4.1, the usable range of the transformer turn ratio can be obtained, as follows: 

 

 
, ,

11out S out MINMAX

in MIN P in MAX

V N V DD
V N N V N


    (4.2) 

 

A suitable turns ratio should be chosen within the usable range, considering the duty cycle range. 

The peak voltage rating of both the upper and lower switches can be obtained by 
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  (4.3) 

 

where DMAX depends on the output voltage, N and P. 

The average value of the input inductor current can be obtained by  
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  (4.4) 

 

where Pout is the output power of the converter. The average input inductor current decreases as N 

and/or P increase. 

The magnitude of the input inductor current ripple is obtained by  
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    (4.5) 

 

The positive peak and negative peak values of leakage inductor current can be obtained by 
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Both positive peak and negative peak values decrease as P increase and does not depend on N.  

Basically, as N increases the voltage conversion ratio linearly increases and the peak current 

values of components decrease as P increases. Equation (4.1) - (4.7), N and P should be properly 

considered when designing the converter. 

  



 

78 

 

4.3. Cascaded H-Bridge Multilevel Converter 

4.3.1. Basic of CHB 

The CHB multilevel converter is based on the series connection of single-phase H-bridge cells, as 

shown in Figure 4-7. Each H-bridge cell can generate three different voltage levels at the output, 

+Vdc, 0, -Vdc. To obtain +Vdc, switches S1 and S4 are turned on whereas -Vdc can be obtained by 

turning on switches S2 and S3. By turning on S1 and S3 or S2 and S4, the output voltage is zero. The 
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Figure 4-7 H-Bridge based converter topologies 

(a) Single-phase H bridge cell, (b) 7-level cascaded H-bridge converter 
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series connection of the H-bridge generates output voltage waveforms that are synthesized by the 

combination of each output voltage of the H-bridge cell at certain switching state. If the separate DC 

sources have the same voltage level (Vdc), the resulting phase voltage will be able to range from –

nVdc to nVdc which would have k levels (k =2n+1) and n is the number of the total H-bridge cells or 

the number of separate DC sources. As the number of series connected H-bridge cells increases, the 

output voltage would have more levels, thus the output voltage waveform will be nearly sinusoidal, 

even without filtering. 

4.3.2. Modulation Scheme 

In general, a multilevel converter with k voltage levels requires (k-1) triangular carriers, and the 

carrier-based modulation schemes can be generally classified into two categories: phase-shifted and 

level-shifted modulation. 

In the phase-shifted modulation, all the carriers have the same frequency and the same amplitude, 

but there is phase shift of 2π/(k-1) between any two adjacent carrier waves. The modulating signal is 

a three-phase sinusoidal wave and the gate signals are generated by comparing the modulating wave 

with the carrier waves. Figure 4-8 shows the principle of the phase-shifted modulation for a 

seven-level CHB converter. Six carrier signals are required with 60˚ phase difference between any 

two adjacent carriers. The carriers, vcr1, vcr2, and vcr3 are used to generate gatings for the upper 

switches S11, S12, and S13 in Figure 4-7, respectively. The other carriers, vcr1-, vcr2-, and vcr3-, which are 

180˚ out of phase with vcr1, vcr2, and vcr3, respectively, produce the gatings for the upper switches S31, 

S32, and S33. Only the gate signals for upper switches are shown in the figure since these switches 

operate in a complementary manner with respect to their corresponding lower switches. 
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Similar to the phase-shifted modulation, k- level CHB converter using level-shifted modulation 

scheme requires (k-1) triangular carriers, all having same frequency and amplitude. The (k-1) 

triangular carriers are vertically disposed. Figure 4-9 shows the principle of the level-shifted 

modulation for a seven-level CHB converter. The uppermost and lowermost carrier pair, vcr1 and vcr1-, 

are used to generate the gatings for switches S11 and S31 of Figure 4-7. The innermost carrier pair, vcr3 

and vcr3-, are used to generate the gatings for switches S13 and S33. The remaining carrier pair, vcr2 and 
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Figure 4-8 Phase-shifted PWM for seven-level CHB converter [72] 
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vcr2-, are for S12 and S32. For the carriers above the zero reference, the switches S11, S12, and S13 are 

turned on when the modulating signal for the phase A (vmA) is higher than the corresponding carriers. 

For the carriers below the zero reference, the switches S31, S32, and S33 are switched on when vmA is 

lower than the carrier waves. 
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Figure 4-9 Level-shifted PWM for a seven-level CHB converter [72] 
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4.4. Large-Scale PV System based on the M-BHB 

Converter 

4.4.1. Proposed PV system 

A PV system based on a CHB converter topology using the M-BHB converters is discussed in this 

section. The general structure of the PV system is shown in Figure 4-10. Each section consists of two 
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Figure 4-10 General structure of the large-scale PV system based on the M-BHB converter 
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power conversion stages: the DC/DC stage using the M-BHB converter and the DC/AC stage using 

a 7-level CHB converter. Each PV array connected to an H-bridge cell of the CHB converter through 

the M-BHB converter and then the CHB converter connects to the medium-voltage grid through the 

transformer. 

The same PV module, which introduced in Section 3.4.1, is used in this chapter. The PV panel 

parasitic capacitance is modeled with series connected resistor and capacitor, and is placed between 

the PV array and the ground. For the DC/DC converter, two BHB converter configurations are 

considered: the single-phase N=1, P=1 (Figure 4-1) and the multiphase configuration N=1, P=2 

(Figure 4-2). For the CHB configuration, three cascaded H-bridged per phase constitute a 

seven-level phase voltage waveform at each phase of the converter, as shown in Figure 4-11. 
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Figure 4-11 Seven-level Cascaded H-bridge topology – one phase-leg 
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4.4.2. Control System 

The control system of the proposed system consists of two control blocks; the DC/DC converter 

controller and the CHB converter controller. The CHB converter balances the individual DC-link 

voltage and maintains the average voltage of the DC-link. At the same time, it controls the AC 

current. The DC/DC converter maintains the input DC voltage of the converter. 

4.4.2.1. M-BHB Converter Control 

The M-BHB converter control system maintains the DC output voltage of the PV array at MPP 

using the incremental conductance MPPT algorithm and it is the same as the DC/DC converter 

controller in Section 3.4.2.1. The incremental conductance method adjusts the PV array output 

voltage to MPP, as described in Section 1.1.2. 

4.4.2.2. CHB Converter Control 

Based on voltage oriented control (VOC) theory, the control system of CHB converter contains an 

outer control loop and an inner current control loop [67], and it is similar to the VSC controller in 

Section 3.4.2.2. The scheme block diagram is shown in Figure 4-12. The outer control loop 

maintains the average of the nine DC-link voltages. As the CHB converter involves a number of 

isolated DC sources, the DC-link voltage balancing is an important consideration in the control 

design. The H-bridge input voltage is maintained constant based on the DC balancing algorithm 

which monitors each individual DC-link voltage and corrects any drift from the average DC voltage 

value. The outer control loops provides the active and reactive current reference for the inner current 

control loop. Both Id and Iq current components are regulated by PI controllers, generating the 

converter voltage reference. The switching signals for the H-bridges are generated using the 

phase-shifted PWM technique (Section 4.3.2). 
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Figure 4-12 Control diagram of the CHB converter 
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4.5. Simulation Results 

In order to validate the overall performance of the proposed PV system based on CHB converter 

and M-BHB converter (Figure 4-10), a 0.54 MW section of a PV power plant has been modeled 

using PLECS and MATLAB/Simulink. In the system model, 3 PV arrays, each feeding a DC/DC 

converter, are employed for each phase. A total number of 45 PV panels in series per string are 

considered due to the 1 kV limit for the DC output voltage of a PV array, and each PV array consists 

of 20 PV strings connected in parallel reaching a 60 kW power level. The parameters of the proposed 

PV system are given in Table 4-1. 

The first case study was performed to test the steady-state performance and to compare the system 

response between the single-phase BHB converter and the M-BHB converter. N1P1 DC/DC 

converter case (single-phase, Figure 4-1) and N1P2 DC/DC converter case (multiphase, Figure 4-2) 

were considered under constant solar irradiation condition. In order to test the dynamic performance 

of the proposed PV system, the next case study has considered a fast changing solar irradiation 

condition as input power transient. In this case, only N1P2 M-BHB converter was considered. Lastly, 

comparison of leakage current flow through the PV panel parasitic capacitance to ground between 

the PV system with non-isolated DC/DC converter and the PV system with M-BHB converter has 

been performed. 

4.5.1. Steady-State Comparison (N1P1 case & N1P2 case) 

The simulation result of the PV system using the single-phase BHB converter case under constant 

solar irradiation condition are shown in Figure 4-13 and Figure 4-14. Since the N1P1 BHB converter 

is considered in this case, PV array power level is halved than N1P2 case by reducing the number of 

parallel connected PV string, except the PV array power level, all the other conditions are same as 

N1P2 case. The solar irradiation considered in this case is maintained constant at 1000 W/m2 and all 

the panels of the PV system receive same amount of irradiation. 



 

87 

 

 

Table 4-1 Simulation specification of the PV system based on the M-BHB converter 
 

PV array 

Array configuration 

(Series × Parallel) 

45×10 (VMPP = 794.3 V, IMPP = 36.8 A, for N1P1 case) 

45×20 (VMPP = 794.3 V, IMPP = 73.6 A, for N1P2 case) 

Maximum power PMPP 
30 kW (N1P1 case) 

60 kW (N1P2 case) 

DC/DC converter CHB converter 

Converter configuration 
N : 1 P : 1 

N : 1 P : 2 

Level of the CHB 

converter 
7 

Input voltage ( VMPP range) 450 V~800 V 
H-bridge switching 

frequency 500 Hz 

Output voltage Vdc 2 kV Rated Power 0.54 MW 

Switching frequency fs-DC 10 kHz 
Converter voltage 

(line-to-line RMS) vC 
6 kV 

Input inductor Li 1.82 mH Grid side filter LS 20 mH 

Leakage inductor Lk 20 μH Grid 

Input capacitor CIU &CIL 50 μF 
Grid voltage 

(line-to-line RMS) 
20 kV 

Output capacitor COU &COL 
2.5 mF 

Utility fundamental 

frequency 
50 Hz 

High-frequency 

transformer turns ratio 
1:1 

Transformer turns 

ratio 

n1:n2 = 

6k:20k (1:3.3) 
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The voltage Vpv, current Ipv and the power Ppv of the PV array are shown in Figure 4-13 (a), (b) and 

(c) respectively. As it can be observed, the MPPT controller maintains both current and voltage of 

PV array at the MPP level. Figure 4-13 (d) shows the duty cycle of the BHB converter. As it can be 

seen, the range of the duty ratio is 0.6 < D <0.62. Figure 4-14 (a), (b) and (c) show nine DC bus 

voltages, the inverter phase voltage and inverter currents respectively. It can be noticed that the nine 

DC voltages of the CHB converter are balanced with a ripple less than 2 %. Figure 4-14 (d) shows 

the input inductor current iL of the BHB converter. The input inductor current indicates that the BHB 

converter operates at CCM. 

Figure 4-15 and Figure 4-16 show the simulation results of the PV system with M-BHB converter 

(N1P2) under constant solar irradiation condition. Except the multiphase configuration of the 

DC/DC converter and power level of the PV array, all the conditions are the same as N1P1 case. The 

voltage Vpv, current Ipv and the power Ppv of the PV array are shown in Figure 4-15 (a), (b) and (c) 

respectively. It clearly shows that the PV array works at MPP. Figure 4-15 (d) shows the duty cycle 

of the BHB converter. Figure 4-16 (a), (b), (c) and (d) show nine DC bus voltages, the inverter phase 

voltage, inverter currents and input inductor currents of M-BHB converter respectively. 

When compared with the results under N1P1 case, the switching frequency ripples on PV array 

voltage, current and power are significantly reduced. The smaller ripple on Vpv, Ipv and Ppv for the 

N1P2 case is due to the interleaved switching technique. As it can be observed in Figure 4-16 (d), 

two inductor currents are almost phase shifted at 180˚ and this reduces the PV voltage and current 

ripples which can also result in a better MPPT efficiency. The DC bus voltages ripples are doubled 

in the N1P2 case. Since the power level of the system is halved in the N1P1 case and the size of 

output capacitors of DC/DC converter is same for both cases, N1P1 case has smaller DC bus voltage 

ripples than N1P2 case. The inverter current in N1P2 case have less harmonic distortion that the 

N1P1 case, due to the increased power level. 
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4.5.2. Fast Changing Solar Irradiation 

The dynamic response of the proposed system under fast changing solar irradiation is shown in 

Figure 4-17 and Figure 4-18. A trapezoidal solar irradiation profile has been considered in this case 

study, as shown in Figure 4-17 (a). The irradiation change starts with a positive slope from 

500 W/m2 to 1000 W/m2 for about 0.1 second followed by a 0.1 seconds steady-state period, and 

finally returning to 500 W/m2 after 0.1 seconds. The voltage Vpv, current Ipv and the power Ppv of the 

PV array are shown in Figure 4-17 (b), (c) and (d) respectively. It can be noticed that the MPP PV 

current follows the solar irradiation profile as it is directly affected by the solar irradiation, while the 

MPP voltage changes very little. Figure 4-18 (a) illustrates the inductor current of the DC/DC 

converter and it is clearly shown that the DC/DC converter operates at CCM at all times. Figure 4-18 

(b), (c) and (d) show DC bus voltages, the inverter phase voltage and inverter currents respectively. 

The inverter current follows the solar irradiation profile. At the same time, the nine DC bus voltages 

are regulated at specified value, 2 kV with ripple around 5 %. 

4.5.3. Leakage Current and PV Panel Parasitic Capacitance to 

the Ground 

In order to compare the leakage current issue between the PV system with and without DC side 

isolation, simulations have been performed. Under same condition, the M-BHB converter in Figure 

4-10 replaces to conventional boost converter. Figure 4-19 (a) and (b) show the voltage across the 

PV panel parasitic capacitance to the ground of one phase for the boost converter case and the 

M-BHB converter case respectively. The leakage current of phase A for the boost converter case and 

the M-BHB converter case are shown in Figure 4-10 (c) and (d) respectively. As it can be seen, the 

voltage across the PV panel parasitic capacitance to the ground and the leakage current are presented 

in the case of boost converter (non-isolated DC/DC converter) but not for the PV system with 

M-BHB converter (isolated DC/DC converter). 
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Figure 4-13 Simulation results of N1P1 BHB converter under constant solar irradiation 

(a) PV array voltage (b) PV array current (c) PV array power (d) Duty cycle of the DC/DC converter 
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Figure 4-14 Simulation results of N1P1 BHB converter under constant solar irradiation 

(a) 9 DC bus voltages (b) Inverter phase voltage (phase A) (c) Inverter currents (d) Input inductor 

current of the DC/DC converter 
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Figure 4-15 Simulation results of N1P2 BHB converter under constant solar irradiation 

(a) PV array voltage (b) PV array current (c) PV array power (d) Duty cycle of the DC/DC converter 
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Figure 4-16 Simulation results of N1P2 BHB converter under constant solar irradiation 

(a) 9 DC bus voltages (b) Inverter phase voltage (phase A) (c) Inverter currents (d) Input inductor 

currents of the DC/DC converter 
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Figure 4-17 Simulation results of N1P2 BHB converter under fast changing solar irradiation 

(a) Solar irradiation (b) PV array voltage (c) PV array current (d) PV array power 
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Figure 4-18 Simulation results of N1P2 BHB converter under fast changing solar irradiation 

(a) Input inductor currents of the DC/DC converter (b) 9 DC bus voltages (c) Inverter phase voltage 

(phase A) (d) Inverter currents  
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Figure 4-19 Voltages across PV panel parasitic capacitance to ground and leakage currents (Phase A) 

(a) Parasitic capacitance voltages of boost converter case (b) Parasitic capacitance voltages of 

M-BHB converter case (c) Leakage currents of boost DC/DC converter case (d) Leakage currents of 

M-BHB converter case 
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4.6. Conclusion 

The CHB converter topology with the M-BHB converter for large-scale PV system has been 

introduced in this chapter. The use of CHB converter makes it possible to connect to the 

medium-voltage grid with a single transformer stage. The leakage current issue associated with the 

PV system based on the CHB converter has been completely eliminated by using the M-BHB 

converter, which provided galvanic isolated between the PV panels and the CHB converter. The 

comparison of the steady-state performance between the BHB converter case and the M-BHB 

converter case has been presented. The multiphase configuration can easily increases the power 

rating of the DC/DC converter. Moreover, the use of interleaved configuration can decrease the PV 

current and voltage ripples, thus providing better MPPT efficiency. In summary, the proposed PV 

system has a number of attractive features, such as no leakage current issue, easy increase of power 

rating of DC/DC converter, single transformer stage and higher MPPT efficiency. 
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Chapter 5                                                 
Conclusion 

In this chapter, the contents of the thesis are summarized. The chapter concludes by suggesting 

potential future research that can be done based on the thesis work. 

5.1. Summary 

The work presented in this thesis dealt with modeling and analysis of large-scale PV systems 

regarding the converter power rating issue and the number of transformer stages. The main thrust of 

this research was the investigation and verification of two different DC/DC converter topologies for 

PV system applications.  

The following are the main contents and conclusions of the thesis: 

Chapter 1 started by giving detail background regarding this project. It continued by stating the 

research motivation, giving the problem formulation and the objectives of the work. The chapter 

finished with the thesis outline and with the list of publications resulting from the work reported in 

the thesis. 

Chapter 2 was divided into two parts: Part I – the high-voltage-gain DC/DC converters and Part II 

– the isolated DC/DC converters. Part I was an overview of the technical literature of 

high-voltage-gain DC/DC converters focusing on advantages and disadvantages regarding their 

suitability for large-scale PV applications. Part II briefly reviewed the single-phase isolated DC/DC 

converters, and surveyed the multiphase isolated DC/DC converters. It was shown that, in case of 

high-voltage-gain DC/DC converter topologies, the SIB converter was suitable for large-scale PV 
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system application, due to the advantageous features that include: soft-switching, interleaved 

configuration and high-voltage-gain. For the isolated converters case, the single-phase converters 

were not attractive candidates for grid integrated PV systems due to the high power rating 

requirement. The multiphase structure can increase the power rating of the converter and the 

M-BHB converter was the most suitable candidate for PV application. The reason being that is the 

M-BHB has several advantages such as, high-power and high-voltage capability, soft-switching 

operation, and high MPPT efficiency. 

Chapter 3 offered a comprehensive analysis of the SIB converter with respect to its operational 

characteristic and design. The chapter also presented analysis of the large-scale PV system based on 

the SIB converter. The simulations reported were performed to verify the operation characteristics 

of the proposed PV system under three different conditions. The proposed PV system was connected 

to the medium-voltage grid through single transformer stage and this was achieved by the use of the 

SIB converter which was designed to have voltage gain of 16. Moreover the interleaved 

configuration of the SIB converter increased the power rating of the converter. 

In Chapter 4, detailed explanation regarding BHB converter was given focusing on the 

characteristics and design of the converter. The CHB converter topology for large-scale PV system 

based on the M-BHB converter was proposed in this chapter. The system analysis and extensive 

simulation results were presented to validate the performance of the proposed PV system. The use of 

the M-BHB converter completely removed the leakage current issue. Moreover, the comparison of 

the proposed PV system between the single-phase and the multiphase DC/DC converters revealed 

that the interleaved configuration of the multiphase converter increased the MPPT efficiency. 

5.2. Future Work 

Based on the work presented in the thesis, further research may be pursued in the following 

directions: 
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Efficiency analysis: The presented simulation included ideal components and the efficiency has 

not been calculated. By taking into account switching and conduction losses for switching elements 

the efficiency can also be estimated by simulation prior to prototyping. 

 

Interleaved effect of the M-BHB converter: The effect of the interleaved configuration of 

M-BHB converter that was briefly presented in Chapter 4 only regarded the input inductor current 

ripples. The interleaving effects on leakage inductance ripple and the split capacitor current ripple 

could be investigated, and more detailed analysis of their effect on input inductor ripple could be 

studied. 

 

Experimental work: Simulation models of the proposed systems were designed and analysed in 

this thesis. In order to validate actual performance of the proposed PV system, laboratory prototypes 

could be built and tested experimentally. These prototypes can be developed based on the design 

parameters of the individual system components and converters as reported in this thesis. 

  



 

101 

 

 

 

References 

 

[1] Abengoa Solar. Why solar energy? [Online]. Available: http://www.abengoasolar.com 

[2] R. A. messenger and J. Ventre, Photovoltaic Systems Engnieering, 3rd ed. CRC Press, 2010. 

[3] V. Salas, E. Olías, A. Barrado, and A. Lázaro, "Review of the maximum power point tracking 

algorithms for stand-alone photovoltaic systems," Solar Energy Materials and Solar Cells, 

vol. 90, pp. 1555-1578, 2006. 

[4] T. Esram, and P. L. Chapman, "Comparison of Photovoltaic Array Maximum Power Point 

Tracking Techniques," IEEE Transactions on Energy Conversion, vol. 22, pp. 439-449, 2007. 

[5] N. Mutoh, M. Ohno, and T. Inoue, "A Method for MPPT Control While Searching for 

Parameters Corresponding to Weather Conditions for PV Generation Systems," IEEE 

Transactions on Industrial Electronics, vol. 53, pp. 1055-1065, 2006. 

[6] N. Femia, G. Petrone, G. Spagnuolo, and M. Vitelli, "A Technique for Improving P&O MPPT 

Performances of Double-Stage Grid-Connected Photovoltaic Systems," IEEE Transactions on 

Industrial Electronics, vol. 56, pp. 4473-4482, 2009. 

[7] N. Kasa, T. Iida, and L. Chen, "Flyback Inverter Controlled by Sensorless Current MPPT for 

Photovoltaic Power System," IEEE Transactions on Industrial Electronics, vol. 52, 

pp. 1145-1152, 2005. 

[8] N. Fermia, D. Granozio, G. Petrone, and M. Vitelli, "Predictive & Adaptive MPPT Perturb 

and Observe Method," IEEE Transactions on Aerospace and Electronic Systems, vol. 43, 

pp. 934-950, 2007. 

[9] K. Jung-Min, K. Bong-Hwan, and N. Kwang-Hee, "Three-Phase Photovoltaic System With 

Three-Level Boosting MPPT Control," IEEE Transactions on Power Electronics, vol. 23, 

pp. 2319-2327, 2008. 

http://www.abengoasolar.com/


 

102 

 

[10] L. Wu, Z. Zhao, and J. Liu, "A Single-Stage Three-Phase Grid-Connected Photovoltaic 

System With Modified MPPT Method and Reactive Power Compensation," IEEE 

Transactions on Energy Conversion, vol. 22, pp. 881-886, 2007. 

[11] L. Fangrui, D. Shanxu, L. Fei, L. Bangyin, and K. Yong, "A Variable Step Size INC MPPT 

Method for PV Systems," IEEE Transactions on Industrial Electronics, vol. 55, 

pp. 2622-2628, 2008. 

[12] K. Yeong-Chau, L. Tsorng-Juu, and C. Jiann-Fuh, "Novel maximum-power-point-tracking 

controller for photovoltaic energy conversion system," IEEE Transactions on Industrial 

Electronics, vol. 48, pp. 594-601, 2001. 

[13] K. Jung-Min, N. Kwang-Hee, and K. Bong-Hwan, "Photovoltaic Power Conditioning System 

With Line Connection," IEEE Transactions on Industrial Electronics, vol. 53, pp. 1048-1054, 

2006. 

[14] S. Duryea, S. Islam, and W. Lawrance, "A battery management system for stand-alone 

photovoltaic energy systems," IEEE Industry Applications Magazine, vol. 7, pp. 67-72, 2001. 

[15] X. Weidong, N. Ozog, and W. G. Dunford, "Topology Study of Photovoltaic Interface for 

Maximum Power Point Tracking," IEEE Transactions on Industrial Electronics, vol. 54, 

pp. 1696-1704, 2007. 

[16] International Energy Agency. Trends in Photovoltaic Applications, survey report of selected 

IEA countries between 1992-2010 [Online]. Available: http://www.iea-pvps.org/ 

[17] European Photovoltaic Industry Association (EPIA). Market Report 2011 [Online]. Available: 

www.epia.org 

[18] S. Kjaer, J. Pedersen, and F. Blaabjerg, "A review of single-phase grid-connected inverters for 

photovoltaic modules," IEEE Transactions on Industry Applications, vol. 41, pp. 1292-1306, 

2005. 

[19] F. Blaabjerg, Z. Chen, and S. B. Kjaer, "Power electronics as efficient interface in dispersed 

power generation systems," IEEE Transactions on Power Electronics, vol. 19, pp. 1184-1194, 

2004. 

[20] J. M. Carrasco, L. G. Franquelo, J. T. Bialasiewicz, E. Galvan, R. C. P. Guisado, M. A. M. 

Prats, J. I. Leon, and N. Moreno-Alfonso, "Power-Electronic Systems for the Grid Integration 

of Renewable Energy Sources: A Survey," IEEE Transactions on Industrial Electronics, 

vol. 53, pp. 1002-1016, 2006. 

[21] M. Calais, J. Myrzik, T. Spooner, and V. G. Agelidis, "Inverters for single-phase grid 

connected photovoltaic systems-an overview," in Proceedings IEEE Power Electronics 

Specialists Conference (PESC), vol. 4, pp. 1995-2000, 2002. 

http://www.iea-pvps.org/
http://www.epia.org/


 

103 

 

[22] M. Calais, V. G. Agelidis, and M. Meinhardt, "Multilevel converters for single-phase grid 

connected photovoltaic systems: an overview," Solar Energy, vol. 66, pp. 325-335, 1999. 

[23] S. Kouro, B. Wu, A. Moya, E. Villanueva, P. Correa, and J. Rodriguez, "Control of a cascaded 

H-bridge multilevel converter for grid connection of photovoltaic systems," in Proccedings 

Annual Conference of IEEE Industrial Electronics (IECON), pp. 3976-3982, 2009. 

[24] D. Picault, B. Raison, and S. Bacha, "Guidelines for evaluating grid connected PV system 

topologies," in Proceedings IEEE International Conference on Industrial Technology (ICIT), 

pp. 1-5, 2009. 

[25] IEEE Standard. IEEE Recommended Practice for Utility Interface of Photovoltaic (PV) 

Systems, IEEE Std 929-2000, 2000 

[26] IEEE Standard. IEEE Standard Conformance Test Procedures for Equipment Interconnecting 

Distributed Resources With Electric Power Systems, IEEE Std 1547.1-2005, 2005 

[27] Danish Standard Association. Electrical installations of buildings - Part 7-712: Requirements 

for special installations or locations - Solar photovoltaic (PV) power supply systems, DS/HD 

60364-7-712, 2005 

[28] International Electrotechnical Commission, Characteristics of the utility interface for 

photovoltaic (PV) systems, IEC 61727, 2002 

[29] British Standards Institution, Electromagnetic Compatibility - Part 3-2: Limits - Limits for 

harmonic current emisions (equipment input current up to and including 16A per phase), 

BS EN 61000-3-2:2001, 2001 

[30] Standard Australia, The Australian Standard for grid-connected inverters, AS4777, 2005 

[31] H. Bevrani, A. Ghosh, and G. Ledwich, "Renewable energy sources and frequency regulation: 

survey and new perspectives," IET Renewable Power Generation., vol. 4, pp. 438-457, 2010. 

[32] SOLARPRAXIS. PV power plants 2010. Available: http://www.pv-power-plants.com 

[33] SOLARPRAXIS PV power plants 2011. Available: http://www.pv-power-plants.com 

[34] PV resources. Large-Scale Photovoltaic Power Plants. 

Available: http://www.pvresources.com/PVPowerPlants.aspx 

[35] L. Huber and M. M. Jovanovic, "A design approach for server power supplies for networking 

applications," in Proceedings IEEE Applied Power Electronics Conference and Exposition 

(APEC), vol. 2, pp. 1163-1169 vol.2, 2000. 

[36] F. Xiaogang, L. Jinjun, and F. C. Lee, "Impedance specifications for stable DC distributed 

power systems," IEEE Transactions on Power Electronics, vol. 17, pp. 157-162, 2002. 

[37] W. Tsai-Fu and Y. Te-Hung, "Unified approach to developing single-stage power converters," 

IEEE Transactions on Aerospace and Electronic Systems, vol. 34, pp. 211-223, 1998. 

http://www.pv-power-plants.com/
http://www.pv-power-plants.com/
http://www.pvresources.com/PVPowerPlants.aspx


 

104 

 

[38] J. Leyva Ramos, M. G. Ortiz-Lopez, J. A. Morales-Saldana, and L. H. Diaz-Saldierna, 

"Control of a cascade boost converter with a single active switch," in Procedings IEEE Power 

Electronics Specialists Conference (PESC), pp. 2383-2388, 2008. 

[39] B. R. Lin and J. J. Chen, "Analysis and implementation of a soft switching converter with 

high-voltage conversion ratio," IET Power Electronics, vol. 1, pp. 386-394, 2008. 

[40] Z. Qun and F. C. Lee, "High-efficiency, high step-up DC-DC converters," IEEE Transactions 

on Power Electronics, vol. 18, pp. 65-73, 2003. 

[41] W. Rong-Jong, L. Chung-You, and C. Chia-Chin, "High step-up DC-DC converter for fuel 

cell generation system," in Proceedings Annual Conference of IEEE Industrial Electronics 

Society (IECON), vol. 1, pp. 57-62 Vol. 1, 2004. 

[42] W. Tsai-Fu, L. Yu-Sheng, H. Jin-Chyuan, and C. Yaow-Ming, "Boost Converter With 

Coupled Inductors and Buck-Boost Type of Active Clamp," IEEE Transactiocns on Industrial 

Electronics, vol. 55, pp. 154-162, 2008. 

[43] K. K. Law, K. W. E. Cheng, and Y. P. B. Yeung, "Design and analysis of 

switched-capacitor-based step-up resonant converters," IEEE Transactions on Circuits and 

Systems I: Regular Papers, vol. 52, pp. 943-948, 2005. 

[44] H. Shu-Hung Chung, "Design and analysis of a switched-capacitor-based step-up DC/DC 

converter with continuous input current," IEEE Transactions on Circuits and Systems I: 

Fundamental Theory and Applications, vol. 46, pp. 722-730, 1999. 

[45] K. D. T. Ngo and R. Webster, "Steady-state analysis and design of a switched-capacitor 

DC-DC converter," IEEE Transactions on Aerospace and Electronic Systems, vol. 30, pp. 

92-101, 1994. 

[46] H. S. H. Chung, S. Y. Hui, and S. C. Tang, "Development of a multistage current-controlled 

switched-capacitor step-down DC/DC converter with continuous input current," IEEE 

Transactions on Circuits and Systems I: Fundamental Theory and Applications, vol. 47, pp. 

1017-1025, 2000. 

[47] H. S. Chung, A. Ioinovici, and C. Wai-Leung, "Generalized structure of bi-directional 

switched-capacitor DC/DC converters," IEEE Transactions on Circuits and Systems I: 

Fundamental Theory and Applications, vol. 50, pp. 743-753, 2003. 

[48] A. Ioinovici, C. K. Tse, and H. S. H. Chung, "Comments on "Design and analysis of 

switched-capacitor-based step-up resonant Converters"," IEEE Transactions on Circuits and 

Systems I: Regular Papers, vol. 53, pp. 1403, 2006. 



 

105 

 

[49] I. Adrian, S. H. C. Henry, S. M. Marek, and K. T. Chi, "Comments on "Unified Analysis of 

Switched-Capacitor Resonant Converters"," IEEE Transactions on Industrial Electronics, 

vol. 54, pp. 684-685, 2007. 

[50] C. Dong and P. Fang Zheng, "A family of zero current switching switched-capacitor dc-dc 

converters," in Proceedings IEEE Appiled Power Electronics Conference and Exposition 

(APEC), pp. 1365-1372, 2010. 

[51] R. Gules, L. L. Pfitscher, and L. C. Franco, "An interleaved boost DC-DC converter with large 

conversion ratio," in Proceeding IEEE International Symposium on Industrial Electronics 

(ISIE), vol. 1, pp. 411-416 vol. 1, 2003. 

[52] R. Giral, L. Martinez-Salamero, R. Leyva, and J. Maixe, "Sliding-mode control of interleaved 

boost converters," IEEE Transactions on Circuits and Systems I: Fundamental Theory and 

Applications, vol. 47, pp. 1330-1339, 2000. 

[53] W. Li and X. He, "ZVT interleaved boost converters for high-efficiency, high step-up DC-DC 

conversion," IET Electric Power Applications., vol. 1, pp. 284-290, 2007. 

[54] P. Sungsik and C. Sewan, "Soft-Switched CCM Boost Converters With High Voltage Gain for 

High-Power Applications," IEEE Transactions on Power Electronics, vol. 25, pp. 1211-1217, 

2010. 

[55] S. Daher, J. Schmid, and F. L. M. Antunes, "Multilevel Inverter Topologies for Stand-Alone 

PV Systems," IEEE Transactions on Industrial Electronics, vol. 55, pp. 2703-2712, 2008. 

[56] O. Alonso, P. Sanchis, E. Gubia, and L. Marroyo, "Cascaded H-bridge multilevel converter for 

grid connected photovoltaic generators with independent maximum power point tracking of 

each solar array," in Proceedings IEEE Power Electronics Specialists Conference (PESC), 

vol.2, pp. 731-735, 2003. 

[57] E. Villanueva, P. Correa, J. Rodriguez, and M. Pacas, "Control of a Single-Phase Cascaded 

H-Bridge Multilevel Inverter for Grid-Connected Photovoltaic Systems," IEEE Transactions 

on Industrial Electronics,, vol. 56, pp. 4399-4406, 2009. 

[58] A. R. Beig, U. Kumar, and V. Ranganathan, "A novel fifteen level inverter for photovoltaic 

power supply system," in Proceedings IAS Annual Meeting Industry Applications Conference, 

vol.2, pp. 1165-1171, 2004. 

[59] R. W. A. A. De Doncker, D. M. Divan, and M. H. Kheraluwala, "A three-phase soft-switched 

high-power-density DC/DC converter for high-power applications," IEEE Transactions on 

Industry Applications, vol. 27, pp. 63-73, 1991. 



 

106 

 

[60] D. de Souza Oliveira, Jr. and I. Barbi, "A three-phase ZVS PWM DC/DC converter with 

asymmetrical duty cycle for high power applications," IEEE Transactions on Power 

Electronics, vol. 20, pp. 370-377, 2005. 

[61] L. Changrong, A. Johnson, and L. Jih-Sheng, "A novel three-phase high-power soft-switched 

DC/DC converter for low-voltage fuel cell applications," IEEE Transactions on Industry 

Applications, vol. 41, pp. 1691-1697, 2005. 

[62] S. V. G. Oliveira and I. Barbi, "A three-phase step-up DC-DC converter with a three-phase 

high frequency transformer," in Proceedings IEEE International Symposium on Industrial 

Electronics (ISIE), vol. 2, pp. 571-576 vol. 2, 2005. 

[63] C. Yoon, J. Kim, and S. Choi, "Multiphase DC-DC Converters Using a Boost-Half-Bridge 

Cell for High-Voltage and High-Power Applications," IEEE Transactions on Power 

Electronics, vol. 26, pp. 381-388, 2011. 

[64] F. Schettler, H. Huang, and N. Christl, "HVDC transmission systems using voltage sourced 

converters design and applications," in Proceedings IEEE power Engineering Society Summer 

Meeting, vol. 2, pp. 715-720, 2000. 

[65] John Schonberger. Modeling of a Photovoltaic String using PLECS 

Available: http://www.plexim.com/downloads/plecs_examples_pvstring.html 

[66] Bp solar, 65 watt photovoltaic module. Available: http://www.bdbatteries.com/ 

[67] M. Kazmierkowski, R. Krishnan, and F. Blaabjerg, Control in Power Electronics - Selected 

Problems. California, Academic Pres, 2002. 

[68] F. Blaabjerg, R. Teodorescu, M. Liserre, and A. V. Timbus, "Overview of Control and Grid 

Synchronization for Distributed Power Generation Systems," IEEE Transactions on Industrial 

Electronics, vol. 53, pp. 1398-1409, 2006. 

[69] Matlab/Simulink. Available: http://www.matlab.com/ 

[70] PLECS. Available: http://www.plexim.com/ 

[71] D. Sera, R. Teodorescu, J. Hantschel, and M. Knoll, "Optimized Maximum Power Point 

Tracker for fast changing environmental conditions," IEEE transctions on Industrial 

Electronic,vol. 55, pp. 2629-2637, 2008. 

[72] B. Wu, High-power converters and AC drivers. New Jersy (U.S.A), Wiley, 2006. 

 

 

http://www.plexim.com/downloads/plecs_examples_pvstring.html
http://www.bdbatteries.com/
http://www.matlab.com/
http://www.plexim.com/

	Title Page -  DC/DC CONVERTERS FOR GRID INTEGRATION of LARGE-SCALE SOLAR PHOTOVOLTAIC SYSTEMS
	THESIS ABSTRACT
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	List of Figures
	List of Tables
	List of Acronyms
	List of Parameters

	Chapter 1 - Introduction
	Chapter 2 - DC/DC Converters Overview
	Chapter 3 - A Large-Scale PV System Based on aSoft-Switched Interleaved Boost Converter
	Chapter 4 - A Large-Scale PV System Based on a Multiphase Boost-Half-Bridge Converter and CHB Multilevel Converter
	Chapter 5 - Conclusion
	References

