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Abstract

Advanced power electronics technologies facilitate the large-scale PV energy conversion and

grid connection process. Multilevel converters are well suited for large-scale PV integration

to the grid due to the high-voltage and high-power capability, high power quality, improved

modulation techniques and �lexible control strategies. The cascaded H-bridge (CHB) is a well-

established multilevel converter topology which is widely applied in high-power medium-

voltage drives and STATCOM applications. The modular structure of the CHB and the fact

that it features multiple DC-links, make it an attractive option for the large-scale PV grid con-

nection.

Since PV system grounding is required by most countries’ grid codes and the modula-

tion process of the CHB introduces high potentials upon the DC-side of the converter, it is

necessary to isolate the PV generators from the CHB converter and grid, so as to avoid the

potential induced degradation (PID) of the PV modules. More importantly, galvanic isolation

between the PV and the grid is essential to prevent the leakage current, as a result of the PV

panel-to-ground parasitic capacitance, from �lowing through the converter and ground, pos-

ing serious safety concerns. PV isolation from the CHB converter and grid can be achieved

by the implementation of isolated DC/DC converters. The DC/DC converters fed with the PV

sources are connected through DC-links to the CHB converter, performing maximum power

point tracking (MPPT) and necessary DC voltage ampli�ication. The high-frequency trans-

formers imbedded in the DC/DC converters isolate the PV from the grid-side, thus the PID

issue and the leakage current are not present in the system.

The thesis presents the system validation and documents the performance evaluation of

the CHB converter in association with isolated DC/DC converters for large-scale PV grid-

integration, featuring different power and voltage level con�igurations, tailored with two con-

trol approaches, and through speci�ic case studies. Two isolated DC/DC converter topologies,

namely the boost-half-bridge (BHB) and the �lyback are implemented in this system. While

the �lyback is a typical choice in industrial applications, the BHB presents a modular struc-

ture giving low electromagnetic interference (EMI) and a wide input voltage range. The per-

formance of both DC/DC topologies integrated with the CHB grid-connected PV system is

investigated through simulation studies.

The CHB converter proves to be adequate to provide good quality voltage and current

waveforms and capable of high-power medium-voltage grid-connection of PV systems. The

CHBconverter systemcanbewell regulatedboth in the synchronous framewithProportional-

Integral (PI) controllers, and in the stationary frame with Proportional-Resonant (PR) con-

trollers. Both DC/DC converters prove to be able to perform MPPT under Standard Test Con-

v



ditions (STC) and track the varying input voltage reference signal in a wide range fast and

accurately. The BHB converter presents lower ripples on the control variables and offers

better MPPT ef�iciency due to less �luctuation around the operating points compared with

the �lyback. Although the BHB topology has a higher component count than the �lyback, as

the building block of the multiphase DC/DC converters which feature high-voltage and high-

current capability with modular and interleaved structures, the BHB makes a competitive

candidate for this application.
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Chapter 1

Introduction

1.1 Background &Motivation

A sustainable future is essential for the humankind. Along with the extraordinary industrial

development in the past century, depleting fossil fuels and the impact of the greenhouse effect

are pushing innovations in the energy technologies. As a signi�icant contributor to today's

power supply in achieving environmental and economic goals, renewable energy is a feasi-

ble solution [1]. During 2011, renewables accounted for almost half of the electricity gener-

ation capacity added globally (estimated at 208 GW) [4]. By the end of 2011, the total global

renewable power capacity exceeded 1,360 GW [4]. Renewables have contributed to more

than 25% of total global power-generating capacity (estimated at 5,360 GW in 2011), and

supplied an estimated 20.3% of the global electricity [4]. Wind and solar PV accounted for

almost 40% and 30% of the added renewable capacity, respectively, followed by hydropower

(nearly 25%) [4].

As the fastest growing renewable energy source, solar PV has gained great public atten-

tion in the past decade and is stepping into the main stream energy market. Record PV cell

ef�iciency and unprecedented price reduction driven by the government incentives and tech-

nology improvements are bringing a solar PV installation boom throughout the world. Solar

PV operating capacity has been increasing by an average of 58% annually since 2006 and

through 2011 [4]. The global cumulative and annual installed capacities from 2000 to 2011

are depicted in Fig. 1.1 and Fig. 1.2 respectively, speci�ied with regional data from different

countries [2]. Grid-connected applications have gained dominance in an increasing number

of countries over the years, as can be seen from Fig. 1.3 [3]. According to EPIA �indings, 29.7

GW of PV electricity is integrated to the grid in 2011 up from 16.8 GW in 2010, and solar PV

is now the third most important renewable energy source after hydro and wind [2].

While residential PV applications sprout up in every household, large-scale PV power

plants are gaining prominent popularity due to the reduced investment cost and the rock-

eting energy consumption. The annual installed and cumulative capacity of large-scale grid-

connected PV power plants in the last decade can be seen in Fig. 1.4 [5]. Large numbers

of MW level PV power plants are under construction and being connected to the grid every

year. Considering that the solar PV energy yield has an intermittent nature and the output

is variable and highly dependent on the atmospheric conditions, such as insolation and tem-

1



2

70,000

60,000

50,000

40,000

30,000

20,000

10,000

0

ROW

MEA

China

America

APAC

Europe

Total

751

N/A

19

146

355

154

1,425

807

N/A

30

177

491

248

1,753

887

N/A

45

222

677

389

2,220

964

N/A

55

287

902

590

2,798

993

N/A

64

379

1,178

1,297

3,911

1,003

N/A

68

496

1,475

2,299

5,340

1,108

N/A

80

645

1,797

3,285

6,915

1,150

N/A

100

856

2,080

5,257

9,443

1,226

N/A

145

1,205

2,643

10,554

15,772

1,306

21

373

1,744

3,409

16,357

23,210

1,209

205

893

2,820

5,116

29,777

40,019

1,717

336

3,093

5,053

7,769

51,716

69,684

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

1,425 1,753 2,220 2,798 3,911 5,340
6,915

9,443

15,772

23,210

40,019

69,684

Source: EPIA

Figure 1.1. Global PV cumulative installed capacity 2000-2011 (MW)
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Figure 1.3. Percentages of grid-connected and off-grid PV power in the IEA PVPS pro-

gram 2011 reporting countries

perature, high penetration of PV electricity could challenge the reliability and stability of the

grids. Proper forecasting and energy management mechanisms should be utilized to regulate

local grids, reducing the intermittency effects and controlling loads in response to network

requirements.

As an essential part of the grid integration of PV systems, inverters are being challenged to

handle massive power and interact with higher voltage levels. Due to advanced power elec-

tronics technologies, PV inverters are getting cheaper and more ef�icient. However, the in-

creasing penetration of PV generation in the distribution network and the growing demand of

a smarter grid require the PV inverters to be more intelligent. Furthermore, large-scale grid-

connected PV systems are required to perform grid services including static and dynamic

grid support by the grid codes in certain countries [6]. Therefore, the architecture of the PV

system and the structure of the PV inverter are crucial for the grid integration of larger PV

systems. The conventional PV system architecture mainly includes centralized, string, and

multistring topologies. In the meanwhile micro-inverters and DC optimizers, or distributed

power conversion products, have been gaining popularity in recent years [8]. However, in

order to cope with high voltage and power levels of the large-scale PV systems, novel topolo-

gies capable of high capacity, high ef�iciency, high reliability and high power quality need to

be developed.
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connected PV power plants 2000-2010

1.2 Objectives

As the power level of the PV system increases and the grid connections happen at medium-

voltage grids, multilevel converters can be utilized to perform the power conversion and an-

cillary services. As the state-of-the-art technology in high-power high-voltage applications,

multilevel converters provide improved power quality, reduced switching frequency and low

EMI [44]-[75]. One of the mature and proven topologies is the cascaded H-bridge (CHB) con-

verter [44]-[47], [49]-[53]. It offers a modular solution for the grid-connection of PV systems.

The PV panels can be grouped into several sections. In each section, a number of PV panels

are incorporated to form a separate DC source and connect to the CHB converter via indi-

vidual DC-links [84]-[102]. By means of cascaded H-bridge power cells, the CHB converter is

capable of addingup the voltageof theDC sources, and synthesizing anear sinusoidal stepped

waveform at the output through the modulation process. Depending on the number of series

connected H-bridge cells, the converter is expandable to different voltage and power levels.

In order to avoid introducing high potentials upon the DC sources due to the modulation

of the CHB converter, and prevent the PV panels from generating leakage currents that induce

module degradation and pose safety issues, the PV panels have to be isolated from the AC-

side and at the same time grounded on the DC-side of the converter [101], [102]. Therefore,

isolated DC-DC converters are implemented in the CHB converter system, providing galvanic

isolation by the imbedded high-frequency transformers, and meanwhile performing maxi-

mum power point tracking (MPPT) individually for the PV generators.

In this work, the CHB converter equipped with isolated DC/DC converters for large-scale

solar PV grid-integration is investigated. The function of the system mainly includes DC volt-

age balancing, grid current regulating and MPPT for the PV generators. Different voltage

and power levels of the CHB converter are investigated, two control schemes are applied.

Two types of DC/DC converters are integrated into the system and compared on their per-

formance. Detailed analysis on the system behavior and systematic evaluation are provided.
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1.4 Outline

The thesis is organized as follows:

Chapter 2 provides an overview of the PV system architecture, featuring the state-of-the-

art PV generator con�igurations and the PV inverter topologies with an emphasis on the iso-

lation in PV systems.

Chapter 3 presents a review of the classic multilevel converter topologies, including their

modulation techniques and control scenarios. The working principles, modulation and con-

trol of the CHB grid-connected converter system are investigated through simulation studies,

featuring different voltage and power ratings of the system and alternative control structures.

Chapter 4 discusses two types of isolated DC/DC converters, namely the boost-half-bridge

(BHB) converter and the �lyback converter. The functions and characteristics of the two con-

verters are investigated through simulation studies.

Chapter 5 includes a series of simulation studies on the grid-connected PV system featur-

ing the CHB converter with isolated DC/DC converters. The system behavior is investigated

through case studies with speci�ic focus on several aspects in order to evaluate essential sys-

tem criteria and validate the system topology from practical perspectives.

Finally, Chapter 6 concludes the work, summarizes its contributions and suggests ideas

for future research.



Chapter 2

PV System Architecture

2.1 Introduction

The International EnergyAgency (IEA)has summarized fourprimaryPVapplications, namely,

off-griddomestic, off-gridnon-domestic, grid-connecteddistributed, andgrid-connected cen-

tralized PV systems [7]. In general, the �irst two applications are standalone systems and the

last two applications are grid-connected systems. The grid-connected centralized system can

perform functions of conventional centralized power system or power conditioning system

used for strengthening the utility distribution system, while the grid-connected distributed

system is a new approach to power buildings or other loads that are also connected to the

electricity network.

A grid-connected PV power system essentially consists of the following components: PV

generator (PV modules), generator junction box (GJB), inverters, meters, grid connection, DC

and AC cabling [8]. PV systems vary from the use of different PV modules (crystalline silicon

or thin-�ilm), the way they are connected (series, parallel), as well as the use of different

inverter topologies [8]. Conventional centralized architecture had been utilized before the

improvements prone to a more distributed architecture took place in recent years. Novel

technical developments such as micro-inverters and DC optimizers have also extended the

capability of system con�igurations. Normally the PV modules are divided into strings and

the strings are connected to one or more inverters through one or more power conversion

stages. This allows �lexible system design in order to tackle technical issues such as module

mismatch and partial shading, and to improve the overall system ef�iciency [9].

Major divergences lie between solar PV power generation and the requirement of the util-

ity grid [8]. The function of the inverter is to interface between the PV system and the grid, in

order to feed the solar power into the grid with best possible quality and ef�iciency [8]. There-

fore, a PV system's yield not only depends on the interconnection, orientation and quality of

the PV modules, subject to atmospheric and load changes, but also relies heavily on the re-

liability and ef�iciency of the inverter [8]. The inverter performs several tasks, mainly the

MPPT of the PV arrays, and the power conversion from the direct current (DC) generated by

the PV sources into the alternating current (AC) compatible to the grid. Other tasks include

system monitoring, information collection, grid support and so on. In order to ensure max-

imum power yield from the PV sources, the inverter must automatically search for the PV

6
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generator's optimal operating point under various conditions. The Maximum Power Point

(MPP) must be constantly tracked as the current and voltage of the PV generator may �luc-

tuate following the solar irradiation and ambient temperature change, which means that the

MPP moves back and forth along the PV current-voltage (I-V) curve under the atmospheric

condition variations. The MPPT algorithms, which are performed by the inverters, are de-

signed to always locate the MPP with precision under certain conditions, and to follow the

MPP movement immediately the irradiation and/or temperature changes. Another task for

the inverter is to convert the DC generated by the PV sources into the grid-compatible AC with

stable voltage and frequency. In some cases, the conversion can occur with a speci�ic phase

shift, in order to feed reactive power to the grid for voltage support or in the event of a grid

failure. Apart from that, the inverter also has to ensure the output power quality, perform

system control and protection. Advanced power electronics technology enables the power

conversion with high ef�iciency, high reliability, low cost and high tolerance over wide range

of input voltage variations. Furthermore, the technology developments drive the inverter

towards simpler structure, lower component counts and tighter modular design.

2.2 PV Generator Configuration

As the PV system has a highly modular structure, by dividing the PV generator into strings

or arrays and connecting them to one or more inverters, more �lexibility can be achieved in

the system design in order to serve speci�ic purposes. A number of possible con�igurations

have been proposed [10]-[25]. The commonly used con�igurations can be categorized as

centralized topology, string topology, multistring topology and AC module topology (micro-

inverters), as shown in Fig. 2.1. Inverter topologies are selected according to the con�igura-

tion and the output of the PV modules.

AC Bus

=
~

=
~

=
=

=
~

=
=

Centralized Topology String Topology Multistring Topology AC Module Topology

=
~

AC Bus AC Bus AC Bus

Figure 2.1. PV generator con�igurations
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2.2.1 Centralized Topology

In the centralized topology, the central inverter interfaces an array of PV modules to the grid.

The PV modules are divided into series connections which are called PV strings, to build up

the output voltage. The strings are then connected in parallel through string diodes to reach

higher power levels. This con�iguration faces limitations, such as high voltage DC cables be-

tween PV modules and the central inverter, mismatch losses between PV modules, power

dissipated on string diodes, and lack of �lexibility in the system design. When the PV plants

were small, such a con�iguration was the norm. However, as PV power systems grow larger

and larger in scale, this con�iguration is no longer adequate to handle the power with good

quality and gives low ef�iciency due to the poor MPPT capability.

2.2.2 String Topology

Instead of one single inverter for the whole PV array, each PV string can be equipped with a

separate inverter in the string inverter con�iguration. No string diodes are needed and the

MPP of each string is tracked individually, leading to higher energy yield. This is especially

true when the strings are under different shading and insolation conditions throughout the

day, the operating points of different strings vary differently.

2.2.3 DC Optimizers

Considering that each module in a string could have its own MPP under certain conditions,

controlling the MPP of the string is a compromise between the modules. Separate MPP con-

trollers for every module in a string have been developed, which are called power optimizers,

in order to solve this problem. These power optimizers are integrated in the string inverter,

enabling optimum power yield from the PV modules and leading to high ef�iciency. These

devices are particularly useful when the PV modules are exposed to different insolation con-

ditions during the day, so shading on individual modules does not impair the yield of the

system as a whole. Additional bene�its, depending on the device provider, include module

mismatch correction, non-uniform module degradation, temperature coef�icient difference

and uneven soiling among modules.

2.2.4 AC modules

A micro-inverter is one step lower in its conversion capability as each PV module has its own

dedicated inverter, thus the PV module with its inverter unit works as an AC module and the

output directly feeds the grid [92]. This con�iguration essentially provides each PV module

with optimized adjustment to its MPP through individual MPPT, and removes the mismatch

losses between different PV modules. Each micro-inverter is a plug-and-play device which

is easy to implement. However, the con�iguration is not suitable for large commercial and
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utility scale installations. Relatively low reliability as well as high speci�ic cost limit this con-

�iguration only to special applications [16].

2.2.5 multistring Topology

In order to reduce the extreme inverter count in the AC module con�iguration while achiev-

ing good MPPT and power quality, the multistring topology is derived from the string inverter

for higher power level applications. A DC/DC converter stage is introduced to perform indi-

vidual MPPT for each PV string. PV strings are equipped with their own DC/DC converters

and such DC/DC converters are incorporated to connect to a common central inverter. The

DC/DC converters act as MPP trackers and provide isolation and DC voltage ampli�ication if

necessary. The central inverter converts DC to AC and delivers the power to the grid. This

con�iguration takes advantage of the modularity of the PV generator, which is accompanied

by �lexibility in design, while retaining a centralized structure, which gives high ef�iciency and

reliability.

2.2.6 Hierarchical Structure and Multilevel Topology for Large-scale

PV system

Nowadays for large-scale PV plants, a variant of the centralized con�iguration with several

inverters working in a hierarchical order is applied [8]. The inverters are coupled in a mas-

ter/slave con�iguration. The master inverter enables or disables the slave inverters through

communication according to the insolation and temperature variations. For a more evenly

distributed workload among the inverters, master and slaves usually operate in a rotating or-

der in a �ixed cycle. On the other hand, multilevel inverter topologies have the potential to be

applied in large-scale PV systems due to their �lexibility in design, high power and high volt-

age capability, as well as better power quality and better MPPT ef�iciency when applied with

multistring con�igurations [94]. In the following chapters, a multilevel multistring topology

featuring the cascaded H-bridge (CHB) converter with isolated DC/DC converters incorpo-

rating large numbers of PV strings will be introduced and veri�ied through simulations.

2.3 PV Inverter Topologies

2.3.1 General Classification

As a key component in the PV system, the inverter features various converter topologies and

control methods. Traditionally, the inverters used for PV systems are classi�ied based on the

number of power processing stages, type of power decoupling, with/without transformers,

and types of grid interface [16],[10]. Different circuit topologies and control structures ap-

plied in the inverter are also taken into account.
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According to the �irst classi�ication, the PV inverter topologies can be categorized into

single-stage inverter, dual-stage inverter and multi-stage inverter. The conceptual diagram

of this classi�ication is shown in Fig. 2.2.

As shown in Fig. 2.2(a), the single-stage inverter must handle all the tasks required in

PV power processing, which includes MPPT, DC/AC power conversion, grid synchronization,

power quality assurance, grid current regulation and requisite voltage control. This con�ig-

uration is typical for central inverters, with all the associated technical issues. The inverter

must also be designed to handle a peak power of twice the nominal power [16].

A dual-stage inverter which includes two power processing stages is shown in Fig. 2.2(b).

The dual-stage inverter splits the tasks into two power processing stages, which include a

DC/DC stage assigned for MPPT plus requisite voltage ampli�ication, and a subsequent DC/AC

stage taking care of the rest such as DC voltage and grid current control by means of pulse-

width modulation (PWM), space vector modulation (SVM), and so on.

Multi-stage topologies can be applied in multistring inverters as shown in Fig. 2.2(c). Each

PV section is equipped with a dedicated DC/DC converter. The DC/DC converters, which

perform MPPT and perhaps boost the voltage, are connected to the DC-link of a common

DC-AC inverter, which ful�ills other tasks especially grid current regulation.

=
~

=
=

=
~

=
~

=
=

=
=(a)

(b) (c)

Figure 2.2. PV inverter classi�ication: (a) Single-stage (b) Dual-stage (c) Multi-stage

Further classi�ication of PV inverters is illustrated in Fig. 2.3, with inverter topologies and

system con�igurations taken into consideration, especially the presence of transformers, and

whether they are high-frequency (HF) transformers on the DC side or low-frequency (LF)

transformers on the grid side [15].

2.3.2 Isolation in PV Inverters

The PV inverter can adopt isolated or non-isolated inverter topologies, depending on the local

grid regulations. According to some countries' grid codes, galvanic isolation is required for

grid-connected PV systems [16]. This galvanic isolation is usually by means of a transformer,

either a HF transformer on the DC side, or a LF transformer on the AC side. Furthermore, a HF

transformer imbedded in a DC/DC converter can facilitate the PV panel grounding; whereas

including a line-frequency transformer between the inverter and the grid can help reduce the

DC injection to comply with grid standards [16].
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PV inverters

with isolation without isolation

with DC/DC stage without DC/DC stage

with isolation without isolation

DC-side isolation
(High-frequency)

AC-side isolation
(Low-frequency)

Figure 2.3. Power con�iguration for PV inverters

On the other hand, some countries allow transformerless PV inverter topologies to be ap-

plied while other measures are taken for safety concerns. The advantage of transformerless

topologies is mainly the increase of system ef�iciency due to the removal of transformer mag-

netic and ohmic losses, and the noise, weight and size of system can also be largely reduced.

However, the presence of the PV panel parasitic capacitance and its induced leakage current

may cause degradation to the PV modules and pose personal safety issues [31], [26]. There-

fore, special design to solve the problems caused by the parasitic capacitance and the leakage

current is required for transformerless topologies.

2.3.3 Parasitic Capacitance and Leakage Current

PV panels are typically built in a sandwich structure including glass, silicon semiconductor

and backplane with a grounded metallic frame [28]. Parasitic capacitance is generated by the

electrically chargeable layer of the PV module which lies in between the glass plates (or foil),

faced with the grounded frame, as illustrated in Fig. 2.4 [30]. This capacitance is also related

to the material and type of mounting of the PV modules, and varies a lot due to weather-

related factors such as humidity, rain and dust. The parasitic capacitance is particularly high

for PV modules with �lexible substrates and for certain crystalline modules with metallic lin-

ing on the back [30].

Mounting rack

Top view

Aluminum frame Electrically
active layer

Glass plate

Installation bracket

Cross-section

Figure 2.4. PV panel structure and its parasitic capacitor

The capacitance can be calculated using (2.1):

C = ε0 · εr · A

d
(2.1)
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where ε0 is the permittivity (physical constant, 8.85 · 10−12As/Vm), εr is the permittivity

number which is material dependent, A is the effective surface area of the capacitor and d is

the distance between the capacitor plates.

During theoperationof a grid-connectedPVsystem, thePVmodules are connected through

the inverter to the AC grid. Thus an alternating voltage is imposed on the PV modules. In the

case when a transformerless inverter is used (single-phase topology is considered), half the

grid voltage amplitude is applied at the PV modules [30]. In the case of an isolated inverter

topology being used, only a small ripple is passed on to the PV modules. The �luctuating volt-

age continuously changes the state of charge of the parasitic capacitor of the PV modules,

creating a displacement current. This current (root-mean-square value) can be calculated by

(2.2), in which f is the fundamental frequency and V is the root-mean-square value of the

alternating voltage across the PV modules. This leakage current is a reactive current with

90◦ phase-shift to the grid voltage, thus incur no loss [30].

I = ΔQ

Δt
= C

ΔV

Δt
= C · 2π · f · V (2.2)

When a transformerless topology is used, the PV modules are directly connected to the

grid due to the lack of isolation transformer, forming a direct path for the leakage current

to �low through the circuit, as illustrated in Fig. 2.5 [26]. Studies show that in an event of a

person touching the surface of the PV panel, a ground current could �low through the human

body and cause possible injury [26]. Therefore, the PV modules should be grounded and

preferably isolated from the grid side using a transformer, otherwise speci�ic design targeting

at leakage current elimination has to take place in a transformerless inverter topology.

Filter

IG_PVIG_PV

IG_PV
CG_PV

Figure 2.5. Parasitic capacitance (CG,P V ) between PV panel and its grounded glass

frame and the path of the alternating ground leakage current (IG,P V ) of

the transformerless PV system

2.3.4 Transformerless PV Inverter Topologies

Transformerless inverter topologies have been developed to eliminate the leakage current

without the presence of a transformer [27]. These transformerless topologies can be catego-

rized into two families [28]. One transformerless topology family is H-bridge based, includ-

ing H5 inverter (SMA), HERIC inverter (Sunways), REFU inverter (Refu Solar), full-bridge
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inverter with DC bypass (FB-DCBP by Ingeteam) and full-bridge zero-voltage recti�ier (FB-

ZVR). These topologies create zero-voltage states by using an additional switch (H5), an ad-

ditional AC bypass (HERIC and REFU), or DC bypass (FB-DCBP). H5 and HERIC isolate the

PV panels from the grid during zero-voltage states, while REFU and FB-DCBP clamp the neu-

tral to the midpoint of the DC link. The other family of transformerless inverter is derived

from the NPC topology, such as NPC half-bridge inverter and Conergy NPC inverter. The NPC

derived topologies have higher ef�iciency, compared to the H-bridge derived topologies, be-

cause of the clamping of PV panels during the zero-voltage state and practically no leakage

is generated due to the grounded DC-link midpoint. However, this comes at the expense of

higher complexity of the circuit. Two typical transformerless topologies, the H5 and HERIC,

are shown in Fig. 2.6.

S1 S3

S2 S4
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PV
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N
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S2 S4

PV

CG_PV
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N
Grid

S+
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CPV

L1

L2

D1 D3

D2 D4

D-

D+

(b)

Figure 2.6. Transformerless PV inverter topologies: (a) H5-SMA (b) HERIC

2.4 PV Inverter Control

The control functions of PV inverters include the following aspects: (a) basic functions as

common grid-connected converters, including grid synchronization , DC voltage control, and

grid current control to meet certain standards regarding power quality and stability; (b) PV

speci�ic functions, including MPPT, anti-islanding protection, grid monitoring and plant mon-

itoring; (c) ancillary functions mainly grid support, such as local voltage control, reactive

power compensation, harmonic compensation and fault ride-through. The generic control

diagram of PV inverters is depicted in Fig. 2.7 [28]. In general, the PV side controller performs
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MPPT algorithm on a DC/DC converter to extract maximum power from the PV modules; the

grid-side controller regulates the active and reactive power injected to the grid, control the

DC-link voltage, ensure the power quality, achieves grid synchronization and performs har-

monic compensation. The control structure of the cascaded H-bridge converter with isolated

DC/DC converters for a grid-connected PV system will be introduced in Chapter 5. The con-

trol scheme of the system will be discussed in detail and veri�ied through simulation studies.

Grid 
Synchronization

DC-link Voltage 
Control

Grid Current 
Control

Anti-islanding
ProtectionsMPPT Plant Monitoring 

and Diagnostics

MicroGrid
Control

Active Filter 
Control

Grid Support
(V, f, Q)

Basic functions

PV specific functions

Ancillary functions

PV
modules

DC/DC
converter

PWM
inverter Filter Grid

L

N

Vpv Ipv Vdc VgigPWMPWM

Figure 2.7. Generic control structure of PV inverters

2.5 Multilevel topologies for PV systems

As the power level of the PV systems increases and the grid connections happen at medium

voltages, the system can bene�it from the utilization of multilevel converters due to the low

EMI, reduced switching frequency, increased ef�iciency and improved waveform quality. Mul-

tilevel converter topologies for PV applications have been studied in recent years [32]-[43]

and the cascaded H-bridge converter shows great prospective in this application [84]-[102].

Reference [84] introduces a control method and a proportional PWM strategy for a single-

phase seven-level CHB converter system for grid-connected PV applications. The control

method enables individual MPPT for each PV array, leading to ef�icient use of the available

solar energy and less losses due to mismatch and partial shading. The proportional PWM

strategy enables maximum individual H-bridge cell power delivery through perturb and ob-

serve (P&O) MPPT algorithm. The modular multilevel con�iguration of the CHB PV system

offers a large number of voltage and power levels, featuring good power quality with low

harmonic distortion. The harmonic contents are reduced and moved to higher frequencies,
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simplifying the �ilter design. Another advantage is the reduction in the common-mode per-

turbations which is originated by the PV panel parasitic capacitance.

A novel three-phase grid-connected PV inverter topology is proposed in [39]. The scheme

is based on two isolated PV strings, each feeding a DC bus of a standard three-phase two-

level voltage-source inverter (VSI). The two inverters are connected to the grid by a three-

phase transformer with open-end windings on the inverter side. This structure performs as

a multilevel active power �ilter. The output voltage waveforms are generated by an improved

SVM algorithm which is suitable for the industrial digital signal processors. A novel control

method is also introduced to regulate the DC-link voltages and achieve MPPT. However this

structure is not scalable to expand to higher voltage levels.

In [33], a three-phase four-level diode-clamped converter is considered for PV systems. A

control and modulation scheme is proposed to enable independent control of the operating

voltage of each PV array without diminishing the quality of the output power. Compared to

a conventional two-level inverter system, the proposed multilevel converter system allows

maximum energy yield from the PV arrays especially under partial shading and in case of

mismatched PV arrays. Additionally, the multilevel structure offers a reduction of the device

voltage ratings, low output harmonic distortion and high system ef�iciency.

A three-phase three-level NPC converter based on multistring PV system topology is in-

vestigated in [34]. The split DC-link of the NPC enables the use of two series connected DC-

buses, doubling the voltage level of the system. Hence, less voltage step-up effort has to be

made by a DC/DC converter or by a grid-side transformer in order to reach medium-voltage

level. The multilevel converter also features good quality waveforms with low switching fre-

quency and thus improved ef�iciency of the system. Moreover, a large number of PV strings

can be integrated into the DC-buses according to the power rating of the NPC, which enables

concentrating large-scale PV power system into a central converter, allowing lower losses,

smaller size and less cost than using several two-level converters in order to handle the same

power. In addition, the DC/DC stage of the multistring approach decouples the DC side from

the inverter, thus the MPPT voltage reference of each PV string does not affect the DC bus

voltage, enabling �ixed DC voltage for the inverter operation and facilitating the power con-

trol without introducing voltage distortion.

In [35], a novel integrated fuzzy logic controller (FLC)/modulator is proposed for single-

phase CHB converter for PV systems, featuring a fully FLC with no optimal PWM switching

angle generator or Proportional-Integral (PI) controller required and an H-bridge power-

sharing algorithm. Most of the required signal processing is performed by a mixed-mode

�ield-programmable gate array (FPGA), leading to a fully integrated system-on-chip (SoC)

controller, which offers signi�icantly enhanced performance over microprocessor based im-

plementations.

Reference [88] presents a single-phase seven-level CHB converter for grid-connected PV

applications. The adopted control scheme enables the independent control of each DC-link

voltage and individual MPPT for each PV string. The system provides high quality currents

with low switching frequency operation and features modularity and �lexibility in system
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design. However, a �ilter is required to eliminate the third harmonic and the �ilter inductance

is limited by the control scheme in order to provide unity power factor.

A control method for a single-phase three-level CHB grid-connected PV system is analyzed

in [87]. Two extra stages are added to this traditional voltage oriented control (VOC) scheme,

one to introduce MPPT for each PV string and the other to control the DC-link voltage drift

due to circulating power in the converter. This control method is capable of powerdecoupling

between PV and grid, individual MPPT for each PV string, unity power factor output, modular

design and enhanced ef�iciency.

The PV AC module introduced in [92] is �itted with a large collection of low-power invert-

ers integrated at PV cell level, meaning that each PV cell has its dedicated inverter for power

conversion. The inverter aggregate is controlled by using interleaved carrier PWM. Each so-

lar cell operates at its MPP under various weather conditions. The extreme inverter counts

with interleaving offer major bene�its such as cancellation of many high-frequency terms, al-

lowing for a very low switching frequency, low voltage rating and reduction of output �ilter

inductance while achieving low current distortion.

A multilevel multistring con�iguration based on a three-phase CHB converter and isolated

DC/DC converters incorporating large numbers of PV strings is introduced [94]. This con-

�iguration enables large-scale PV system connection to medium-voltage grids, featuring high

�lexibility and modularity since it decouples the grid converter from the PV strings, which

allows independent control objectives. A control strategy is proposed targeting the power

imbalances which occur not only between the H-bridge power cells per phase but also be-

tween the three phases. Additional advantages of the system include the inherent superior

power quality of the CHB, low switching frequency (higher ef�iciency) and possible fault tol-

erant operation due to the cascaded structure.

Reference [96] presents an energy-balance control strategy for a single-phase CHB grid-

connected PV converter system. The control scheme is based on an energy-sampled data

model of the PV system and features a voltage loop linear discrete controller enabling the

operation in the whole range of PV array operating conditions. The control design is adapted

to Phase-Shifted and Level-Shifted carrier-based PWM schemes to perform individual MPPT

and execute the control goals.

Reference [97] presents a multilevel DC-AC-AC converter topology for medium-voltage

grid integration of MW scale PV systems. The large-scale PV system is divided into many

zones, and zonal power balancing and MPPT is achieved by employing a current-sharing

technique. The power conversion architecture consists of a full-bridge inverter feeding a

medium-frequency (MF) transformer with three secondary windings. The voltages at the

transformer secondaries are then converted to three-phase line-frequency AC by three full-

bridge AC-AC converters. This structure eliminates the 2nd harmonic from the DC bus and

removes the bulky line-frequency transformer from the utility interface.



Chapter 3

Multilevel Converters

3.1 Introduction

Multilevel voltage source converters (VSCs) are power converters consisting of an array of

power switches and capacitive voltage sources. Multiple-step voltage waveforms are gen-

erated by manipulating the combination of the switching states of power semiconductor de-

vices. Stepped waveforms are then synthesized by the voltage levels generated from connect-

ing different numbers of capacitive voltage sources to the load through the power switches.

The modulation strategies and control methods for multilevel converters have been investi-

gated and studied extensively [44]-[52]. The past three decades saw the increasing attention

on research and development of this technology in both academia and industry [52], [53].

A number of circuit topologies have been well established and polished through the years,

while novel designs sprout up continuously [54]-[62].

Multilevel converters have experienced remarkable development in recent years and are

considered the state-of-the-art technology for high-power and power-quality demanding en-

ergy conversion systems [49]. Signi�icant progress has taken place in this research area and

commercialized products have made their way to a wide range of applications [49]-[53]. Due

to the high power and voltage levels being achieved, multilevel converters have become an

important alternative for high-power medium-voltage fans, pumps, compressors, conveyors,

pumped hydro storage, marine propulsion, railway traction, electric and hybrid vehicles, re-

newable energy conversion, high-voltage direct-current (HVDC) transmission, uninterrupt-

ible power supplies (UPS), reactive power compensation, regenerative applications, and so

on [63]-[65].

Many reasons account for the growing importance and successful implementation of mul-

tilevel converters in high-power applications. Multilevel converters offer numerous advan-

tages over the traditional two-level (2L) converters. The most signi�icant features of multi-

level converters are as follows [44]:

• High-power and high-voltage operating capability.

• Better harmonic performance of the output voltages and currents with low harmonic

distortion and low voltage derivatives dv/dt, providing near sinusoidal waveforms and

good quality power.

17
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• Smaller sized input and output �ilters could be used if necessary.

• Reduced common-mode voltages (CMV) and the possibility of its elimination by adopt-

ing speci�ic modulation methods [66].

• Low switching frequency operation.

• Fault-tolerant operation of the cascaded multilevel topologies by means of bypassing

the faulty modules [49].

Multilevel converters have a great potential for future improvements on enhancing the

energy ef�iciency and the system reliability while reducing its cost, size and weight, in order

to diversify and broaden their implementation, making a more attractive and competitive

option for high-power and high-voltage applications. The following techniques are being de-

veloped for this purpose [51]:

• Control modi�ication and modulation optimization to improve harmonic performance.

• Improvement in the design of circuit topologies and selection of device con�igurations,

to reduce the power losses and increase energy ef�iciency.

• Cost reduction by applying advanced technologies and devices.

• Control strategies for DC capacitor voltage balancing, current ripple reduction, and har-

monic mitigation to meet speci�ic standards or grid codes.

• New topology design introducing attractive features and improvement on system per-

formance.

In this chapter, a brief review on multilevel converters is presented, covering the classic

topologies, operating principles, modulation techniques and system control methods. Sim-

ulation studies of the cascaded H-bridge (CHB) topology are provided for evaluation in the

end.

3.2 Classic Multilevel Converter Topologies

As part of the medium-voltage high-power converter family, multilevel converter topologies

are classi�ied as shown in Fig. 3.1 [49], [52]. The most known and well established multilevel

topologies include the neutral point clamped (NPC) or diode clamped, the �lying capacitor

(FC) or capacitor clamped, and the cascaded H-bridge (CHB) [52]. The FC and CHB are also

referred to as multicell converters (MCs) due to their modular structures [49]. Variations of

the three classic multilevel converter topologies and hybrids between them have been elab-

orately explored over the years [52]. Some of the new topologies found practical applica-

tions, such as the active NPC family of converters [60]-[62], the modular multilevel converter

(MMC) [67]-[70] and the cascaded matrix converter (CMC) [71]. Several other topologies are
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currently under development, such as the CHB fed with unequal dc sources or asymmetric

CHB [49], the hybrid NPC-CHB and the stacked FC or stacked multicell [72].

High Power Converters

Direct conversion (ac-ac) Indirect conversion (ac-dc-ac)

Matrix Converter Cycloconverter Voltage Source Converter
(VSC)

Current Source Converter
(CSC)

High Power 
2-Level VSC

PWM Current 
Source Converter

Multilevel 
Converters

Load Commutated 
Converter (LCC)

Multilevel Matrix 
Converter FC NPC Cascaded Topologies Hybrid Topologies

H-NPC

5L-ANPC

3L-ANPC

Cascaded NPCs

TCC

Stacked FC 
(Stacked 
Multicell)

MMC

CHB

Asymmetrical
CHB

NPC + CHB

FC + CHB

CCC + 5L-ANPC

Other

Figure 3.1. Classi�ication of multilevel converters

3.2.1 Neutral Point Clamped (NPC) Converters

An NPC converter consists of two traditional two-level VSCs stacked one over the other, as

shown in Fig. 3.2, with the negative bar of the upper converter in conjunct with the positive

bar of the lower converter, forming the new phase output. The original outputs of the upper

and lower converters are connected through clamping diodes, forming the neutral point N

which splits the dc-link voltage in half. Thus the output voltage of the NPC converter con-

sists of three levels, which are Vdc/2, 0, and -Vdc/2. The switching states with corresponding

output voltage levels are listed in Table 3.1.

Table 3.1. Three-level NPC switching states and corresponding output voltage levels

vaN
Switching state

Sa1 Sa2 Sa3 Sa4

Vdc/2 1 1 0 0

0 0 1 1 0

−Vdc/2 0 0 1 1
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Figure 3.2. Three-level three-phase NPC topology

3.2.2 Flying Capacitor (FC) Converters

Similarly, in the FC topology, which is shown in Fig. 3.3, the dc-link voltage is split by �ly-

ing capacitors in place of the clamping diodes of the NPC topology. Instead of clamping the

output voltage to the neutral of the converter by diodes, the zero voltage is generated by con-

necting the load to either the positive bus or the negative one of the converter through the

FC whichever is with opposite polarity to the dc-link. The switching states and their corre-

sponding output voltage levels are listed in Table 3.2.
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+

+
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Figure 3.3. Three-level three-phase FC topology
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Table 3.2. Three-level FC switching states and corresponding output voltage levels

vaN
Switching state

Sa1 Sa2 Sa3 Sa4

Vdc/2 1 1 0 0

0 1 0 1 0

0 0 1 0 1

−Vdc/2 0 0 1 1

3.2.3 Cascaded H-bridge (CHB) Converters

The CHB converter is structured by a series of cascaded identical H-bridges, as shown in

Fig. 3.4. Each H-bridge as a power cell is capable of three different voltage levels at the out-

put. The series connection of the H-bridges generates output voltage waveforms that are

synthesized by the combination of each output of the H-bridges at certain switching states.

Generally, when k H-bridges are connected in series, the output waveforms contains n=2k+1

different voltage levels and a maximum output voltage of k times Vdc assuming all cells have

equal and constant DC voltage. The switching states of a single H-bridge power cell and the

corresponding output voltage levels are listed in Table 3.3.

Vdc,ck

Vdc,c2

Vdc,c1

Vdc,bk

Vdc,b2

Vdc,b1

Vdc,ak

Vdc,a2

Vdc,a1

a b c

N

S11 S13

S12 S14

va1

S21 S23

S22 S24

Sk1 Sk3

Sk2 Sk4

Cell 1

Cell 2

Cell k

vaN vbN vcN

Figure 3.4. k-Level three-phase CHB topology
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Table 3.3. H-bridge power cell switching states and corresponding output voltage lev-

els

vaN
Switching state

S11 S12 S13 S14

Vdc 1 0 0 1

0 1 0 1 0

0 0 1 0 1

−Vdc 0 1 1 0

3.2.4 Comparison of Multilevel Topologies

The NPC topology is popular for its simple circuit structure and low device count. It fea-

tures medium/high-voltage devices, such as integrated gate-commutated thyristor (IGCT)

and medium/high-voltage insulated-gate bipolar transistor (IGBT). The NPC structure can be

extended to higher power ratings with more voltage levels by increasing the number of power

switches and clamping diodes. However, large numbers of clamping diodes are needed in or-

der to block higher voltage levels, and higher losses which are unevenly distributed in the

circuit are introduced. Furthermore, the balancing of the dc-link capacitors becomes very

dif�icult [57].

The FC topology offers more �lexibility in choices of switching combination. However, the

number of the clamping capacitors and their individual pre-charge circuits increase largely

as the levels go up and the current rating of the �lying capacitors becomes high. Besides, the

control strategies to maintain the capacitor voltages become very complicated as the capac-

itor voltages vary with the converter operating conditions, making it not very feasible for

high-power applications [57].

On the other hand, the CHB is well suited for high-power applications due to its modular

structure which allows higher voltage operation by the series expansion of power cells using

merely low-voltage rating semiconductors. The use of identical power cells simpli�ies the

maintenance and reduces the manufacturing costs. The use of phase shifted carriers during

the modulation process moves the switching frequency harmonics to a higher range which

eases the �iltering process. Also, good power quality can be achieved with even lower device

switching frequency (≤500 Hz). However, the CHB requires isolated dc sources, which could

increase the system complexity, adding up the system cost and weight [52].

The high-power and high-voltage capability of the CHB converter enables connection to

medium-voltage grids; and the modular and �lexible design make it a competitive candidate

for solar PV systems. As the PV systems are growing larger in scale and integrated to higher

voltage grids, the CHB converter can be applied to achieve high capacity and good quality

power injection to the electricity grids.
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3.3 Modulation Techniques for Multilevel Converters

Modulation methods for multilevel converters are basically derived from the traditional tech-

niques used for the 2-level VSC. With more power-electronic devices and switching redun-

dancies, the more complicated circuit structures of multilevel converters give rise to the com-

plexity of the converter control. However, the additional power switches which introduce

more switching states, add more control degrees of freedom at the same time. This enables

more �lexibility in the modulation process which could help reduce the switching frequency,

lower the harmonic contents, minimize the common-mode voltage and balance the dc-link

voltages, leading to better power quality and higher ef�iciency. Numerous modulation algo-

rithms have been proposed, adapted for speci�ic aims and improved along with the devel-

opment of multilevel converter topologies. Common modulation strategies can be classi�ied

by the switching frequency used for the converter operation, as shown in Fig. 3.5 [49]. For

high-power applications, high switching frequencies are considered to be above 1 kHz.

Multilevel Converter Modulation

Low switching frequency

Hybrid Modulation Multicarrier PWM SVM

Phase-shifted

SHE

PD-PWM

POD-PWM

2D 
Algorithm

High switching frequency

Nearest Vector 
Control (Space 
Vector Control)

Nearest Level 
Control

Level-shifted

APOD-PWM
3D 

Algorithm

Figure 3.5. Classi�ication of multilevel converter modulation strategies

3.3.1 Multicarrier PWM Techniques

Multicarrier PWM methods are the natural extensions of traditional carrier-based sinusoidal

PWM (SPWM). A set of triangular carriers is used for the modulation of the multilevel con-

verter. The phasic or vertical position of the carriers is shifted by a certain angle or level

(depending on the level of the converter) between one and another, in order to form multiple-

step output voltages of the converter. Phase-Shifted PWM (PS-PWM) and Level-Shifted PWM

(LS-PWM) have been developed for the multicell converters (CHB and FC) and for the NPC

converter, respectively.
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3.3.1.1 Phase-Shifted PWM (PS-PWM)

The Phase-Shifted PWM (PS-PWM) is specially developed for the CHB and the FC converters.

Since each H-bridge cell is a three-level converter and each FC cell is a two-level converter, the

traditional unipolar and bipolar PWM switching schemes can be adopted, respectively. Due

to the modularity of the two topologies, the series-connected power cells within a phase leg of

the converter are modulated with individual carrier signals while sharing the same reference

signal. A phase shift among the carriers is applied between contiguous power cells. The angle

of the phase shift depends on the level of the converter and is tailored to the speci�ic switching

scheme which is implemented in each power cell. Optimum harmonic cancellation can be

achieved when the phase shift between the carriers is 180◦/k for the CHB and 360◦/k for the

FC, respectively [47], where k is the number of series-connected power cells per phase leg of

the converter. For instance, under unipolar switching scheme, a pair of carriers is associated

to each power cell of the CHB, introducing asynchronous switching patterns among different

power cells, and stepped multilevel waveforms are synthesized at the output of the converter.

The operating principle of a seven-level CHB converter is illustrated in Fig. 3.6. The converter

circuit structure is shown in Fig. 3.4, in which k=3.

Since the series-connected power cells within a phase leg of the converter share the same

modulating signal and use carriers of the same frequency, the switching device usage and

the average power handled by the power cells is evenly distributed across the entire modu-

lation index range. This is advantageous for the CHB as multipulse recti�iers can be used to

reduce input current harmonics, and leads to the self-balancing property of the capacitors

in the FC topology. Moreover, the phase-shifted carriers introduce a multiplicative effect on

the converter operating frequency, which means that the equivalent switching frequency of

the converter is k times the actual switching frequency of each power cell. Depending on the

switching scheme used in each power cell, which could be bipolar or unipolar, the equivalent

switching frequency of the converter is k or 2k times the semiconductor device switching

frequency, respectively (where k is the number of series-connected power cells per phase

leg). Therefore, good harmonic performance can be achieved with low device switching fre-

quency, leading to lower losses and higher ef�iciency of the converter. The PS-PWM under

unipolar switching scheme for a seven-level CHB converter is depicted in Fig. 3.7.

Similarly, for a �ive-level FC converter, as shown in Fig. 3.8, the switching signal generating

scheme is depicted in Fig. 3.9 [48]. The PS-PWM with bipolar switching patterns is illustrated

in Fig. 3.10.
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Figure 3.10. Five-level FC PS-PWM waveforms (one phase)

It should be noted that the PS-PWM is the only commercialized modulation method for the

CHB and the FC [52]. Although the PS-PWM may not give a better harmonic pro�ile than the

LS-PWM, it does not make much of a difference since the harmonics stand at high-frequency

and can be easily �iltered out. From a practical point of view, the operational advantages of

the PS-PWM for the CHB and the FC are much more important and that is why it has gained

vast acceptance from the industry.

3.3.1.2 Level-Shifted PWM (LS-PWM)

Similar to the PS-PWM, the Level-Shifted PWM (LS-PWM) is naturally extended from the tra-

ditional bipolar PWM switching scheme. Instead of being shifted by a phase angle to create

asynchronism for the multilevels to occur, the multiple carriers in the LS-PWM are shifted
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in a vertical dimension to cater different voltage levels of the series-connected power cells.

For an n-level converter, (n-1) carriers with the same frequency and amplitude are required

in the LS-PWM, as in the PS-PWM. Each carrier is set between two voltage levels and the

(n-1) carriers are vertically located in a contiguous way that they occupy the full amplitude

modulation index range ma. The amplitude modulation index ma is de�ined as in (3.1).

ma = v̂∗

(n − 1)V̂cr

, 0 ≤ ma ≤ 1, (3.1)

where v̂∗ is the peak amplitude of the reference signal, and V̂cr is the peak-to-peak value

of the carrier [47].

Three schemes of arranging the vertical shifts between the carriers are commonly used for

the LS-PWM: (a) phase disposition (PD), with all carriers in phase across all bands; (b) phase

opposition disposition (POD), with all positive carriers in phase and all negative carriers

shifted by 180◦ from the positive ones; (c) alternative phase opposition disposition (APOD),

where carriers in adjacent bands are shifted by 180◦ [47]. The PS-PWM for a �ive-level con-

verter with the above three carrier arrangements is shown in Fig. 3.11.
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Figure 3.11. LS-PWM carrier disposition schemes for a �ive-level converter: (a) PD, (b)

POD, (c) APOD

The LS-PWM method is especially suited for the NPC converters, as each carrier simply

caters for two corresponding power switches. The operating principle of a three-level NPC

converter, with PD-PWM carriers and bipolar switching scheme is illustrated in Fig. 3.12 [49].

Compared to PS-PWM, LS-PWM has a slightly better line-to-line voltage Total Harmonic

Distortion (THD) performance [47]. However, device switching frequency and conduction

period vary with voltage levels, and power is unevenly distributed among the converter cells.
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This could result in input current distortion in the CHB, which requires rotating of switching

patterns, to evenly distribute the switching and conduction losses [46]. Since the unevenly

distributed power could cause capacitor unbalance, the LS-PWM is also not preferable for the

FC as well [49].

3.3.2 Selective Harmonic Elimination (SHE)

Selective Harmonic Elimination (SHE) is a low switching frequency PWM method that en-

ables the elimination of undesired low-order harmonics by computing the switching angles

of�line via Fourier analysis [73] -[75]. This method has the advantage of minimum switching

losses due to the very few commutations per cycle and therefore achieves better ef�iciency.

However, this method requires numerical algorithms to solve equations based on the Fourier

series and the assumption of steady-state sinusoidal voltages. The pre-calculated solutions

are usually stored in lookup tables. Note that these angles cannot fully eliminate the har-

monics during variable-speed operation, and the error will be ampli�ied in the closed-loop

controller and affect the overall performance of the system. Therefore this method is not

suitable for high dynamic performance demanding applications [49].

For the CHB converter, two approaches are available. One is the staircase modulation,

which limits the switching frequency of each H-bridge to the fundamental frequency. Each

power cell of the CHB converter is associated with a switching angle, and these angles are

calculated using the SHE algorithms. This method is rather simple to implement on the CHB

with all the pre-calculated switching angles and look-up tables. The operating principle is

shown in Fig. 3.13. Compared with the carrier-based PWM schemes, the staircase modu-

lation features low switching losses as all the switching devices operate at the fundamental

frequency. The second approach is based on calculating multiple switchings within the levels

of the waveform, providing better harmonic performance when compared with the staircase

approach [75].



30

1

0

-1C
el

l 2
 O

ut
pu

t 
V

ol
ta

ge
[p

.u
.]

�t

1

0

-1C
el

l 3
 O

ut
pu

t 
V

ol
ta

ge
 

[p
.u

.]

�t

-1

1

0

C
el

l 1
 O

ut
pu

t 
V

ol
ta

ge
 

[p
.u

.]

�t

1

0

-1

C
on

ve
rte

r O
ut

pu
t 

V
ol

ta
ge

 [p
.u

.]

�t

2

3

-2

-3

�1 �-�1

�2 �-�2

�3 �-�3

�

�

�

�

va1

va2

va3va
*

vaN

Figure 3.13. Seven-level CHB staircase PWM waveforms (one phase)

3.3.3 Space Vector Modulation

Together with the higher power and voltage capability, multilevel converters bring many

more control degrees of freedom. However, the additional zero common-mode voltage vec-

tors, the switching-state redundancy and space vector redundancy are not always fully ex-

ploited by the carrier-based PWM schemes. One of the newly developed technologies which

have the potential of exploring more control degrees of freedom is the space vector modu-

lation (SVM). The SVM has been employed for multilevel converters using 2-D and 3-D algo-

rithms [52]. SVM-based schemes usually include three steps: (a) selecting switching states,

or vectors; (b) computing the duty cycles; (c) generating the sequence. The algorithms may

vary on the basic steps in pursuit of lower switching frequency, computational cost reduc-

tion, common-mode voltage reduction or elimination, lower THD, or targeting at multiphase

systems, unbalanced systems, capacitor voltage balancing and so on [52]. Nevertheless, SVM-

based multilevel algorithms do not dominate in the industrial applications nowadays. Since

the carrier-based PWM methods only require reference and carrier signals plus simple com-

parators to deliver the switching signals, they are easy-to-implement mature and mainstream

technologies; whereas SVM algorithms are more complex and require a great deal of compu-

tational effort.
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3.4 Control Strategies for Multilevel Converters

Control strategies for the traditional 2-L VSCs apply straightforward to multilevel convert-

ers. Commonly used methods for multilevel converter powered variable-speed motor drives

include v/f control (or scalar control), �ield-oriented control (FOC, or vector control), and

direct torque control (DTC) [52] ,[53]. For the v/f control and the FOC, only the modula-

tion stage in the control loop needs adaptation while the control scheme remains the same;

whereas it is not the case for the DTC. Since each switching state or voltage vector is associ-

ated with a speci�ic change in the motor �lux and torque, the DTC cannot be directly extended

to multilevel converters. Nonetheless, possible solutions have been proposed for the 3L-NPC

and some other multilevel topologies [52].

Control strategies for grid-connectedmultilevel converter systems includevoltage-oriented

control (VOC) and direct power control (DPC), which are the counterparts of the FOC and the

DTC used for drives. The VOC achieves high static and dynamic performance through the

combination of an outer voltage loop and an inner current loop. The control diagram of a

grid converter with the VOC is shown in Fig. 3.14. On the other hand, the DPC directly selects

the switching states from a switching table based on the instantaneous errors between the

commanded and estimated values of active and reactive power [28]. The main advantage of

the DPC is the simplicity in algorithm and the key to this method is the correct and fast es-

timation of the active and reactive power. However, it requires high sampling frequency to

obtain satisfactory performance and is dif�icult to implement under stiff grid condition [28].

Vdc
*

Vdc Filter

Voltage
Controller

+
_

Current
Controller

Modulator
sync sync

ig

vg Grid

i*

+_

Figure 3.14. Generic VOC control diagram

3.4.1 Voltage-Oriented Control (VOC)

3.4.1.1 Synchronous Frame VOC

Typically VOC is implemented in the dq reference frame, rotating at the speed of ω and ori-

ented in such a way that the d axis is aligned with the grid voltage vector. In the dq frame the

vector of the fundamental has constant components while the harmonic vectors have pulsat-

ing components. Since the grid converter is used to generate or absorb sinusoidal currents,
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the reference current components in the dq frame are DC quantities. The d component of the

reference current I∗
d is controlled to manage the active power and perform the DC voltage

regulation; while the q component I∗
q is controlled to manage the reactive power and obtain

a unity power factor. In order to have the grid current vector in phase with the grid voltage

vector, the I∗
q is normally set to zero. The general control diagram of the VOC in the syn-

chronous rotating dq frame featuring an inner current loop and an outer voltage loop with

cross-coupling and voltage feed-forward is shown in Fig. 3.15. The synchronization between

the converter and grid is achieved by a three-phase phase-locked loop (PLL). Normally PI

controllers are used in this control structure since all the control variables are transformed

to DC values in the dq frame. Typical transfer function of a PI controller is given by (3.2),

GP I(s) = Kp + Ki
1
s

. (3.2)

where Kp is the proportional gain and Ki is the integral gain of the controller.
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Figure 3.15. Synchronous frame VOC

3.4.1.2 Stationary Frame VOC

Apart from the rotating dq reference frame, VOC can also be performed in the αβ stationary

frame. The general control structure of the VOC in the stationary frame using resonant con-

trollers and harmonic compensators is shown in Fig. 3.16. Since in the stationary reference

frame the control variables are time-varying signals, PI controllers are not capable of remov-

ing the steady-state error. In this case, Proportional-Resonant (PR) controller is introduced

in the αβ control structure due to its ability of regulating sinusoidal signals without steady-

state error [113], [114]. Additionally, harmonic compensators which eliminate low-order

harmonics without affecting the controller dynamics are easy to implement in this control

structure. The PLL is used for adapting the frequency of the PR controllers and extracting

the fundamental of the grid voltages which are used for calculating the reference current

components.
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3.5 Simulation Studies of theCascadedH-bridgeConverter

Simulation studies are conducted on the CHB converter for its performance evaluation. A

seven-level three-phase CHB converter is investigated on its behavior under PS-PWM with

DC voltage sources and its control performance of grid-connection with DC current sources.

The control performance is investigated in a 300 kW system and 3 MW system respectively.

Furthermore, a vertical extension of the CHB is investigated by increasing the series con-

nected H-bridge cells in order to integrate more power to higher voltage grids. A thirteen-

level three-phase CHB converter is investigated in a 3 MW grid-connected system, regulated

by PI controllers in the dq frame and PR controllers in the αβ frame, respectively. The simu-

lations are performed in MATLAB/Simulink and PLECS Blockset.

3.5.1 CHB Converter with DC Voltage Sources

The parameters used in the simulation are listed in Table 3.4. The circuit structure of the 7-L

CHB converter fed with DC voltage sources is shown in Fig. 3.17. The modulation diagram of

the CHB converter is shown Fig. 3.18. Carriers with the same phase disposition are applied

to each phase of the converter.

The output voltages of the three series connected H-bridges in one converter phase are

shown in Fig. 3.19. The synthesized phase output voltage is shown in Fig. 3.20. Moreover,

Fig. 3.21 shows the PWM induced potential added upon the DC sources, which poses chal-

lenges for the CHB converter applications in PV system since galvanic isolation would be nec-

essary to prevent the PV panel leakage currents from �lowing through the converter and pose

safety concerns [26]. This high potential could also cause degradation of the PV modules and

shorten their lifetime [31]. These issues will be discussed further in the following chapters.

Table 3.4. Simulation parameters - The CHB converter with DC voltage sources

Modulating Signal CHB Converter

Frequency 50 Hz DC Voltage 2 kV

Modulation Index 0.8 Switching Frequency 500 Hz
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Figure 3.19. Output voltage waveforms of the H-bridge power cells (one phase)
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Figure 3.20. Output voltage of the 7-L CHB converter (one phase)
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3.5.2 Grid-connected CHB Converter with DC Current Sources

The circuit structure of the 7-L CHB converter fed with DC current sources is given in Fig.

3.22. The control diagram of the CHB grid-connected converter is given in Fig. 3.23, based

on the synchronous frame VOC method. The abc/dq transformation is given in eq. (3.3).

[
yd

yq

]
= 2

3

⎡
⎢⎢⎣

cos θ − sin θ

cos(θ − 120◦) − sin(θ − 120◦)
cos(θ + 120◦) − sin(θ + 120◦)

⎤
⎥⎥⎦

T

·

⎡
⎢⎢⎣

xa

xb

xc

⎤
⎥⎥⎦ (3.3)

The converter is rated 300 kW for the �irst simulation study, and then the power rating is in-

creased by 10 times to 3 MW with a different set of controllers and component parameters.

This is to investigate the voltage and power capability of the 7-level CHB converter and its

performance in regulating the DC-link voltage and grid currents both in steady-state opera-

tion and with varying power supplies.
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Figure 3.22. 7-L CHB converter fed with DC current sources

3.5.2.1 300 kW System

The parameters used in the simulation are listed in Table 3.5.

A. The Steady-state

The nine DC-link voltages are shown in Fig. 3.24. They are well balanced and remain

at 2 kV level with less than 0.003 p.u. �luctuation, given that a 5 mF capacitor is used to

maintain the DC-link voltage. The three DC-link currents of converter phase A are shown

in Fig. 3.25. They are distributed evenly among the H-bridges with a mean value of 16.6 A.

The phase output voltage and the line-to-line output voltage of the converter are shown in

Fig. 3.26(a) and (b). Each phase output voltage contains seven levels and each line-to-line

voltage contains thirteen levels. The voltage steps form nearly sinusoidal shaped waveforms.
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Table 3.5. Simulation parameters - The CHB converter with DC current sources

(300 kW)

CHB Converter Grid

DC-link Voltage 2 kV
Grid Voltage

(line-line RMS)
6 kV

Switching Frequency 1000 Hz Fundamental Frequency 50 Hz

Rated Power 300 kW Grid Impedance
Rg =5.4 mΩ
Lg =172 μH

DC-link Capacitor 5 mF Grid-side Filter 20 mH

PI Parameters

Current Loop Voltage Loop

Kp =100 Ki =5000 Kp =20 Ki =1500

DC Voltage Balancing Kp =20

The three phase grid currents are shown in Fig. 3.27. They are sinusoidal with a THD of

2.68%. The THD reading in this work is directly obtained from the data analysis performed

by PLECS. On the other hand, the THD can be calculated by its de�inition, as given in eq. (3.4).

THD =
√∑

ν≥2 V 2
ν

V 2
1

=
√

V 2
rms − V 2

0 − V 2
1

V 2
1

(3.4)
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Figure 3.24. Nine DC-link voltages of the CHB converter (steady-state)



40

����

����

����

�
�
��
��
�
��
	



��
��
�

�

���

�

��

��

��

�
�
��
��
�
��
	



��
��
�

�

���

�

��

��

��

��������

���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����

�
�
��
��
�
��
	



��
��
�

�

���

�

��

��

��

Figure 3.25. Three DC-link currents in one phase of the CHB converter (steady-state)
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Figure 3.26. CHB output voltage (steady-state): (a) phase voltage, (b) line-to-line volt-

age
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Figure 3.27. Three-phase grid currents (steady-state)
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B. The Power Test

In order to evaluate the system performance under power varying conditions, changes in

the DC source output currents are imposed on the converter system. The total system power

supply variations are shown in Fig. 3.28. It changes from 90% of the rated power to the full

power and then to 80% of the rated power. The output currents of the DC sources follow

this power reference accordingly. As shown in Fig. 3.29, the output of the DC source (of one

H-bridge) changes with a ramp under the variations in the power reference, in order to avoid

sudden changes in the controller references. Fig. 3.30 and Fig. 3.31 show the Id and Iq com-

ponents of the system, respectively. It can be seen that the current controllers are able to

regulate the Id and Iq components according to power changes fast and accurately. Speci�i-

cally, Fig. 3.30 shows that the Id component of the system is regulated following the power

reference and varies from 36.7 A to 40.8 A and then to 32.7 A with no signi�icant overshoot

(about 0.01 p.u.) and very small steady-state ripples (less than 0.01 p.u.). Fig. 3.31 shows that

the Iq component is always regulated to around 0 with a �luctuation between ±1 A. The Vd

and Vq signals generated by the current controllers are shown in Fig. 3.32. The three-phase

voltage referencing signals transformed from the Vd and Vq signals are shown in Fig. 3.33.

It can be seen that the voltage controller is able to maintain the average of the nine DC-link

voltages (measured through a 100 Hz moving-average �ilter) at 2 kV level, as shown in Fig.

3.34. Through DC voltage balancing algorithm, the modulation indices generated from the

three-phase referencing signals for each of the H-bridges are shown in Fig. 3.35. The modu-

lation indices goes to the PS-PWM modulator and generate the switching signals for the CHB

converter.
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Figure 3.28. Power supply variation pro�ile
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Figure 3.32. Vd and Vq control signals
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Figure 3.33. Three-phase voltage referencing signals
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Figure 3.34. Average DC-link voltage
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Figure 3.35. Modulation index

The CHB output phase voltage generated under the PS-PWM scheme is shown in Fig. 3.36.

It contains 7 levels with no signi�icant drift on each level of the voltage. Fig. 3.37 shows the

DC-link currents of the three H-bridges in phase A. They all have a sinusoidal pro�ile with

the mean value varying from 15 A to 16.6 A and then to 13.3 A. Fig. 3.38 shows the DC-link

voltages during the power variation. The DC voltages are well balanced and maintained at

2 kV level with a �luctuation less than 0.03 p.u. during the whole process. Fig. 3.39 shows

the grid currents. The grid currents are regulated in good quality during the variations. The

THD values of the grid currents at 90% of the rated power, the full power and 80% of the

rated power are 2.97%, 2.68% and 3.34%, respectively. It can be seen that the less the power

coming from the DC sources, the smaller the ripples on DC-link voltages and the amplitude

of the grid currents, and meanwhile the THD of the grid currents becomes more signi�icant.
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Figure 3.36. Output phase voltage of the CHB converter
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Figure 3.37. Three DC-link currents in one phase of the CHB converter
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Figure 3.38. Nine DC-link voltages of the CHB converter
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Figure 3.39. Three-phase grid currents
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3.5.2.2 3 MW System

The parameters used for the simulation are listed in Table 3.6

A. The Steady-state

The nine DC-link voltages shown in Fig. 3.40 are well balanced and maintained at 2 kV

level with a less than 0.03 p.u. �luctuation. The three DC-link currents of converter phase A

shown in Fig. 3.41 are distributed evenly among the H-bridges with a mean value of 166.6 A.

The phase output voltage of the converter shown in Fig. 3.42 is composed of seven voltage

levels and the voltage steps form near sinusoidal shaped waveform. The three-phase grid

currents shown in Fig. 3.43 are sinusoidal with a THD of 3.03%. Note that the 300 kW system

uses a switching frequency of 1000 Hz to achieve a THD under 3% in the grid currents. When

a switching frequency of 500 Hz is used in the 300 kW system, the grid currents have a THD

of 5.45% and larger ripples appear on the control signals.

Compared with the 300 kW system, the harmonic components in the grid currents of the

3 MW system are relatively low with respect to the fundamental components. By increasing

the power rating of the system to 3 MW, the proportion of the harmonic components in the

grid currents is largely reduced and thus a lower switching frequency can be used to achieve

low distortion in the grid currents. Moreover, in the 3 MW system a much smaller induc-

tor is used as the converter output �ilter. This is due to the fact that the size of the �ilter is

usually determined by the base impedance of the converter system, and normally the �ilter

size should not exceed 10% of the base impedance in common practice. Since the power rat-

ing of the system is increased by 10 times and the grid voltage remains the same, the base

impedance of the 3 MW system is one tenth of its value in the 300 kW system. Therefore the

�ilter inductor size can be much smaller in the 3 MW system.

With a reduced switching frequency, the switching frequency harmonics shift to the side-

Table 3.6. Simulation parameters - The CHB converter with DC current sources (3 MW)

CHB Converter Grid

DC-link Voltage 2 kV
Grid Voltage

(line-line RMS)
6 kV

Switching Frequency 500 Hz Fundamental Frequency 50 Hz

Rated Power 3 MW Grid Impedance
Rg =1.5mΩ
Lg =48μH

DC-link Capacitor 5 mF Grid-side Filter 3.8 mH

PI Parameters

Current Loop Voltage Loop

Kp =20 Ki =5000 Kp =10 Ki =1500

DC Voltage Balancing Kp =10
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band of 3 kHz in the 3 MW system instead of 6 kHz in the 300 kW system. Although some

glitches can be seen on the grid currents waveform, the THD remains low because the am-

plitude of the fundamental component is relatively large and the proportion of the harmonic

components is relatively small. The effect of the reduced switching frequency can also be

observed on the DC-link voltage and current waveforms as shown in Fig. 3.40 and Fig. 3.41.

The glitches on the DC voltages are more signi�icant in this case. Despite this, lower switch-

ing frequency helps reduce the switching losses of the system and a smaller inductor is also

easier to control.
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Figure 3.40. Nine DC-link voltages of the CHB converter (steady-state)
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Figure 3.41. Three DC-link currents in one phase of the CHB converter (steady-state)
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Figure 3.42. Output phase voltage of the CHB converter (steady-state)
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Figure 3.43. Three-phase grid currents (steady-state)

B. The Power Test

Following thepower supply variations as shown inFig. 3.44 and the subsequent variations

of the DC source output current shown in Fig. 3.45, the responses of the current controllers

and voltage controller of the 3 MW system are shown from Fig. 3.46 to Fig. 3.51. As the

power rating is 10 times that of the 300 kW system, a smaller inductor is used as the grid-side

�ilter and the parameters of the controllers are largely reduced. Meanwhile, the switching

frequency has been reduced from 1 kHz to 500 Hz. Although the ripples on the control signals

are seemingly larger, the controllers are capable of performing fast and accurate tracking of

the varying references. Speci�ically, Fig. 3.46 shows that the Id component of the system is

regulated following the power reference and varies from 367.4 A to 408.2 A and then to 326.6

A with no signi�icant overshoot (less than 0.05 p.u.) and small steady-state ripples (less than

0.03 p.u.). The Iq component, as shown in Fig. 3.47 is always regulated to around 0 with a

�luctuation between ±15 A.
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Figure 3.44. Power supply variation pro�ile
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Figure 3.45. DC source output current variation pro�ile
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Figure 3.46. Id component
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Figure 3.47. Iq component
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Figure 3.48. Vd and Vq control signals
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Figure 3.49. Three-phase voltage referencing signals
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Figure 3.50. Average DC-link voltage
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Figure 3.51. Modulation index

The system performance can be observed from Fig. 3.52 to Fig. 3.55. Drift on the output

CHB voltages becomes obvious since the rated power of the system is much higher and a

reduced switching frequency has been used compared to the 300 kW system. The mean value

of DC-link currents varies from 150 A to 166.6 A and then to 133 A. The ripples on the DC-link

voltages are bigger in amplitude as the grid currents increase by ten times. However, the

�luctuationof theDC-link voltages remainsunder0.03p.u. and the grid currents are regulated

in good quality during the whole process. The THD values of the grid currents at 90% of

the rated power, the full power and 80% of the rated power are 3.36%, 3.03% and 3.79%,

respectively.
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Figure 3.52. Output phase voltage of the CHB converter
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Figure 3.53. Three DC-link currents in one phase of the CHB converter
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Figure 3.54. Nine DC-link voltages of the CHB converter
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Figure 3.55. Three-phase grid currents
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3.5.3 CHB Converter with Higher Number of Levels

From the study of the 7-level CHB converter in the last section, it can be seen that although the

7-level converter is capable of integrating 3 MW of power to the grid, it has some dif�iculties

to achieve equally good power quality as with 300 kW power, especially on the grid currents

THD performance. Considering that higher power and voltage capabilities can be achieved

by the vertical extension of the CHB converter, the performance of a 13-level CHB converter

is investigated in this section. The number of series connected H-bridges in each converter

phase is doubled in this topology. Two control approaches, the VOC in the synchronous frame

with PI controllers and the VOC in the stationary frame with PR controllers, are applied in the

converter system. The performance of the controllers will be evaluated and discussed.

The parameters used for the simulation are listed in Table 3.7. The circuit structure of the

13-L CHB grid-connected converter fed with DC current sources is shown in Fig. 3.56. The

control diagram of the system is shown in Fig. 3.57(a) and Fig. 3.57(b) for the synchronous

frame VOC and the stationary frame VOC respectively.

Phase A
Phase B

Phase C

N

7-L CHB 
Converter

Vdc,a1

Vdc,a2

Vdc,a3

VaN

VbN

VcN

HB 1

HB 2

HB 3

DC 
Current 
Source ia

ib

ic Lf PCC Lg

Grid
Rg Vg

Vdc,a4

Vdc,a5

HB 4

HB 5

Vdc,a6 HB 6

Figure 3.56. 13-L CHB converter fed with DC current sources

Variations in the power supply have been imposed on the system. The power supply ref-

erence is shown in Fig. 3.58 and the pro�ile of the resulted DC source output current at each
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(cont.)
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Figure 3.57. Control diagram of the 13-L CHB converter: (b) stationary frame VOC
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Table 3.7. Simulation parameters - The CHB converter with higher number of levels

CHB Converter Grid

DC-link Voltage 1.5 kV
Grid Voltage

(line-line RMS)
10 kV

Switching Frequency 500 Hz Fundamental Frequency 50 Hz

Rated Power 3 MW Grid Impedance
Rg =1.5 mΩ
Lg = 48 μH

DC-link Capacitor 5 mF Grid-side Filter 3 mH

H-bridge is shown in Fig. 3.59. During this process, the performance of the controllers and

the system inputs and outputs are observed and analyzed.
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Figure 3.58. Power supply variation pro�ile
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Figure 3.59. DC source output current variation pro�ile

3.5.3.1 Synchronous Frame VOC with PI Controllers

The waveforms of the PI controllers and the converter are shown from Fig. 3.60-Fig. 3.69.

The Id and Iq waveforms are shown in Fig. 3.60 and Fig. 3.61. Both Id and Iq components are

regulated according to the power changes and the response of the PI current controllers are

fast and accurate. The Vd and Vq signals generated from the PI current controllers are shown

in Fig. 3.62. The three-phase voltage references transformed from the Vd and Vq signals are

shown in Fig. 3.63. The PI voltage controller is able to maintain the average of the DC-link

voltages at 2 kV (as shown in Fig. 3.64) and provide accurate Id reference signals for the inner

PI current controllers. Through the DC voltage balancing algorithm, the modulation indices
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for the CHB converter generated from the three-phase voltage references are shown in Fig.

3.65.
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Figure 3.60. Id component
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Figure 3.61. Iq component
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Figure 3.62. Vd and Vq control signals
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Figure 3.63. Three-phase voltage referencing signals
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Figure 3.64. Average DC-link voltage
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Figure 3.65. Modulation index

The 18 DC-link voltages during the power test are shown in Fig. 3.66. They are well bal-

anced and maintained at 1.5 kV with less than 0.03 p.u. �luctuation in steady-state. The DC-

link currents of the six H-bridges in phase A are shown in Fig. 3.67. They have sinusoidal

pro�ile and the mean value changes along with the variation of the power supply. The phase

output voltage of the CHB converter is shown in Fig. 3.68. It is composed of 13 voltage levels

and the stepped waveform is close to sinusoidal. The three-phase grid currents are shown

in Fig. 3.69. They are in good sinusoidal shape with the THD under 3% during the whole

process.
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Figure 3.66. Eighteen DC-link voltages of the 13-L CHB converter
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Figure 3.67. Six DC-link currents in one phase of the 13-L CHB converter
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Figure 3.68. Output phase voltage of the 13-L CHB converter
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Figure 3.69. Three-phase grid currents
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3.5.3.2 Stationary Frame VOC with PR Controllers

The waveforms of the PR controllers and the converter are shown from Fig. 3.70-Fig. 3.79.

The iα and iβ waveforms are shown in Fig. 3.70 and Fig. 3.71. Both iα and iβ components are

regulated according to the power changes and the response of the PR current controllers are

fast and accurate. The vα and vβ signals generated from the PR current controllers are shown

in Fig. 3.72. They are sinusoidal and steady in shape. The three-phase voltage references

transformed from the vα and vβ signals are shown in Fig. 3.73. The PI voltage controller

is able to maintain the average of the DC-link voltages at 2 kV (as shown in Fig. 3.74) and

provide accurate Id reference signal which is used to derive iα and iβ reference signals for the

inner PR current controllers. Through the DC voltage balancing algorithm, the modulation

indices for the CHB converter generated from the three-phase voltage references are shown

in Fig. 3.75.
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Figure 3.70. iα component
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Figure 3.71. iβ component
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Figure 3.72. vα and vβ control signals
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Figure 3.73. Three-phase voltage referencing signals
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Figure 3.74. Average DC-link voltage
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Figure 3.75. Modulation index

The 18 DC-link voltages during the power test are shown in Fig. 3.76. They are well bal-

anced and maintained at 1.5 kV with less than 0.03 p.u. �luctuation in steady-state. The DC-

link currents of the six H-bridges in phase A are shown in Fig. 3.77. Each DC-link current

has a sinusoidal pro�ile and the mean value changes along with the variation of the power

supply. The phase output voltage of the CHB converter is shown in Fig. 3.78. It is composed

of 13 voltage levels and the stepped waveform is close to sinusoidal. The grid currents are

shown in Fig. 3.79. They are sinusoidal with the THD under 3% during the whole process.

The waveforms do not have a signi�icant difference from those under the dq frame. Both the

PI and PR controllers under the synchronous frame and the stationary frame, respectively,

are capable of ful�illing the system control tasks and provide accurate control signals with

fast responses under power supply variations.
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Figure 3.76. Eighteen DC-link voltages of the 13-L CHB converter
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Figure 3.77. Six DC-link currents in one phase of the 13-L CHB converter
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Figure 3.78. Output phase voltage of the 13-L CHB converter
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Figure 3.79. Three-phase grid currents



Chapter 4

Isolated DC/DC Converters

4.1 Introduction

The cascaded H-bridge multilevel topology for large-scale PV power systems requires iso-

lated DC sources to feed the H-bridges. The galvanic isolation is preferred at the DC-side and

meanwhile MPPT for the PV arrays needs to be achieved by the implementation of DC/DC

converters. Therefore isolated DC/DC converters are introduced into the CHB converter sys-

tem for the solar PV integration to the grid. Two isolated DC/DC topologies, namely the �ly-

back and the boost-half-bridge (BHB), are discussed in this chapter.

4.1.1 Flyback Converter

The �lyback converter is an isolated DC/DC topology derived from the buck-boost converter.

It provides a simple implementation with small component count and it is widely used in

low-power switch-mode power supplies. It can be used to provide isolation on the DC-side

of the grid-connected inverter topologies for low-power PV applications [16]. It has also been

proposed as a candidate topology for the DC/DC stage of large-scale PV systems based on the

CHB converter [94]. The con�iguration of the �lyback topology is given in Fig. 4.1(a).

The voltage transfer ratio, which is the converter gain, depends on the power switch duty

ratio and transformer turns ratio, as shown in (4.1).

Vout

Vin
= D

1 − D

Ns

Np
(4.1)

4.1.2 Boost-half-bridge (BHB) Converter

The topology of the BHB converter is shown in Fig. 4.1(b). It consists of a boost chopper, a

half-bridge inverting circuit, a high-frequency transformer, and a voltage-doubler rectifying

circuit [76]. There is an inductor �ilter L, two power switches SU and SL with two split ca-

pacitors CIU and CIL at the input; a voltage-doubler diode bridge composed of DU and DL,

with two capacitors COU and COL, at the output; and a high-frequency transformer provid-

ing the isolation between the input and the output of the converter. The BHB converter has

several special features: a) small input �ilter size due to the continuous input current; b) ZVS
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(zero-voltage switching) turn-on of the power switches realized by utilization of the leakage

inductor Lk; c) ZCS (zero-current switching) turn-off of the recti�ier diodes achieved through

natural commutation during the operation of the converter; d) wide input voltage range due

to the wide operational duty cycle range. The converter gain is determined by (4.2), with D

being the duty ratio of the upper switch SU .

Vout

Vin
= 1

1 − D

Ns

Np
(4.2)

The BHB converter can be used as the building block of multiphase DC/DC converters

[77], as shown in Fig. 4.1(c). Multiphase DC/DC converters are constructed by connecting

the BHB cell and the voltage-doubler at the primary and secondary of the high-frequency

transformer following certain patterns. The resulting converter has the advantages of re-

duced voltage and current ratings of the power devices by series and parallel connections,

reduced size of the input and output �ilters by interleaved switching, and reduced turns ratio

of the step-up transformer, given that the total rated power remains constant. On the other

hand, the multiphase DC/DC converter is suitable for high-voltage high-power applications

by stacking the power cells in series and parallel. Additionally, the interleaved structure ac-

commodates the modularity and �lexibility of PV power systems, especially with multilevel

converters such as the cascaded H-bridge converter, which also has a modular structure.

Lm NP NS CO Vout

Vin

S

(a)

SU

SL

L
CIU

NP

DL

COU

COLCIL

NS

DU

Vin

Lk

Vout

(b)

Figure 4.1. Isolated DC/DC topologies: (a) �lyback, (b) boost half-bridge (BHB) (cont.)
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L11

L1P

LN1

LNP

T11

T1P

TN1

TNP

SU,11

Vout

SU,1P SU,N1 SU,NP

SL,11 SL,1P SL,N1 SL,NP

CIU

CIL

DU,11

Vin

DU,1P

DL,11 DL,1P

DU,11 DU,1P

DL,11 DL,1P

COU,1

COL,1

COU,N

COL,N

(c)

Figure 4.1. Isolated DC/DC topologies: (c) multiphase DC/DC

4.2 MPPT Algorithms

Solar PV energy supply has an intermittent nature. The output of the PV modules is highly

dependent on the environmental conditions, particularly the solar irradiance and the ambi-

ent temperature. The power extracted from the PV sources is also subject to other factors

such as shading, mismatch, cabling, soiling and so on. Solutions for the associated technical

issues aim at the improvement of PV cell ef�iciency, maximum power harvesting techniques

and the optimization of the solar PV system structure to maximize the energy yield under

various conditions [78].

The current-voltage (I-V ) and power-voltage (P -V ) characteristics of a PV cell are shown

in Fig. 4.2 [79]. It can be seen that the output power reaches maximum at a particular operat-

ing point of the PV cell under certain irradiance and temperature. The variations of the I-V

curve of a PV cell under different irradiance and temperature conditions are shown in Fig.

4.3(a) and Fig. 4.3(b), respectively [79]. The MPP of the PV module changes with irradiance

and temperature. Speci�ically, the PV output current is largely reduced under decreasing ir-

radiance while the PV output voltage is only slightly affected by this matter. On the other

hand, the PV output voltage varies in a relatively large range when the temperature changes

while the PV output current is not very sensitive to this factor. Therefore, a proper algorithm

to calculate and track the MPP of the PV module under different environmental conditions

is essential to PV systems in order to obtain the optimal energy yield. A switch-mode power

converter, which performs this algorithm and maintains the PV module's operating point at

MPP regardless of the load, serves as an MPP tracker.

A number of MPPT algorithms have been proposed so far, such as the perturb and observe

(P&O), incremental conductance (INC), constant voltage (CV), pilot cell and parasitic capaci-

tance (PC) method, to name a few [80]. The �irst two are the most commonly used methods

and are discussed in the following sections.
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Figure 4.2. I-V and P -V characteristics of a PV cell
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Figure 4.3. Effects of atmospheric factors on the PV cell energy yield: (a) In�luence of

solar irradiance (b) Temperature dependence
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4.2.1 Perturb and Observe (P&O)

The perturb and observe (P&O) is by far the most popular MPPT algorithm in practice [80].

In this algorithm, the operating voltage of the PV module is perturbed by a small increment,

and the resulting change in power, ΔP , is measured. If this ΔP is positive, it means that the

perturbation of the operating voltage has moved the PV module's operating point towards

its MPP at this particular irradiance and temperature condition. Further perturbations in

the same directions will follow subsequently in order to approach the MPP. The principle of

this algorithm is illustrated in Fig. 4.4.

Vpv*=Vpv(k)+Vstep

Yes

No

Sample Vpv(k), Ipv(k)

Ppv(k)= Vpv(k)× Ipv(k)
Ppv(k-1)= Vpv(k-1)× Ipv(k-1)

No

Ppv(k)-Ppv(k-1)=0

Vpv*=Vpv(k)-Vstep

Return

Yes

Vpv*=Vpv(k)-VstepVpv*=Vpv(k)+Vstep

Ppv(k)-Ppv(k-1)>0

Vpv(k)-Vpv(k-1)>0 Vpv(k)-Vpv(k-1)>0

YesNoNoYes

Figure 4.4. Flowchart of the perturb and observe (P&O) algorithm

The advantage of the P&O algorithm is its simplicity and easy to approach; the disadvan-

tage is that it has limited accuracy [37]. Firstly, the P&O cannot locate the exact MPP. Instead,

it oscillates around the MPP, altering the sign of the perturbation with each ΔP measure-

ment. Secondly, since the P -V curve �lattens with decreasing solar irradiance, it is dif�icult to

discern the location of the MPP due to the minor change of power with respect to the pertur-

bation of the voltage. Also, the P&O is likely to exhibit erratic behavior under rapidly changing

irradiance levels. This could cause the MPPT to fail under partly clouded conditions. Never-

theless, several improvements have been proposed to address the problems of the P&O. For

example, a waiting function, which imposes a momentary cessation of perturbations once its

algebraic sign had reversed several times in a row, can be used to reduce the oscillation when

a MPP is reached.
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4.2.2 Incremental Conductance (INC)

The incremental conductance (INC) algorithm is derived by differentiating the PV power with

respect to its voltage and setting the result equal to zero [80], as shown in (4.3).

dP

dV
= d(V I)

dV
= I + V

dI

dV
= 0. (4.3)

Giving (at the MPP),

− I

V
= dI

dV
. (4.4)

Note that the left side of (4.4) represents the negative PV instantaneous conductance, and

the right side of the equation represents the PV incremental conductance. These two quanti-

ties are equal in magnitude while opposite in sign at the MPP. The following set of inequalities

can be derived from (4.4) to decide the relationship between the PV operating voltage and the

MPP voltage, indicating whether an MPP has been reached. These can be used to determine

the direction in wich the next perturbation should occur to move the PV operating point to-

wards the MPP. The perturbation is repeated until (4.4) is satis�ied. Once the MPP is achieved,

the algorithm continues to operate at this point until a change in current is measured and a

new MPP needs to be found.
dI

dV
= − I

V
; (dP

dV
) = 0 (4.5.1)

dI

dV
> − I

V
; (dP

dV
) > 0 (4.5.2)

dI

dV
< − I

V
; (dP

dV
) < 0 (4.5.3)

A �lowchart of the algorithm is shown in Fig. 4.5. The present and previous values of the PV

array voltage and current are used to calculate the dI and dV . When dV = 0 and dI = 0,

the PV array operates at the MPP and the environmental conditions remains the same. If

dI > 0 while dV = 0, it means that the solar irradiance has increased and the MPP voltage

will rise. The algorithm then increases the PV operating voltage in order to track the new

MPP. On contrary, if dI < 0 when dV = 0, it means the solar irradiance has decreased and

the PV operating voltage should reduce accordingly to track the new MPP. If dV �= 0, the PV

array is not yet at MPP. Equations (4.5.2) and (4.5.3) can be used to determine the direction

towards which the voltage should be changed in order to reach MPP. When dI/dV > −I/V ,

which means dP/dV > 0, the PV voltage should be increased to move towards MPP. On the

contrary, when dI/dV < −I/V , which means dP/dV < 0, the PV voltage should be dereased

in order to reach MPP. This shows the advantage of this method over the P&O, that the INC

can actually calculate the direction in which to perturb the PV operating point in order to

approach the MPP. Morover, the INC can determine when exactly the PV has reached its MPP

without the constant oscillation around the MPP as in the P&O. Thus under rapidly changing

weather conditions, the INC is able to track the MPP accurately.
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Vpv*=Vpv(k)+Vstep

Yes

No

Sample Vpv(k), Ipv(k)

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

No
dVpv= 0

Vpv*=Vpv(k)-Vstep

Return

dIpv=0dIpv/dVpv=-Ipv(k)/Vpv(k)

dIpv>0dIpv/dVpv>-Ipv(k)/Vpv(k)

No

Vpv*=Vpv(k)-VstepVpv*=Vpv(k)+Vstep

Yes Yes

Yes

Yes

No

No

Figure 4.5. Flowchart of the incremental conductance (INC) algorithm

4.3 Simulation Studies of the DC/DC Converters

The simulation of the isolated DC/DC converters, the BHB and the �lyback, is performed in

MATLAB/Simulink and the PLECS Blockset. The component parameters used for the simula-

tion studies are listed in Table 4.1. The PV array used for both simulation models is composed

of 10 parallel connected PV strings; each string is comprised of 45 PV modules connected in

series. The model of the PV array is based on the characteristics of the BP365 PV module

[81]. This con�iguration constitutes a 29.25 kWp PV power system. The control diagram of

the DC/DC converter is shown in Fig. 4.6. The PV voltage reference signal V ∗
pv can be given

directly for testing under certain conditions (section 4.3.1 and 4.3.2) or calculated through

MPPT algorithms under varying conditions (section 4.3.3).

MPPT PI PWM
Gate

signals DC/DC
Converter

Ipv Vpv

PV array

DC-bus

Duty 
ratioVpv

* +-
Vpv

DC voltage regulator

Figure 4.6. Control diagram of the DC/DC converter
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Table 4.1. S�����	�
� �����	�� - I�
��	�� DC/DC �
���	��

PVmodule (BP 365) PV array
Maximum Power PMP P 65 W Maximum Power PMP P 29.25 kW

MPP Voltage VMP P 17.67 V MPP Voltage VMP P 794.6 V

MPP Current IMP P 3.68 A MPP Current IMP P 36.8 A

Open circuit voltage VOC 22.04 V Open circuit voltage VOC 994.5 V

Isolated DC/DC converters
Converter topology Boost-half-bridge (BHB) Flyback

Switching frequency 20 kHz 20 kHz

Input voltage range 450 ~800 V 450 ~800 V

Input inductor
L =1.2 mH,

Lk =1 μH
Lm =1.2 mH

Input �ilter capacitor
CI =1 mF,

CIU = CIL =50 μF
CI =1 mF

Output capacitor COU = COL =2.5 mF CO =1.25 mF

DC-link voltage (Vdc) 2 kV 2 kV

High-frequency transformer

turns ratio (NS : NP )
1:1 1:1

PI Parameters
Kp =0.01,

Ki =17

Kp =0.01,

Ki =17

4.3.1 Steady-state Performance

The system is simulated under 1 kW/m2 solar irradiance and 25◦C temperature. The PV out-

put voltage and current waveforms of both converters are shown in Fig. 4.7 and Fig. 4.8 re-

spectively. Both converters are capable of achieving the MPP operation in steady-state under

this atmospheric condition. The �lyback has a higher �luctuation around the operating point

compared with the BHB, indicating the MPPT ef�iciency difference between the two convert-

ers. The PV output current in the BHB topology is directly associated with the input inductor

current of the converter and therefore is smooth with smaller ripples. The PV output cur-

rent in the �lyback topology is shaped by several components including the input inductor

and output diode due to the working principle of the �lyback transformer. Additionally, �ilter

capacitors of the same size are used at the input of both DC/DC converters (in fact integrated

with the PV source, thus not shown in the DC/DC converter topologies) in order to smooth

the PV output voltage and current. Therefore, although the �lyback converter input current is

chopped by the switch constantly, the actual PV output current remains continuous, despite

the fact that the PV output current ripple in the �lyback converter is still larger than that of

the BHB converter.

The inductor currents of both converters are shown in Fig. 4.9. The �lyback works at a

higher range of current than that of the BHB. This is due to the circuit structure. The inductor

current in the �lyback converter is the sum of converter input current and a fraction of output

diode current, while the inductor current in the BHB converter equals to the converter input
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Figure 4.7. Steady-state PV voltage: (a) BHB, (b) �lyback
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Figure 4.8. Steady-state PV current: (a) BHB, (b) �lyback
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current. Given that the converter input current equals to the PV output current and the mean

PV output currents are nearly the same in both topologies, the inductor current of the �lyback

is thus shifted up to a higher range than that of the BHB.
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Figure 4.9. Steady-state inductor current: (a) BHB, (b) �lyback

Meanwhile, the duty ratio of the �lyback is also in a higher range than that of the BHB, as

shown in Fig. 4.10. The reason can be seen from (4.1) and eq. (4.2) which represent the

converter gain of both converters respectively. Given that the converter input voltage is the

PV output voltage and the converter output voltage is the DC-link voltage, and both voltages

are regulated to be the same for both converters, the voltage gain of both converters should

be nearly the same. According to the calculation of (4.1)and (4.2), the duty ratio of the �lyback

is theoretically larger than that of the BHB, given the same voltage gain of both converters,

and the waveforms of Fig. 4.10 proved this point.

The DC-link voltage and current waveforms are shown in Fig. 4.11 and Fig. 4.12 respec-

tively. The DC voltages remain nearly constant and roughly the same for both of the convert-

ers. The DC current of the BHB is slightly lower than that of the �lyback. The extracted PV

power and converter output power of both converters are shown in Fig. 4.13 and Fig. 4.14,

respectively. It can be seen that the BHB extracted slightly higher PV power than the �lyback,

which endures higher �luctuation during the process. However, the converted DC power of

the BHB is not as much as that of the �lyback. The power loss in the BHB topology is mainly

resulted from the leakage inductance. This inductance is for energy storage in the circuit

in order to achieve zero voltage switching of the main switches but clearly it comes with a

crucial impact on the converter ef�iciency.
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Figure 4.10. Steady-state DC/DC duty ratio: (a) BHB, (b) �lyback
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Figure 4.11. Steady-state DC-link voltage: (a) BHB, (b) �lyback
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Figure 4.12. Steady-state DC-link current: (a) BHB, (b) �lyback
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Figure 4.13. Steady-state PV output power: (a) BHB, (b) �lyback
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Figure 4.14. Steady-state converter output power: (a) BHB, (b) �lyback

4.3.2 Operation with a Wide Input Voltage Range

Considering that the MPP of the PV modules changes signi�icantly under varying atmospheric

conditions and partial shading, the DC/DC converters should be able to track a wide range

of MPPs. This means a wide range of PV operating voltages should be located precisely and

as fast as possible under varying conditions. Therefore, a study on tracking varying input

voltages across a wide range is conducted in this section.

In this case study, the PV array starts operation from open-circuit and follows a ramp ref-

erence voltage signal to reach the MPP at 1kW/m2, 25◦C. Then assuming that the ambient

conditions changed and the new MPP voltage is to be located at 450 V. The PV array will fol-

low another ramp reference voltage signal to reach the new operating point. By changing the

converter voltage gain, the MPP voltages can be tracked during this procedure. The DC/DC

converters should be able to follow the voltage reference signal during the whole process by

adjusting the duty ratio fast and precisely.

The PV output voltage and current waveforms of both converters are shown in Fig. 4.15

and Fig. 4.16 respectively. Both converters are able to follow the reference fast and accu-

rately. As shown in Fig. 4.17, the duty ratio of both converters is well controlled to adjust to

the new working points. The inductor currents remain continuous, as shown in Fig. 4.18, and

the DC-link voltage is maintained constant during the process as shown in Fig. 4.19. This is

important for the DC/DC converters to track different input voltages through duty cycle ad-

justment. The extracted PV power is closely related to the PV output voltage and the pro�ile

is shown in Fig. 4.20. The variation of the DC current and the DC power can be observed

from Fig. 4.21 and Fig. 4.22 respectively. Both converters are able to absorb most of the PV

power and inject the DC power to the load. Some jumps can be observed on the DC current

and power waveformes during transients, because the PI controllers used in the system are
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not able to eliminate the error when following a fast changing ramp reference signal. Never-

theless, the system is stable during transients and behaves well without steady-state error.
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Figure 4.15. PV voltage: (a) BHB, (b) �lyback
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Figure 4.16. PV current: (a) BHB, (b) �lyback
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Figure 4.17. Duty ratio: (a) BHB, (b) �lyback
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Figure 4.18. Inductor current: (a) BHB, (b) �lyback
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Figure 4.19. DC-link voltage: (a) BHB, (b) �lyback
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Figure 4.20. PV output power: (a) BHB, (b) �lyback
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Figure 4.21. DC-link current: (a) BHB, (b) �lyback
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Figure 4.22. Converter output power: (a) BHB, (b) �lyback
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4.3.3 MPPT Operation

In this section, both DC/DC converters are simulated on performing MPPT using the incre-

mental conductance (INC) algorithm. The MPPT operating frequency is 100 Hz (sampling

period 0.01 s) and the incremental step is 0.1 V. The solar irradiation pro�ile is shown in Fig.

4.23. The PV array outputs and the response of the DC/DC converters can be observed from

the simulation results.
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Figure 4.23. Solar irradiance pro�ile

The PV output voltage reference signals for both converters calculated by the MPPT algo-

rithm are shown in Fig. 4.24. It takes 0.1 s for the MPPT algorithm to track 1 V of change in

the PV voltage and the accuracy of the algorithm depends on the incremental step size. The

PV output voltage and current waveforms are shown in Fig. 4.25 and Fig. 4.26 respectively.

The PV voltages of both converters are capable of following their references given by the in-

dividual MPPT. The �lyback has lower average calculated MPP voltages and larger �luctuation

around each working point compared with the BHB. It can be seen from Fig. 4.26 and Fig.

4.27, that the PV output current and power yield both drop immediately following each irra-

diation change, and slowly climb up while the PV voltage moves in the direction towards the

MPP. The inductor current and duty ratio of the converters vary accordingly as shown in Fig.

4.28 and Fig. 4.29 respectively. The values of the �lyback are in a higher range than those of

the BHB, as determined by their circuit structure and working principles. The DC-link volt-

age remains relatively constant for both converters during the process as shown in Fig. 4.30.

The output DC current and power of both converters are shown in Fig. 4.31 and Fig. 4.32

respectively. The BHB achieves lower yield compared with the �lyback because of the loss

induced by the leakage inductance in the circuit.

It is also worth noticing that the calculated PV MPP voltage reference values from the

MPPT algorithm are slightly different for the two converters. The MPPT algorithm for the �ly-

back ended up with values slightly deviated from the theoretical value. It seems that through

the adjustment of duty ratio, the two converters �ind each of their own working point to ac-

commodate the input from the PV to the load. The �lyback managed to adjust the PV voltage

lower but gives higher load current than the BHB; while the BHB adjust the PV voltage higher,

which is closer to the theoretical MPP voltage, but gives lower load current due to the effect

of the leakage inductance. Since the non-ideal characteristics of the devices is not consid-

ered in this study, the switching losses and conduction losses are not present. In this case,

it is uncertain if the overall energy conversion ef�iciency of the BHB is lower than that of the
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�lyback, because the BHB also offers ZVS and ZCS features which can signi�icantly reduce the

switching losses associated with the devices.
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Figure 4.24. PV voltage reference signal calculated by the MPPT algorithm: (a) BHB,

(b) �lyback
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Figure 4.25. PV voltage: (a) BHB, (b) �lyback
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Figure 4.26. PV current: (a) BHB, (b) �lyback
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Figure 4.27. PV power: (a) BHB, (b) �lyback
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Figure 4.28. Inductor current: (a) BHB, (b) �lyback
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Figure 4.29. Duty ratio: (a) BHB, (b) �lyback
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Figure 4.30. DC-link voltage: (a) BHB, (b) �lyback
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Figure 4.31. DC-link current: (a) BHB, (b) �lyback
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Figure 4.32. Converter output power: (a) BHB, (b) �lyback



Chapter 5

CHB Multilevel converter with isolated

DC/DCconverters for grid connectionof

large scale PV generation

5.1 Introduction

The CHB converter offers a modular solution for the large-scale PV system integration to

medium-voltage grids. A large number of PV modules are divided into arrays and equipped

with isolated DC/DC converters which perform MPPT to obtain the optimal energy yield. The

DC/DC converters work as separate DC sources for the CHB converter and isolate the PV mod-

ules from the grid, in order to prevent the PV panel-to-ground leakage currents from �lowing

through. The CHB central inverter collects the PV power from the DC-links and converts the

DC power to grid-compatible AC power. The PV power from the converter system is injected

to the grid through �ilters. The overall system topology is shown in Fig. 5.1. It features high

voltage and power capability and good power quality.

The topologies and operating principles of the CHB converter and the isolated DC/DC con-

verters have been described in the previous chapters, where the performance of the convert-

ers was also fully investigated through simulation studies. In this chapter, simulations are

conducted in MATLAB/Simulink and PLECS Blockset [82], in order to verify the presented

system topology as a whole. Several case studies are carried out to validate the system topol-

ogy from different aspects, featuring the evaluation of the DC-side isolation, the MPPT oper-

ation under varying solar irradiance, the overall system performance comparison between

the utilization of two isolated DC/DC converter topologies, namely the �lyback and the BHB

converter [76], and �inally the high power capability achieved by means of expanding the

CHB converter voltage level, featuring different control approaches, speci�ically, with PI con-

trollers applied in the dq frame and PR controllers applied in the αβ frame [115].
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Figure 5.1. Topologyof the grid-connectedPVsystem featuring theCHBconverterwith

isolated DC/DC converters

5.2 Case study 1: DC-side isolation

5.2.1 Case study description

Considering the parasitic capacitance and leakage current effect of the PV panels as well

as the requirements from grid standards that the PV system must be grounded, galvanic

isolation is applied in this system [26]. Compared with line-frequency transformers, high-

frequency transformers are lighter in weight and smaller in size. Advanced power electronics

technologies are adopted to achieve better performance and higher ef�iciency. Therefore, DC-

side isolation is applied by means of high-frequency transformers integrated in the isolated

DC/DC converters.

The PV modules are divided into nine PV arrays, each feeding an isolated DC/DC converter.

These DC/DC converters are connected to the common CHB converter through nine differ-

ent DC-links, serving as the nine isolated DC sources for the CHB converter. Each PV array

is composed of 10 parallel connected PV strings, while each string is comprised of 45 series

connected PV modules. The PV module used for the simulation is based on the characteris-

tics of the BP 365 module [81]. This con�iguration constitutes a 263 kWP PV power plant.

Detailed system con�iguration is shown in Fig. 5.2.

The simulation is under standard test conditions (STC). The solar radiation level and am-

bient temperature considered in the simulations remain constant at 1 kW/m2 and 25◦C. All

components in the systemare ideal andnopower imbalancebetween theH-bridgesorphases

of the CHB converter is considered.

A 7-level, three-phase CHB converter is applied in the simulation. Each phase of the con-

verter consists of three series connected H-bridges (k=3), synthesizing a 7-level output phase

voltage waveform (n=2k+1). Based on the commonly used PS-PWM, three carriers phase-

shifted between one another by 60◦ ( = 180◦/k) are applied to each H-bridge in the three
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Figure 5.2. Con�iguration of the grid-connected PV system featuring the 7-L CHB con-

verter with isolated DC/DC converters

phases. The unipolar switching pattern gives each H-bridge an equivalent output frequency

twice the actual device switching frequency, and the multiplicative effect achieved by the

phase-shifted carriers contributes to a triple equivalent frequency at each phase output of

the converter. Thus the PS-PWM scheme gives an equivalent converter output frequency six

times the power semiconductor actual switching frequency, and the sideband harmonics are

moved to higher frequency range and are easier to �ilter out.

The control structure of the system is depicted in Fig. 5.3. It mainly involves two parts.

One is the control of the DC/DC converters in order to perform MPPT; the other is the con-

trol of the CHB converter which involves grid synchronization, DC voltage regulation and grid

current control. The MPPT algorithm used in this work is the well-known incremental con-

ductance (INC) method, which was introduced in Chapter 4. The duty ratio of the DC/DC

converter is adjusted by a PI controller in order to reach the PV voltage reference value cal-

culated by the MPPT algorithm. The synchronization of the converter system to the grid is

provided by a three-phase PLL and the connection to the grid is through an inductor (0.05

p.u.). The VOC control method is implemented in the CHB converter. In this work, the VOC

is performed in the synchronous rotating reference frame, including two control loops. The

inner loop regulates the grid currents by PI controllers through dq → abc transformation,

with decoupling between Id and Iq control. The generated control signals V ∗
d and V ∗

q are

then transformed from the dq frame back to the abc frame as the three phase voltage refer-

ence signals v∗
a, v∗

b , and v∗
c . The outer loop is used to maintain the average of the nine DC-link

voltages. The deviation of the average DC-link voltage from the reference value is re�lected

in the inner current loop, to adjust the control signals V ∗
d and V ∗

q . The resulting three phase

voltage reference signals v∗
a, v∗

b and v∗
c are used to generate the modulation indices which go

through the modulator to generate the switching signals for the H-bridges. As the CHB con-

verter involves a number of isolated DC sources, DC-link voltage balancing is an important

consideration in the control design. In this work, a feed-forward compensation algorithm
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is applied. The nine DC-link voltages �irst go through a Proportional (P) controller, the out-

put of which re�lects each deviation of the corresponding DC-link voltage from the reference

average value. The three phase voltage reference signals v∗
a, v∗

b and v∗
c are divided by the

adjusted DC-link voltages from the P controller, generating individual modulation index for

each H-bridge. The changes to individual modulation indices affect the current that the con-

verter draws from the corresponding DC-link capacitors and thus alter the DC-link voltages.

In this way the DC-link voltages are regulated accordingly and maintained at a constant av-

erage value.
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Figure 5.3. Control structure of the 7-L CHB grid-connected PV system

In order to verify the importance of the DC-side isolation, a comparison is made between

the utilization of the non-isolated boost converter and the isolated �lyback converter. The

topologies of the two DC/DC converters are shown in Fig. 5.4. The converter voltage gain is

given by (5.1) and (5.2) for the boost and the �lyback respectively.

Vout

Vin
= 1

1 − D
(5.1)

Vout

Vin
= D

1 − D

NS

NP
(5.2)

The parameters used for the simulation and the system speci�ications are listed in Table
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(b)

Lm NP NS CO Vout

Vin

S

D

L

COVin Vout

D

S

(a)

Figure 5.4. DC/DC topologies: (a) non-isolated boost converter, (b) isolated �lyback

converter

5.1. Note that there is a PV panel-to-ground resistance considered in the simulations which is

set very differently for the two types of DC/DC converters. The value for the non-isolated con-

verter is signi�icantly higher than that for the isolated converter, in order to provide physical

insulation to withstand the high voltage induced on the DC side and limit the leakage currents

within 30 mA as required by the German standard VDE-0126-1-1 [29]. The resistance value

for the �lyback converter is very low and can be ignored. It is simply set as a series resistance

of the PV parasitic capacitor, to help the PLECS solver to solve the system functions.

5.2.2 Simulation results

The simulations results of the system are shown in the below sections, which are divided into

the results from the PV generators, from the DC/DC converters, and from the CHB converter

and the grid interconnection.

A. The PV Generators

As previously discussed, the PV arrays in the non-isolated system prove to withstand the

high voltages induced on the DC side by the PWM of the CHB converter. The pro�ile of the

PWM induced potential at each input of the three series connected H-bridges of the CHB con-

verter phase A is shown in Fig. 5.5, which is also the voltage across the corresponding PV

array and its parasitic capacitor plus the insulation resistor. The three waveforms in Fig. 5.5

are in sequence of the top H-bridge cell (HB 1), the middle cell (HB 2) and the bottom cell (HB

3). The PV panel-to-ground voltage and leakage current for both topologies (top H-bridge

power cell in phase A as an example) are shown in Fig. 5.6. The panel-to-ground voltage

steps between -6 kV and 4 kV and the leakage current of the PV panel �luctuates between -20
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Table 5.1. Simulation parameters - Case study 1

PVmodule (BP 365) CHB converter

Maximum Power PMP P 65 W
Number of series-connected

H-bridges per phase (k)
3

MPP Voltage VMP P 17.67 V
Levels of the converter

(n = 2k + 1)
7

MPP Current IMP P 3.68 A Switching frequency fs 1 kHz

Open circuit voltage VOC 22.04 V DC-link voltage Vdc 2 kV

PV array Rated Power 300 kW

Array con�iguration

(Series × Parallel)
45×10 Grid-side �ilter Lf 20 mH

Maximum Power PMP P 29.25 kW Grid

MPP Voltage VMP P 794.6 V
Grid voltage

(line-line RMS)
6 kV

MPP Current IMP P 36.8 A Fundamental frequency 50 Hz

Open circuit voltage VOC 994.5 V Grid impedance
Rg =5.4 mΩ,

Lg =172 μH

DC/DC converter
Converter topology Boost (non-isolated) Flyback (isolated)

Switching frequency 20 kHz 20 kHz

Input inductor 1.22 mH 1.22 mH (Lm)

Output capacitor 1.25 mF 1.25 mF

High-frequency transformer

turns ratio (NS : NP )
1:1 1:1

PV panel parasitic

capacitance
100 pF 100 pF

PV panel-to-ground

resistance
105Ω 10−6Ω
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mA and 20 mA in the non-isolated system. This panel-to-ground stepped voltage is the result

of the modulation of the CHB converter that introduces the high voltages to the DC side. As

the potential at the DC-side of every H-bridge varies during the modulation process and is

added upon the PV panel together with its parasitic capacitor, the leakage current �inds its

path through the parasitic capacitor and �lows to the ground. However, this is not the case

when the �lyback converters are used. The high-frequency transformer integrated in the �ly-

back converter isolates the DC-side from the AC-side. There is no path for the leakage current

to �low through the grid converter and ground. Therefore no leakage current occurs while

the PV panels are grounded, and no PWM induced potential is added upon the PV panels.
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(c)

Figure 5.5. PWM induced potential at the DC-side of the CHB converter in the non-

isolated topology

The PV output voltage and current for both topologies are shown in Fig. 5.7 and Fig. 5.8,

respectively. The ripples on the voltage and the speci�ic shapes of the current are subject to

the circuit topology. The �lyback topology is derived from the buck-boost converter, which is

the non-isolated counterpart. The characteristics of the �lyback converter in terms of voltage

and current pro�iles are mostly the same with buck-boost converter. The comparison now

would be between the characteristic of the buck-boost converter and the boost converter.

Compared to boost converter, buck-boost has higher ripple on the input voltage, which in

this case is the PV voltage, because the voltage gain of the converter is more sensitive to the

variation of the duty ratio (see equations (5.1) and (5.2)); and higher ripple on the input
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(b)

Figure 5.6. The panel-to-ground voltage and leakage current of the PV array at an H-

bridge power cell: (a) boost, (b) �lyback

current, which in this case is the PV current, due to the location of the input inductor in the

converter (see Fig. 5.4).
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Figure 5.7. PV voltage: (a) boost, (b) �lyback
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Figure 5.8. PV current: (a) boost, (b) �lyback
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B. The DC/DC Converters

The inductor current and the duty ratio of both DC/DC converters are shown in Fig. 5.9

and Fig. 5.10, respectively. As previously discussed, the comparison comes to the character-

istics of the boost converter and the buck-boost type converter. As shown in Fig. 5.9 and Fig.

5.10, the inductor current and the duty ratio of the �lyback converter are higher than those of

the boost converter. This is because the inductor current equals to the input current plus the

output diode current in the �lyback (when the turns ratio of the transformer is 1:1), while the

inductor current equals to the input current in the boost. Meanwhile the converter gain of

each converters is calculated from (5.1) and (5.2) respectively for the boost and the �lyback

converter. Since the PV current and DC-link current are the same for both DC/DC converters,

the inductor current is bigger in the �lyback; and since the PV voltage and the DC-link voltage

are the same for both converters, the duty ratio is bigger in the �lyback as well.
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Figure 5.9. DC/DC converter inductor current: (a) boost, (b) �lyback
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Figure 5.10. DC/DC duty ratio: (a) boost, (b) �lyback

C. The CHB Converter and the Grid

The nine DC-link voltages, the CHB output phase voltage and the grid currents are shown

in Fig. 5.11, Fig. 5.12 and Fig. 5.13, respectively. The CHB converter can ful�ill its task of

maintaining the DC-link voltage at 2 kV and well balanced, giving the 7-level stepped output

voltages, and regulating the three-phase grid currents in good quality.

� !�"�$	

�#� �#�� �#�� �#�� �#�� �#�� �#�� �#�� �#� �#� �#

�
�
�


 �
�
"�
�

�
��

�$
"�
�
	

����

����

����

���

��

���

���

(a)

� !�"�$	

�#� �#�� �#�� �#�� �#�� �#�� �#�� �#�� �#� �#� �#

�
�
�


 �
�
"�
�

�
��

�$
"�
�
	

����

����

����

���

��

���

���

(b)

Figure 5.11. Nine DC-link voltages: (a) boost, (b) �lyback
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Figure 5.12. CHB output phase voltage: (a) boost, (b) �lyback
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Figure 5.13. Three-phase grid currents: (a) boost, (b) �lyback
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5.3 Case study 2: MPPT operation under varying solar ir-

radiance

5.3.1 Case study description

In Chapter 4 the MPPT operation of DC/DC converters has been investigated. In the previous

section, non-isolated and isolated DC/DC converters have been investigated on their applica-

tions in the grid-connected CHB converter system. In this section, the MPPT operation of iso-

lated DC/DC converters which integrate the PV sources into the 7-level CHB grid-connected

converter system is investigated. The BHB converter is implemented in this study and the

circuit topology is shown in Fig 5.14. The voltage gain of the converter is given by (5.3).

Vout

Vin
= 1

1 − D

NS

NP
(5.3)

SL

L

CIU

NP

DL

COU

COLCIL

NS

DU

Vin

Lk

Vout

SU

Figure 5.14. Isolated DC/DC topology: boost-half-bridge (BHB) converter

The system con�iguration and the control structure are as shown in Fig. 5.2 and Fig. 5.3

in the previous section, respectively. The system speci�ications are listed in Table 5.2.
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Table 5.2. Simulation parameters - Case study 2

PVmodule (BP 365) CHB converter
Maximum Power

PMP P

65 W
Switching

frequency fs

1 kHz

MPP Voltage VMP P 17.67 V DC-link Voltage Vdc 2 kV

MPP Current IMP P 3.68 A Rated Power 300 kW

Open circuit

voltage VOC

22.04 V Grid-side Filter Lf 20 mH

PV array Grid
Array con�iguration

(Series × Parallel)
45×10

Grid voltage

(line-line RMS)
6 kV

Maximum Power

PMP P

29.25 kW
Fundamental

frequency
50 Hz

MPP Voltage VMP P 794.6 V Grid impedance
Rg =5.4 mΩ,

Lg =172 μH

MPP Current IMP P 36.8 A DC/DC converter
Open circuit

voltage VOC

994.5 V Converter topology BHB

MPPT
Switching

frequency
20 kHz

MPPT Algorithm

Incremental

Conductance

(INC)

Input inductor

1.2 mH (L)

+ 0.02 mH (leakage

inductance Lk)

Sampling period 0.01 s DC-link capacitance 5 mF

Incremental step 0.15 V

High-frequency

transformer turns

ratio (NS : NP )

1:1

5.3.2 Simulation results

The solar irradiance pro�ile is shown in Fig. 5.15. It starts from 1 kW/m2 and changes to 0.95

kW/m2 at t =0.3 s. The calculated MPP voltage from the MPPT algorithm is shown in Fig. 5.16.

It can be seen that the accuracy of the MPPT algorithm is determined by the incremental step.

The smaller the incremental step, the more accurate the algorithm but the longer it takes to

track down the MPP under varying solar irradiance. The MPPT of this system is able to locate

the MPP under constant solar irradiance and track the new MPP after the irradiance changes.

The PV output voltage and current of the PV array in one H-bridge power cell are shown in Fig.

5.17 and Fig. 5.18, respectively. The PV output voltage is able to follow the reference given by

the MPPT algorithm and changes from 794.6 V to 793.3 V. The PV output current drops to 34.9

A immediately when the irradiance decreases and gradually rises up by 0.1 A as the PV output
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voltage is adjusted towards the new MPP. The extracted PV power is shown in Fig. 5.19. It

reduces immediately when the irradiance drops and is increased slightly as the new MPP is

reached. The duty ratio of the DC/DC converter for the corresponding PV array is shown

in Fig. 5.20. The change in the waveform is very subtle as the converter operating point

does not need major changes. The DC-link current of the corresponding H-bridge power cell

is shown in Fig. 5.21. It drops when less power is extracted as the irradiance reduces and is

also increased when the new MPP is achieved under the reduced irradiance. The nine DC-link

voltage waveforms of the CHB converter are shown in Fig. 5.22. They are well balanced and

maintained at 2 kV with less than 1 p.u. �luctuation. The three-phase grid currents are shown

in Fig. 5.23. They are regulated in good sinusoidal shape during the whole process. The THD

of the grid currents slightly increases from 3.1% to 3.28% as the fundamental of the grid

currents drops when the irradiance is reduced.
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Figure 5.15. Solar irradiance pro�ile
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Figure 5.16. PV voltage reference calculated by the MPPT algorithm
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Figure 5.17. PV voltage
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Figure 5.18. PV current

�����	��

���� ���� ���� ���� ���� ���� ���� ����

�����

�
�
��
	

�
	

�
�
�

��
��
�
�

���

���

���

���

���

���

Figure 5.19. PV output power
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Figure 5.20. DC/DC duty ratio
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Figure 5.21. DC-link current
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Figure 5.22. Nine DC-link voltages
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Figure 5.23. Three-phase grid currents

5.4 Case study 3: Comparisonbetween two isolated topolo-

gies - the boost-half-bridge (BHB) and the flyback

5.4.1 Case study description

The characteristics of the BHB converter and the �lyback converter are introduced in Chapter

4. Here simulation results will be provided to compare the performance of these two DC/DC

topologies. The circuit topology of the �lyback and the BHB are as shown in Fig. 5.4(b) and

Fig. 5.14 respectively. The operation of both converters is investigated in two case studies.

The �irst study is to check the capability of the DC/DC converters on achieving a certain op-

erating point where the PV achieves its MPP, focusing on the steady-state performance of the

converters under constant solar irradiation and temperature. The second study is to check

the capability of the DC/DC converters on keeping track of the MPPs under varying envi-

ronmental conditions or in case of partial shading, focusing on the dynamic response during

changes of PV operating voltage. The two studies are approached by adding direct voltage

referencing signals to the controller that regulates the duty ratio of the DC/DC converter.

Through adjustment of the duty ratio, the PV array operating point changes accordingly. In

the �irst case the PV output voltage value of the MPP at the solar irradiance of 1 kW/m2 and

the temperature of 25◦C is directly applied as the PV voltage referencing signal. For the sec-

ond case speci�ically, PV voltage reference varies in a range from 450 V to 800 V based on

industry practice [83], so as to check if the DC/DC converter could follow the changes and

regulate the PV output voltage as required fast and precisely.

The study in the case studies basically involve three operating points of the PV arrays,

shown as point A, point B, and point C on the PV output characteristics curves in Fig. 5.24.

Point A is the open-circuit condition, when the output voltage equals to the open-circuit volt-

age 994.5 V and the output current equals to 0, which gives zero output power. Point B is the

PV array MPP under 1 kW/m2 solar irradiance and 25◦C temperature, where the PV output

voltage equals to 794.6 V and the output current 36.8 A, giving the array maximum output

power of 29.2 kW. Point C is chosen as the lower limit of PV operating voltage in the MPP

range, considering the changes in the environmental condition and partial shading. The op-

erating voltage of the PV array at point C equals to 450 V, giving a reduced output power of

17.9 kW with a slightly increased current of 39.9 A. The system speci�ications are listed in Ta-
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ble 5.3. Additionally, in order to make a fair comparison between the two DC/DC topologies,

all the parameters of the controllers for both DC/DC converters are the same.

Table 5.3. Simulation parameters - Case study 3

PVmodule (BP 365) CHB converter

Maximum Power PMP P 65 W
Number of series-connected

H-bridges per phase (k)
3

MPP Voltage VMP P 17.67 V
Levels of the converter

(n = 2k + 1)
7

MPP Current IMP P 3.68 A Switching frequency fs 1 kHz

Open circuit voltage VOC 22.04 V DC-link voltage Vdc 2 kV

PV array Rated Power 300 kW

Array con�iguration

(Series × Parallel)
45×10 Grid-side �ilter Lf 20 mH

Maximum Power PMP P 29.25 kW Grid

MPP Voltage VMP P 794.6 V
Grid voltage

(line-line RMS)
6 kV

MPP Current IMP P 36.8 A Fundamental frequency 50 Hz

Open circuit voltage VOC 994.5 V Grid impedance
Rg =5.4 mΩ,

Lg =172 μH

DC/DC converter
Converter topology BHB Flyback

Switching frequency 20 kHz 20 kHz

Input voltage range 450 ~800 V 450 ~800 V

Input inductor

1.2 mH (L)

+ 0.02 mH (leakage

inductance Lk)

Lm =1.22 mH

Input �ilter capacitor
CI =1 mF,

CIU = CIL =50 μF
CI =1 mF

Output capacitor COU = COL =2.5 mF CO =1.25 mF

High-frequency transformer

turns ratio (NS : NP )
1:1 1:1
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Figure 5.24. PV operating points on its output characteristic curve

5.4.2 Simulation results

5.4.2.1 MPP operation under constant atmospheric conditions

As shown in Fig. 5.25, the PV system starts from open-circuit, allowing 0.06 s of settling time

for the PLL to achieve grid synchronization. The PV voltage follows a ramp reference which

starts from the open-circuit voltage down towards the MPP voltage at the rate of 100 V per

fundamental period (0.02 s) and then stays at the MPP voltage. The solar irradiation and

the temperature remain constant during this process. Starting with the ramp reference is to

avoid the initial overshoot in the grid currents as a result of the dynamics of the controllers.

During this process, the PV array operating point should move from point A to B along the

characteristic curve as shown in Fig. 5.24, and then continue working at point B. The DC/DC

converters are responsible for the MPP tracking while the CHB converter keeps the DC-link

voltages balanced at the desired level with minor �luctuation.

The steady-state results of both DC/DC converters are shown from Fig. 5.25 to Fig. 5.31. It

can be seen that both converters can achieve the MPP operation under constant atmospheric

conditions. The PV voltage and current waveforms at the MPP are shown in Fig. 5.25 and Fig.

5.26, respectively. The BHB achieves lower ripple in regulating the PV voltage and current

than the �lyback. The inductor current and duty ratio are shown in Fig. 5.27 and Fig. 5.28

respectively. Both converters work in the continuous conduction mode. The inductor current

and the duty ratio are both at lower range with smaller ripple in the BHB than those in the

�lyback. This means that the BHB is more ef�icient on MPPT than the �lyback due to smaller

�luctuation of the PV operating points. The �lyback, on the other hand, has a much smaller

component count which is an advantage over the BHB. However, the ZVS feature of the BHB

which gives less switching loss and the potential of building the multiphase DC/DC topology

that is capable of high-voltage high-power operation make it a fairly competitive candidate.

Additionally, the modular and �lexible design of the multiphase DC/DC topologies is a plus in

the PV power systems.
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Figure 5.25. Steady-state PV voltage: (a) BHB, (b) �lyback
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Figure 5.26. Steady-state PV current: (a) BHB, (b) �lyback
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Figure 5.27. Steady-state DC/DC converter inductor current: (a) BHB, (b) �lyback
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Figure 5.28. Steady-state DC/DC duty ratio: (a) BHB, (b) �lyback
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The CHB converter regulates the average DC-link voltage at 2 kV and the nine DC-link

voltages are well balanced as shown Fig. 5.29. A second harmonic voltage ripple (100 Hz) is

present on the DC-link due to the oscillatory instantaneous power [28]. The amplitude of the

DC-link voltage �luctuation is less than 20 V (0.01 p.u.), which has little effect on the CHB mod-

ulation and the performance of the MPPT. The output phase voltage and the three-phase grid

current waveforms of the CHB converter are shown in Fig. 5.30 and Fig.5.31, respectively.

The output phase voltage of the CHB converter is composed of seven levels and the grid cur-

rents are sinusoidal with low harmonic distortion (3.2% for the BHB system and 3.3% for the

�lyback system).
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Figure 5.29. Steady-state nine DC-link voltages: (a) BHB, (b) �lyback
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Figure 5.30. Steady-state CHB output phase voltage: (a) BHB, (b) �lyback
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Figure 5.31. Steady-state three-phase grid currents: (a) BHB, (b) �lyback

The comparison of the harmonic contents of the grid currents with the requirements of

IEEE 1547, Standard for Interconnecting Distributed Resources with Electric Power Systems

[116] is provided in Fig. 5.32, featuring the BHB and the �lyback respectively. The results

are from the same simulation period under the same conditions for both converters. The

CHB converters in both implementations are capable of ful�illing the grid requirements on

individual harmonic distortion for the �irst 40 harmonics, as required by the standard, and

complying with the THD requirements. The harmonic performance of the BHB system is

slightly better than the �lyback system on low order harmonics, but basically they do not

show signi�icant difference.

It is worth mentioning that the high frequency harmonics which lie on the side-band of the

converter switching frequency, 6 kHz in this case, are the main contributor to the current har-

monic distortion. This is due to the fact that a single inductor is used as the interconnection

between the converter system and the grid. Higher order �ilters, such as LC, LCL, are recom-

mended if further reduction on the high frequency harmonics is required for EMI concerns.

Nevertheless, increasing the power level of the system and/or expanding the CHB converter

level by connecting more H-bridges in series can mitigate the effect of the harmonic currents

at the switching frequencies.
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Figure 5.32. Grid current FFT spectrum with comparison to the IEEE standard 1547:

(a) CHB PV system with the BHB, (b) CHB PV system with the �lyback
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5.4.2.2 Operation in a wide input voltage range

In this study, the process of variations in PV voltage include the start-up ramp as in the �irst

case, and a second ramp from the nominated MPP voltage of 794.6 V (1 kW/m2, 25◦C) to the

lower limit of the MPP range, speci�ically 450 V, considered based on industry practices [83].

Two steady-state operation periods are involved, with the PV voltage kept at 794.6 V and 450

V respectively. The operating point of the PV array moves from point A to B and then from B to

C along the characteristic curve shown in Fig. 5.24. During the ramp changes and at different

PV operating points, dynamic and steady-state responses of both DC/DC converters and the

CHB converter are shown from Fig. 5.33 to Fig. 5.40.

Both of the DC/DC converters are capable of following the PV voltage reference with high

accuracy, which can be seen from Fig. 5.33. The duty ratio is well controlled to accommodate

the reduction of power delivered by the PVs, as shown in Fig. 5.37 and Fig. 5.35 respectively.

The results indicate that both of the DC/DC converters can cope with the situation of low

input voltage from the PV sources by increasing the converter voltage gain, and can track the

PV voltage in the lower voltage range with high accuracy. In addition, both converters are

capable of eliminating the PV panel leakage currents during the steady-state operation and

the transients.

The CHB converter is capable of maintaining the average of the DC-link voltages to the

reference value of 2 kV while keeping them well balanced, as can be seen in Fig. 5.38. The

initial overshoot and subsequent 100 Hz ripple both remain below 25 V (0.0125 p.u.). The

CHB converter is capable of delivering good quality output currents during the process of PV

power and voltage variations, as shown in Fig. 5.40. The grid currents are in good sinusoidal

shape with less than 5A initial overshoot during the startup and are regulated to lower am-

plitude when less power is extracted from the PV arrays. The system performance can be

further enhanced at higher power levels, where the percentage of harmonic contents in the

grid currents is reduced due to the increase in the fundamental components.
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Figure 5.33. PV voltage: (a) BHB, (b) �lyback
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Figure 5.34. PV current: (a) BHB, (b) �lyback
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Figure 5.35. PV output power: (a) BHB, (b) �lyback
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Figure 5.36. DC/DC converter inductor current: (a) BHB, (b) �lyback
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Figure 5.37. DC/DC duty ratio: (a) BHB, (b) �lyback
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Figure 5.38. Nine DC-link voltages: (a) BHB, (b) �lyback
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Figure 5.39. CHB output phase voltage: (a) BHB, (b) �lyback
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Figure 5.40. Three-phase grid currents: (a) BHB, (b) �lyback
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Additionally, a closer look at the DC-link voltage and current of a corresponding H-bridge

power cell (top cell in phase A as an example) is shown in Fig. 5.41, featuring detailed in-

terrelation between the two. As can be seen, the DC-link voltage and current both have a

sinusoidal envelope and are correlated all the time. When the DC voltage stays above aver-

age value (2 kV), more power is drawn from the DC-link; when the DC voltage drops below

average value, less power is drawn from the DC-link. On the other hand, the pro�ile of the

variation of the DC voltage re�lects the variation tendency of the DC current envelope.
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Figure 5.41. DC-link voltage and current interrelation

5.5 Case study 4: Raising power capacity by CHB exten-

sion featuring different control approaches

5.5.1 Case study description

The high voltage and power capability have been investigated in Chapter 3 based on the 3 MW

simulation model featuring a 13-level CHB converter topology. By means of extending the

number of series connected H-bridges, the CHB converter is capable of incorporating more

DC sources and connecting to higher voltage grids. In this section, a 13-level three-phase CHB

converter is used to integrate 2.63 MWP rated PV power to the 10 kV AC grid. The control

system employs two different methods for evaluation. One approach is through PI controllers

in the dq frame and the other is through PR controllers in the αβ frame. Both of the control

methods have been discussed in Chapter 3 and will be evaluated in this section for the PV

integrated converter system.

The system con�iguration is depicted in Fig. 5.42. The system consists of 18 sections of PV

arrays arranged with their corresponding DC/DC converters for MPPT and isolation from the

grid. Each section contains �ive PV arrays with their individually associated DC/DC convert-

ers. The DC/DC converters in the same section are connected to the CHB converter through
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a common DC-bus. The 13-level three-phase CHB converter incorporates the 18 sections of

PV generators and converts the DC power collected from the DC-buses to grid compatible AC

power. The control structures of the two different approaches are shown in Fig. 5.43(a) and

Fig. 5.43(b) based on VOC in the synchronous rotating reference frame and in the stationary

reference frame respectively.
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converter with isolated DC/DC converters
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The system speci�ications are listed in Table 5.4. The 13-level CHB converter has double

the amount of cascaded H-bridge power cells in each converter phase of its 7-level version.

Instead of each DC/DC converter connected to an H-bridge power cell through an individual

DC-link, �ive DC/DC converters are parallel-connected through a common DC-bus to the same

H-bridge power cell. In this way, the 13-level CHB converter is able to integrate 10 times the

PV power of the 7-level counterpart, given that the PV array con�iguration stays the same.

With higher current rating of the converter, the �ilter size could be reduced while equally

good power quality being achieved. The 13-level CHB converter connects the PV system to

the 10 kV grid with 1.5 kV of the DC-bus voltage; while the 7-level CHB converter connects

to the 6 kV grid with 2 kV of the DC-link voltage. By extending the voltage level of the CHB

converter, higher power and voltage capability is achieved. Additionally, lower DC voltage

alleviates the voltage boosting by the DC/DC converters so that they work with a lower duty

ratio. The system con�iguration and component values are the same when using different

control methods. The parameters of the PI and PR controllers are tuned to achieve the best

performance individually.

Table 5.4. Simulation parameters - Case study 4

PVmodule (BP 365) CHB converter
Maximum Power

PMP P

65 W
Number of series-connected

H-bridges per phase (k)
6

MPP Voltage VMP P 17.67 V
Levels of the converter

(n = 2k + 1)
13

MPP Current IMP P 3.68 A Switching frequency fs 500 Hz

Open circuit voltage VOC 22.04 V DC-link voltage Vdc 1.5 kV

PV array Rated Power 3 MW

Array con�iguration

(Series × Parallel)
45×10 Grid-side �ilter Lf 3 mH

Maximum Power PMP P 29.25 kW DC/DC converter
MPP Voltage VMP P 794.6 V Converter topology Flyback

MPP Current IMP P 36.8 A
Switching

frequency
20 kHz

Open circuit

voltage VOC

994.5 V Input inductor 1.22 mH

Grid Output Capacitor 1.25 mF

Grid voltage

(line-line RMS)
10 kV

High-frequency

transformer turns

ratio (NS : NP )

1:1

Fundamental Frequency 50 Hz Rated Power 30 kW

Grid Impedance
Rg =1.5 mΩ,

Lg =48 μH

Number of DC/DC converters

at the DC bus

of each H-bridge

5
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5.5.2 Simulation results

The controllers' steady-state performance of both control methods is shown from Fig. 5.44 to

Fig. 5.48. The performance of the PI controllers in the dq frame is as follows: Fig. 5.44 (a) and

Fig. 5.45 (a) show the Id and Iq components of the converter system respectively; Fig. 5.46(a)

shows the generated Vd and Vq referencing signals from the PI current controllers; Fig. 5.47

(a) shows the three-phase voltage referencing signals transformed from the Vd and Vq sig-

nals. The performance of the PR controllers in the αβ frame is as follows: Fig. 5.44(b) and

Fig. 5.45(b) show the iα and iβ components of the converter system respectively; Fig. 5.46(b)

shows the generated vα and vβ from the PR current controllers; Fig. 5.47 (b) shows the three-

phase voltage referencing signals transformed from the vα and vβ signals. Fig. 5.48 shows

the modulation indices generated by the three-phase voltage referencing signals through the

DC balancing algorithm in both control schemes respectively. Although through different ref-

erencing frames via different controllers, both control schemes give very similar three-phase

voltage referencing signals and generate very similar modulation indices for the modulator.

From Fig. 5.44 to Fig. 5.48 it can be seen that the controllers in both control schemes give

accurate responses and can ful�ill the control tasks required for the system.
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(b)

Figure 5.44. Current controller:(a) synchronous frame VOC with PI controllers: Id, (b)

stationary frame VOC with PR controllers: iα
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(b)

Figure 5.45. Current controller:(a) synchronous frame VOC with PI controllers: Iq , (b)

stationary frame VOC with PR controllers: iβ
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Figure 5.46. Current controllers:(a) synchronous frame VOC with PI controllers: Vd

and Vq control signals, (b) stationary frame VOC with PR controllers: vα

and vβ control signals
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Figure 5.47. Three-phase voltage referencing signals: (a) synchronous frame VOC, (b)

stationary frame VOC
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Figure 5.48. Modulation index: (a) synchronous frame VOC, (b) stationary frame VOC
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The converter systemsteady-stateperformance throughboth control approaches is shown

from Fig. 5.49 to Fig. 5.55. The output voltage and current of the PV arrays are shown in Fig.

5.49 and Fig. 5.50 respectively. The inductor current and the duty ratio of the DC/DC con-

verters is shown in Fig. 5.51 and Fig. 5.52 respectively. The DC-bus voltages, the stepped

output voltage waveforms of the CHB converter and the grid currents are shown in Fig. 5.53,

Fig. 5.54, and Fig. 5.55, respectively. It can be seen that both of the control methods pro-

vide equally good performance on regulating the DC-bus voltage and the grid currents. The

converter system under both control schemes can extract the maximum power out of the PV

sources and inject good quality currents to the grid.
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Figure 5.49. PV voltage: (a) synchronous frame VOC, (b) stationary frame VOC
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Figure 5.50. PV current: (a) synchronous frame VOC, (b) stationary frame VOC
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Figure 5.51. DC/DC converter inductor current: (a) synchronous frame VOC, (b) sta-

tionary frame VOC
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Figure 5.52. DC/DC duty ratio: (a) synchronous frame VOC, (b) stationary frame VOC



123

�	�����

���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����

�
�
�

	�
�
��
�

�
��
�
��
�
�

����

����

����

����

����

(a)

�	�����

���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����

�
�
�

	�
�
��
�

�
��
�
��
�
�

����

����

����

����

����

(b)

Figure 5.53. Eighteen DC-link voltages: (a) synchronous frame VOC, (b) stationary

frame VOC
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Figure 5.54. 13-Level CHB output phase voltage: (a) synchronous frame VOC, (b) sta-

tionary frame VOC
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Figure 5.55. Three-phase grid currents: (a) synchronous frame VOC, (b) stationary

frame VOC

The comparison of the grid current harmonics with the requirements of IEEE 1547 [116]

is provided in Fig. 5.56, featuring the synchronous frame VOC and the stationary frame VOC

respectively. The CHB converters under both control schemes are capable of ful�illing the grid

requirements on individual harmonic distortion for the �irst 40 harmonics, as required by the

standard, and complying with the THD requirements. The harmonic performance between

the two control schemes do not show signi�icant difference. It is worth noticing that the 6

kHz side-band harmonics (12 times the 500 Hz switching frequency), which lie on the higher

frequency range than concerned by the standard, are the main contributor to the current

distortion. This can simply be improved by adding a more advanced grid �ilter, such as LC,

LCL. Nevertheless, compared with its 7-L version, the 13-L CHB converter system has better

harmonic performancewith lowerdevice switching frequency and lowerdevice ratingswhile

connecting to higher voltage grids with higher power capacity.
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Figure 5.56. Grid current FFT spectrum with comparison to the IEEE standard 1547:

(a) synchronous frame VOC, (b) stationary frame VOC



Chapter 6

Conclusions and Future Work

6.1 Summary

In this work, large-scale solar PV grid-integration featuring the CHB converter with isolated

DC/DC converters is investigated. An overview of the PV system architecture and the PV in-

verter topologies is provided. The working principles, modulation techniques and control

scenarios of the classic multilevel converter topologies are explored, especially that of the

CHB converter are simulated and discussed. Two isolated DC/DC converters, namely the

BHB and the �lyback, are simulated and analyzed. The grid-connected PV system featuring

the CHB converter with isolated DC/DC converters is investigated through case studies fea-

turing different voltage and power ratings and control structures. The system performance

is evaluated and discussed.

6.2 Conclusions

The CHB converter proves to be a suitable option for connecting large-scale PV power sys-

tems to medium-voltage grids. It offers a modular solution with a highly �lexible system struc-

ture. Through the simulation studies carried out in this work, the CHB converter is capable

of power levels of 300 kW and 3 MW, catering to voltage levels of 6 kV and 10 kV respec-

tively, providing good quality power with low harmonic distortion (under 3%). The PS-PWM

is implemented in the CHB converter and the VOC control method is applied to the system

in the synchronous rotating frame and in the stationary frame respectively. PI controllers

and PR controllers are implemented in the two control schemes respectively. Both types of

controllers are capable of ful�illing the control tasks on regulating the DC voltages and grid

currents, providing accurate steady-state operation and fast response during dynamics.

The two isolated DC/DC converters, the BHB and the �lyback, are evaluated on the per-

formance of MPPT for the PV arrays. Both converters are able to perform MPPT under STC

and tracking varying PV voltage in a wide range. The BHB converter offers better MPPT ef�i-

ciency due to smaller ripple on the control signals and less �luctuation around the required

operating points than the �lyback, however at the expense of increased component count and

the power loss on the leakage inductance. Both converters are able to follow a wide range

of input voltages fast and precisely. The BHB works at a lower range of inductor current and
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duty ratio than the �lyback, leading to better reliability and stability of the system.

The CHB converter with isolated DC/DC converters for the grid integration of large-scale

PV systems is investigated through four simulation studies. It proves that the galvanic isola-

tion between the PV and the grid is essential to prevent the leakage currents and PID of the PV

modules. The CHB converter system with isolated DC/DC converters is capable of perform-

ing MPPT for the PV arrays under varying solar irradiance. The CHB converter is capable of

balancing the DC-link voltages and regulating the grid currents in accordance with the grid

codes.

Both types of isolated DC/DC converters, the BHB and the �lyback, are capable of operat-

ing at MPP under STC and tracking a wide range of PV voltages when integrated into the CHB

grid-connected converter system. The BHB is the building block of the multiphase DC/DC

converter, which is expandable to higher voltage and power levels. This is especially ad-

vantageous for large-scale PV systems. Moreover, the ZVS and ZCS features of the BHB con-

verter and the multiphase DC/DC converter are particularly effective in reducing the switch-

ing losses associated with the devices which lead to higher ef�iciency, making this type of

DC/DC converers more attractive for this application.

The grid-connected PV system topology featuring the CHB converter with isolated DC/DC

converters is capable of higher voltage and power levels by the expansion of the CHB con-

verter. The thirteen-level CHB converter has been investigated on integrating 3 MW of PV

power to the 10 kV grid. DC/DC converters are arranged in parallel on the DC-buses, trans-

ferring the PV power to the CHB converter and feed into the grid. The system is capable of

balancing the DC-bus voltages and controlling the grid currents according to the regulations,

injecting good quality power to the distribution networks.

6.3 Future work

Power converters in PV systems rarely operate under ideal conditions. Partial shading and

rapidly moving clouds, dust and PV module deterioration create additional challenges for PV

systems. Future work should take these into consideration and investigate the operation and

behavior of the CHB converter with unequal energy yield from different PV generator zones

and power imbalance between the converter phases as well as the H-bridge power cells. Con-

trol strategies should be developed in order to harvest the PV generation with optimal yield

while retaining ef�icient operation of the CHB converter.

Energy storage elements are necessary to cope with the intermittent nature and the in-

creasing penetration of renewable energy generation. Advanced battery technologies can

assist the integration of these variable resources and enhance the power quality of the grid.

The CHB converter is �itted for PV applications as it can integrate energy storage into its H-

bridge power cells together with the PV sources. Future research on this subject should focus

on the operation, performance and challenges of such systems.

The feasibility of theCHB topology for grid-connectedPVsystems featuring isolatedDC/DC
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converters should be practically demonstrated. The performance of the two DC/DC convert-

ers integrated with the CHB converter should be investigated through experimental work,

initially on a small-scale, low-power laboratory prototype, and then extended to full-scale

converters. Based on the experimental results, comparisons regarding the behavior and ef-

�iciency of the two DC/DC converters can be made and used for their evaluation.

Additionally, advanced grid �ilters should be designed to provide improved harmonic per-

formance with reduced �ilter size. Future work should consider higher order �ilters such as

LC and LCL. The harmonic performance and the stability of the CHB converter system should

be evaluated when such �ilters are implemented.

Furthermore, as speci�ied in some countries' grid codes, PV systems should offer grid sup-

port for voltage and frequency stablization and Fault Ride-Through (FRT) capability under

grid faults. Inverters should become more intelligent in order to manage the control tasks

without compromising the ef�iciency of energy conversion. Control algorithms delivering

these functions should be developed and veri�ied in future work.
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