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ABSTRACT

PERFORMANCE EVALUATI ON AND COMPARISON OF LOW
VOLTAGE GRID -TIED THREE-PHASE AC/DC CONVERTER
CONFIGURATIONS WITH SI AND SIC SEMICONDUCTOR SWITCHES

¥zt o,Of aakk han
Master of SciengeElectrical and Electronics Engineering
SupervisorProf. Dr.Ahmet Masum Hava

June 2019175pages

In this thesis, as compared to silicon IGBT-ISBT) technology, the advantages of
using higher efficiency and faster wide bandgap silicon carbide (SiC) semiconductor
switches in low voltage thrgehase grietied PWM DC/AC voltage souramnverters
(VSCs) are investigated in terms of sizing, efficiency and economic considerations for
MW-scale photovoltaic power plant applications. As the cost and energy efficiency of
a VSC strongly affect the total system economics, this thesis propodesign
methodology optimizing the total cost of ownership (TCO) during the VSC design
stage. Return on investment (ROI) and payback period (PP) are considered as the basic
parameters for optimization. In the design, hybrid devicd@8IT with SiC diode
H-IGBT) and SIEMOSFET semiconductor switches are weighed along witls8iT
technology based conventional design as reference. The power semiconductor
module, passives (LCL filter), and heatsink are designed and compared with the
reference design. A 30 kWSC system is simulated, designed and tested in the
laboratory to confirm the performance studies, then economic assessments are
conveyed. Additionally, in this thesis, with wide bandgap devices switching at
relatively high switching frequencies, the irdhces of feedback signal noise filter,

PWM, and control delays on the VSC control performance are investigated. Grid



current control and converter current control methods are compared via modelling and

simulation, then recommendations made.

Keywords: Efficiency, Photovoltaic Return on Investment (ROI), Silicon Carbide
(SiC), Voltage Source Converter (VSC)
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SI VE SIC YARI KLETKEN ANAHTARLI, ALCAL
KEBEKE BAJLANTI LIDWNKY DT B! C!
TOPOLOJKLERKNKN PERFORMANS DEJERLENDKF
KARKI LAKTI RI LMASI

¥zt o,Of aakk han
Y¢ksek,EHieskanrsi k ve El ektroni k M¢he
T ez Da nREd braAhnget Masum Hava

Haziran 2019175sayfa

Bu tezde, al -ak gerilim da]étém Kebekes
kaynakl é d°n¢Kt¢r¢c¢IbGB€)( EEhol ejl skna
yé¢ksek verime sahip ve daha heézl é& olan g
il etkenlerin kullanél masénén avantajl are
©zelinde boyutlandérma, verimlilik ve ek:¢
gerilim kaynakl & DC/ AC d°n¢kKt ¢grégceéenegn ma
ekoro mi si ni gé¢-1l¢ bir kekilde etkiledijind
tasarémé akamasénda toplam sahip ol ma me
y°nt e mi °nermektedir. Bu -al ékmada yater
(PP) emeyitleéexntir mel parametreler ol arak

IGBT (SIC diyotlu SilGBT, H-IGBT) ve SCMOSFET vyarée il etken
referans  olarak geleneksel -ISIGBT teknol ojisi il e

dejerlendiril mektedir yatael EemaekRamedménd
(LCL) ve sojutucu tasarlanmék ve referan

-aléekmal aréné dojrulamak i-in 30 kWolIl ék
tasarl anmecx, benzeti midavyapetsmew,di | mber at
ekonomi k dejerlendirmeler yapél mexter . E
frekansl arénda -alékan genik bant aral ek
don¢kt ¢gregcegde geri besl eme HPWMygeeknmediny al

ve kontrol gecikmesinin sistemin kontrol
kebeke akém kontrol ¢ vV e dong¢Kt ¢r écé ake
benzetim ile karkél akteéer élarak ©°nerilerd:
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CHAPTER 1

INTRODUCTION

1.1.Background and Motivation

Electrical energy is theost crucial energy type in the modern worldtasas many
advantages such as easy generation, easy control and efficient transmission over long
distances. Its distribution is not difficult, and it can be provided to the customers at
exactly demanded amount and quality achieving high availability. In addition,
electrical energy is a very convenient energy form and it can be simply conuerted

an economic and efficient watp other energy forms such as chemical energy
(batteries), heat energy (electric heaters), mechanical energy (any kind of electric

motors), lighning energy (LEDs, fluorescent lambs etand so on.

As the human population increasestie world and developing countries keep
investing on industrialization, total demand for electrical energy also increatbes in
world. There are various ways tergerate electrical energy. Thermal power plants use
fossil resourcs, nuclear power plants use radioactive elemeans hydro power
plants use the potential energy of wasmprimary sourcd&zenewable energy sources
use primary sources such as solar gnewnind energy, biomass or geothermal energy.
Although thermal power plants and nuclear power plants have been commonly used
in generation of electrical energy so far, the possible harmful effects of nackgar
thermal power plantsntheenvironment antiuman health decreased their popularity
in 215 century. According to the018 energy outlook document of BH, share of
nuclear energy in global electricity genwa decreased to approximately 10%
whereas it was above 15% at the end 8f@ntury as seen Figure 1.1. At the same
time, share of renewable energy sources dramatically increased®icepfury

(approached almost 1Q%nd it is expected to keep increasing in the future.
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Figure 1.1 Share of tota¢lectricitygeneration irtheworld.

With increasing investments on renewable energy systems samait grid
applications, traditional powesystems where power is generated in huge power
plants and transmitted long distances before consumption, has started changing.
Distributed energygeneration DEG) and distributed energy storage (DE®Shceps

have appeared. Microgrid applications, where disttdzl energy resources (DER),
storage units, generators, industrial loads, and residential loads are connected to the
same grid, have emerged. A sample microgrid system diagram is giFegune 1.2

[2]. As seen inFigure 1.2, microgrid systems integrate a variety of applications
including renewables and storage systems in a combined power system achieving
higher flexibility, efficiency, and reliability. Thus, renewable energy applications can
be operated in a moedficient way within microgrid systems and they become more
attractive as distributed energy generation concept gets more popular with microgrid

applications.
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Wind energy and solar energy are the most common renewable energyiriorms
t o day 0 éccavding tb the Renewable Capacity Statistics 2018 report published
by IRENA (International Renewable Energy Agehctotal installed wind energy
capacity has increased to 54&W in 2017globally including 4946 GW on-shore

and 193 GW off-shore insthation [3]. According to the same report, total installed
solar energy capacity has increased to.8%BW in 2017 including 38% GW
photovoltaic(PV) installation ad 4.9 GW concentrated solglant installation. The
increase of installed wind and solar energy capacitigatast 10 years can be seen in
Figure 1.3. As clearly seen, most of the wind installations are completed-abare

systems and most of the solar energy installations are completed as PV installations.

Renewable energy capacity also keeps increasing in Turkey. According to the
information on the wbsite of Republic of Turkey Ministry of Energy and Naturel
Resource$4], total installed windenergycapacity has increased ToGW and total
installed PV capacityds reache& GW by February2019 in Turkey.
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Figure 1.3 Globally installed wind and solar energy capagsly

As renewable energy system installations have increased dramatically insthe 21
century, they become the most popular components in microgrid power systems.
Although multimegawatt scale windurbine plants can directly connect to the
medium voltage AC grid, low voltage AC microgrids form the most common
microgrid system typeln this modern grid structure, renewable energy resources,
storage systemslectric vehiclesyninterruptible powerugpplies, industrialbads,and

many other applications are expected to connect to the low véitageid througha
grid-connectedoltage source converter (VS{5). In addition, gridconnected VSCs

can contribute to the stability, reliability and efficiency of the power systeantas

filters andstatic compensators (STATCOMS).

Grid-connected VSCs are widely utilized since the beginning of early 2000s with
spreadig of silicon based insulated gate bipolar transistors (IGBTS). First, they were
used in rectifiers of transformerless uninterruptible power supply (UPS) products.
Then, windturbine systems also started using them in back to back connected
converter struetre as shown ifrigure 1.2. As windturbine applications are usually

configured as M\Ascale systems and 690 V AC grid connection is commonly used in



these applications, high power gadnnected VSCs are used in thessteays. In
2004, Germany announced a faedariff (FIT) value between 0.540 0.624
EUR/KWh over 20 years for PV installations and pioneered the PV applications in the
world [6]. Since then, gridonnected VSCs have been utilized in PV applications at
accelerated rate. In the following years, gg@hnected VSC market has exponentially
increased with the dramatic increase ofgoid renewable energy applications. Now,
on-grid energy storage applications are expected to dominate the market ifi the 3
decade of Ztcentury and gricconnected VSCs are expected to be one of the most

important components in egrid energy storage systems too.

In PV systems, two different apmches emerged for grcbnnected VSCs. First
approach is central converter approatie (term inverter is avoided as it is less
comprehensive than conventemd proposes using MMtale gridconnected VSCs

in solar farm applications just like wirtdrbine systems. Power levels of central
converters start from 250 kVA and can go up tc2IMVA. Depending on the product
ratings, they can either connect to 690 V AC or 400 V AC grid. Second approach is
string converter approach and proposes usinggnuheted VSCs with lower power
rating. Singlephase string converters are common in residential applications below
10 kVA and thregohase string converters are common in 10 KVEO kVA power
range. String converters mostly connect to 400 V AC grid. In additiandividual
operation in rooftop applications, they can also be used in parallel connected
configurations in solar farms as seenHFigure 1.4 which shows the singléne
diagram of a typical PV power plant with string converter approach. A DC/DC
converter, which is responsible for obtaining maximum energy harvest from PV
modules, is used in this diagram but it is not essential, and it may not be used in some
configuraions. More information will be provided about PV systems in Chapter 2.
While the PV application is dominant in general, it can be stated that the VSC is the

most essential component of the modern grid connected energy systems.

In this study, thre@phase gd-connected VSCs in the power range 10 kVE60 kVA

are investigated. Although power level of these converters is not as high sV



grid-connected VSCs, the commercial volume of them is significant as they are used
in many products such as UPS4/ Bonverters, battery converters, active filters,
STATCOMs and so on. In the specified power range, a technical and economic
analysis is conducted about gadnnected VSCs in this dissertation. A design method

is given, technical performance is evaluateshd an economic assessment is
conducted. Although the conducted analysis and obtained results are applicable to
most of the grieconnected VSC applications, specifically a PV power plant
application is chosen in this study to illustrate and emphasizevéstigation.

Grid-connected VSGs the most technological component in a PV systemitagah
be denoted as the heart of a PV power plant. Moreowamitibutes t@pproximately
51 15% of the whole investmerdost Therefore design, costand performace of
these gridconnectedconvertes are very crucial, and their study has an important

value in todayodés research worl d.

i Ryl
i il PS

PV Modules MPPT PWM -VSC  Filter Structure

PV Modules MPPT PWM -VSC  Filter Structure m
@@@ =L A~

PV Modules MPPT PWM - VSC  Filter Structure

5

||
|
g
|
I

Transformer Grid

E

|
|
T
I
I

PV Modules MPPT PWM - VSC  Filter Structure

Figure 1.4 Single line diagram of BV power plant with string convertapproach

(o3}



1.2. State of the Art and Future Trend

Threephase griecconnected VSCs for 400 V AC grid applications in the power range
of 10 kVA 1T 150 kVA have been commonly used for more than 20 years in many
applications and design of these converters areestdblished today. Great amount

of know-how is available in terms of topology, filter design and control architecture.
Semiconductor technology and device capabilities are the main parameters which
determine the design limits for these converters. AGS8ITs are the most common
device today, griconnected VSC designs are carried out taking th&BT ratings

into account.

The simplest converter topologyisthoe vel VSC t o poidcangegtedi n t ocC
VSC applications. The main advantage of this togglis its simplicity and low cost.
Typical DC bus voltage is kept around 750 V DC in 400 V AC grid applications and
1200 V IGBTs are suitable for this topology. However, switching frequency in this
configuration is typically kept below 20 kHz in 50 kW dipations and below 10 kHz

for 100 kW and higher power ratings for efficiency considerations due to limited
switching capability of IGBTs. The natural consequence of limited switching
frequency is increased size, weight and cost of the magnetics. Sizagoktics
significantly affects the size and cost of a product. In the same power range, a typical
grid-connected VSC is-3 times larger and heavier compared to a motor drive inverter
due to its filter size. Also, it costs typically2times more. A typial threephase twe

level gridconnected converter with an LCL filter structure is giveRigure 1.5.
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Figure 1.5 Two-level threephase grieconnected VSC with LCL filter




In increasing power levels, limited switching capability of conventional IGBT devices
motivated designers to choose thieeel topologies instead of twlevel topolaies.

With threelevel topologies, effective switching frequency can be further increased,
and higher efficiency values can be achieved. However, initial cost and control
complexity of the converter incread®$ - [10]. In addition, reliability decreases due

to higher number of semiconductor switches. NPC type (neutral point claamebd

type threelevel converters are developed and commonly used as-ldvee
topol ogies i n trigudedy shews the @rduit schemet of NBC

type and T type three level converter topologies.

Control of gridconnected VSCs is implemented digitally in most of the applications
today by using a digital signal processor (DSP). Digital control increases the reliability
and flexibility of the products. Typically, an outer voltage control loop is used to
regulate the DC bus voltage and an inner current control loop is used to control the
injected current to the grid. PLL algorithm is used to obtain phase angle information
and synchronize witlthe grid. Current control can be implemented by using either
grid-current feedback (GCF) or converarrrent feedback (CCF) configurations
depending on the measurement point of the current. A basic control diagram ef a grid
connected VSC is shown Figure 1.7. Each method has its own advantages and

disadvantages. A detailed analysis of current control model is presented in Chapter 3.
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Typical filter structure used in grdonnected VSC applications is LCL filter. As also
seen inFigure 1.5, LCL filter is composed of a convertside inductor (L), a filter
capacitor (© and a gridside inductor (k). As the VSC connects to the low voltage
grid, leakage inductance of the disttion transformer (k) also contributes to the
grid-side inductance of the filter. The main responsibility of the filter is attenuation of
high frequency harmonic components which are caused by the switching action of the
PWM-VSC so that injected currentttthe grid satisfies the grid regulations. IEEE
recommended practice and requirements for harmonic control in electric power
system document defines the limits for harmonic components incgndected

equipmen{11].

Todayods desi gn-IGBT technolsgy. &imieed ssvieching bapabildyi of
the SHIGBT devices result in lower switching frequencies and bigger filter size. If
switching frequency is increasedcsificing the efficiency, heatsink size gets bigger.
Thus, more complicated thréevel topologies are improved but in fact, limitations of
SHIGBT devices still apply to threlevel topologies too. Thus, thirst for increasing
efficiency and reducing theize of the product brings the silicon carbide (SiC) and

gallium nitride (GaN) devices into play in design of gcmhnected VSCs.
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Figure 1.7 A basic control diagram of grddonnected VSC



With the recent developments in semiconductor technology, wide bandgap
semiconductors, especially SiC, make it possible to develop new power transistors
with better performance compared to conventional Seddsansistorg12] [13].
Basically, higher switching performance is achiewedh SiC devices. Thus,
switching frequency of the converters can be increased substantially and more
efficient PWM-VSC designs can be conducted. As a result, filter size can be reduced
achieving a weight and size reduction in the product. Moreover, loamgtuction
losses can be provided with low-state resistance of SIRIOSFETSs. Eventually,
efficiency can be increased with low switching and conduction losses as long as
switching frequency is kept within a reasonable range. Device rating of SiC
MOSFETs an be compared with $GBTs as shown irrigure 1.8 [14]. As seen,
SIC-MOSFET switching capability is superior overlSBT at same power level so
SIC-MOSFET is a better option at higher switching frequencies. In fact; SiC
MOSFET can be even used atplications within IGBT device ratings for higher

efficiency considerations.
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1.3.Prior Work

In the literature, many valuable design studies have been conducted abeut grid
connected VSC concept. Although most of them have made significant contributions
to the literature, only particular ones canrbentioned here. Thrgghase converter
topologies are investigated[B], a stepby-step design procedure is giver{15] and

a design method is proposed taking topology and PWM method into accd@nt in
Multilevel converter topologies are ayaéd in detail in[16]-[17] and effects of

modulation methods are also discukse[18]-[20].

Filter stage is also one of the most important parts of acgmected VSC systems
as shown irFigure 1.4 andFigure 1.5. Thus, filter design has been investigated in
many studies. Design of a grinnected PWM/SC with LCL filter is studied in
[21]-[22]. In addition, control and analysis of thrplase grieconnected VSCs with
LCL filter are analyzed in detail i§23]-[26].

With the penetration of SiC semiconductors into the market, many researches focused
on the advantagesd merits of SiC devices in VSC systems. High efficiency values
are achieved with superior switching characteristics ofN@SFETSs in different
topologies and different power levels. SiC devices are used inldweleT-Type
configuration in a 480 V A@rid-connected VSC for a PV application and a peak
efficiency value over 98.2% is reported at 40 kW for 50 kHz switching frequency in
[27]. In another research, fidevel topology is used, and 99.2% peak efficiency is
achieved for a 6&W 480 V AC gridconnected VSC at 50 kHz switching frequency
[28]. Swudies on usage of SiC devices in tiegel converter topology are also
available. A comparison is conducted betweetGHTs and SiC JFETs through a
two-level gridconnected VSC application in Fraunhofer ISE. Based on experimental
measurements, the Europeefficiency with 4' generation IGBTs is calculated as
95.4% for a 5kW application with 16 kHz switching frequency. However, the
European efficiency is calculated as 96.6% with SiC JFETSs for the same application

although the switching frequency is incsed to 48 kHZ29]. In [30], a retrofitting
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approach is used and-B&3BT modules with Si diodes are exchanged with hybrid
IGBT (H-IGBT) modules with SIGBT and SiC Schottky barrier diodes. In this study,
approximately 0.3% efficiency increase is achieved for aléwel converter topology
in 50-kW application with retrofitting. Andter retrofitting approach is reported by
Mitsubishi. Gate turoff thyristor inverter is retrofitted with all SiC semiconductor
switches in a traction application that uses-texel PWM converter topology with
regenerative braking featuwnd 40% power s@ng is achieved according to the
measurements taken between January 17 and May 8[21]15

The improvements provided by SiC devices result in economic advantages too
Financial gain calculations due to higher efficiency of SiC devices are calculated in
[29]. A system cost analysis is conducted among tlees topology with SIGBTs

and twolevel topology with SiC JFETs through power module, magnetics and
heatsink costs if32]. Actually, economic evaluations have been already mentioned
for corventional designs with SGBT devices in the literature. A design algorithm

for grid-connected VSCs considering the cost and operating factors is presented
through a total cost of ownership (TCO) analysis, return on investment (ROI) and
payback period (PPcalculations for threéevel and twelevel topologies in33].
Similar to these studies, an economic assessment is carried out betwdsretaod
threelevel conwerter designs for UPS applicationd34]-[35]. These studies propose
taking e&onomic assessment of a conducted design into account and imply the

importance of economic parameters in power electronics applications.

Based on prior work, topology, filter sizing and control architecture ofaithected

VSCs are already investigateddetail so far. Advantages of SiC devices in terms of
switching frequency and efficiency are also mentioned in many studies. However, a
study which focuses on both power hardware design and economic assessment of a
threephase griecconnected VSC applican with SiC devices in detail is not available

in the literature.
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1.4.Scope of the Thesis

This thesis is dedicated to the technical and economic investigation @bgwiected
threephase VSCs with SiC devices in PV power plant applications. Therevare t

main contributions of the thesis.

The first contribution is the guidance for retrofitting design approach where Si based
power hardware (power module, heatsink and filter) of an already existing PV
converter is exchanged with a new power hardware VitH@BT or a SIEGMOSFET
module. Switching frequency is enhanced. Then, heatsink sizing and filter design are
conducted accordinglyVhile transitioning from the Si to SiC technology, it is
possible to either start a totally new design from scratch ortenrent a design from

Si technology. In thistudy,the second approach is preferred. This approach guides
the Sibased design engineer to the result in fair comparison with the SiC technology.

Second contribution is the gr@bnnected threphase VSC desig methodology
which takes the economic aspects into account during design prd¢bkas. in
industry typically the application field constraint is gained via kitnmow, apriori

design involving the application conditions is rare due to lack of knowledde an
methodology in merging the technical and economical specs into one pot considering
the specific application. Thstudyexactly attempts to guide the VSC design for PV
applications considering the TCAQOI and PP parameter8 PV system case study

is corducted in detail to demonstrate the approach. Analysis are conducted in six
different locations to show the effect of geography (irradiance, temperature etc.) on
the economic performance of a desifjherefore, economic aspects of the design are

assessedasily.

The thesis has six chapters. Chapter 2 presents the PV system configurations in solar
systems. Components of a typical PV power plant system are introduced. Central
converter and string converter approaches are compared. Standards and regulations

alout gridconnected VSCs in PV applications are mentioned. At the end of the
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chapter, a PV power plant configuration is designed with string converter approach.
This plant will be used as an example in the VSC studies in the following chapters.

In Chapter 3 grid-connected converter technologies are reviewed in terms of
topology, modulation method, semiconductor technology, filter structure and control
architecture. Twadevel topologies are specifically focused and compared for PV
applications in terms of comonmode voltage and leakage current components due
to parasitic capacitance between PV modules and ground. Moreover, GCF and CCF
control configurations are mentioned and stability of the VSC is investigated for
particular cases with peleero charts foGCF configuration.

Chapter 4 is dedicated to the design of &«8® threephase grieconnected VSC. A

loss calculation algorithm is developed to calculate the semiconductor losses at given
conditions and steaestate thermal model of the system is usedchfatsink sizing.
Determination of LCL filter parameters is explained and an inductor design method is
presented for converter side inductance with powder cores. Inductor losses are
calculated including both core and copper losses. An algorithm is deglelbpe
calculate the core losses of the converter side inductors of -aagritected PWM

VSC. Once the hardware design is completed, control method of the VSC is also
given. Steadistate operation is shown with simulations and expected efficiency
values arecalculated. Calculated efficiency values are verified by experimental
results. In this chapter, a reference design is provided witGESTI module. This
reference design is accepted as base and progressive design cases are proposed with
H-IGBT and SIEMOSFET modules to mention the advantages 3BT and SiC
MOSFET modules. In each case, presented design steps are repeat&dBdr &hd
SIC-MOSFET modules. Eventually, efficiency curves (efficiency vs load) are
obtained and euro efficiency values are ghted for four different design cases with
SiIGBT, H- IGBT and SIEGMOSFET modules.

Chapter 5 presents the economic assessment of the conducted designs in Chapter 4. A

differential economic evaluation method is presented. Common parts of the designs

14



areexcluded from economic evaluation. Only power semiconductor module, heatsink
and inductor costs are taken into account and a differential (§€0O) analysis is
provided through cost difference of these components. Once the cost difference
between initialinvestment values is determined, PV simulations are completed in
determined six different locations for the PV power plant that is designed in Chapter
2. Obtained efficiency curves in Chapter 4 are used in calculation of annual energy
harvest valuesThe dfferences between annual energy harvest values are calculated
and ly using the FIT values in these six locatiod$ferences betweeannual yield
values areobtained Then, PP values are determined for all six locations for every
design case with differe power semiconductor modules. In additidifferential ROI

(qROI) values are calculated for each case. As a result, economic feasibility of H
IGBT and SIGMOSFET modules are evaluated in this chapter in PV power plants
with string converter approach.

Chapter6 provides the conclusion for the dissertation. A summary of the obtained
results and experience during the study is provided. Achieved improvements and

developments are mentioned. Future work is addressed.

15






CHAPTER 2

THREE-PHASE GRID-CONNECTED PV SYSTEM CONFIGURATIONS

2.1.Introduction

As mentioned in Chapter 1, distributed energy generation concept has merged since

the beginning of 2000s with the integration of renewable energy resources into the
power system. Among renewable energy resources, especially PV systems have
captured an enarous attention in the last decade. PV systems can be installed either
asgidconnected systems, whrctd BWVWespft emsoa
alone systems whicdr iad ePYfdent emd-dricc dl @& st I
PV systems argvestigated, and a background is provided abotdgr@hPV system

applications and system components.

First, most common oegrid PV application types are presented, and their trade
mechanism in energy market is explained. Second, two main system congpéhé
modules and PV converters, are introduced. Especially solar farm applications are
focused, and PV converters are investigated in a more detailed way through these
applications. PV converter types are compared in terms of cost and performance for
MW:-scale PV power plants applications. Efficiency definitions for PV converters are
provided and important standards and regulations that PV converters have to satisfy

about power quality, safety and grid control are mentioned.

At the end of the chapter, armample IMW PV power plant is designed with &V
PV converters for six different locations. PV module configurations are designed
taking the application site environmental conditions into account and all the electrical

parameters of the PV power plamt both DC and AC sides are provided.
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2.2.0n-Grid PV Application Types

There are various egrid PV application types depending on the power range,

application site, and grdonnection type.

Residential applications are common up to 10 kVA power leveblysiinese systems

are installed as rooftop applications and sigjiase grieconnection is commonly
preferred, so singiphase PV converters are used. Beyond 10 kVA power level,
commercial rooftop applications are common. Suitable office, residencepisgop
mall, factory, etc. roofs can be used for solar installations. Power levels can go up to
MVA scale depending on the available roof area. Tmieese PV converters are
available for these applications in 10 kWA50 kVA power level, and they are named

as string converters in PV industry. Most of the time rooftop applications are directly

connected to the low voltage grid.

Apart from rooftop applications, there are solar farm applications. Solar farms can be
installed in the power range starting from026VA to multi MVA scale. Central

converters are developed for these PV power plant applications, but string converters
can also be used in parallel connected configurations. Usually these PV power plants

are connected to the medium voltage grid via aitigion transformer.

Generated electrical energy in-grid PV systems can be used for own consumption
or sold to the utility grid depending on the application properties. In each region, there
are different laws and regulations to set the rules regatiénglectricity trade in on

grid PV applications. As renewable energy applications are supported by most of the
governments and local authorities due to their positive environmental effects, usually
it is guaranteed to sell the generated electricity hgiaah PV systems. A feeuh-tariff

(FIT) value is determined for the cost of the unit electrical energy that is sold to the
utility grid from an ongrid PV system by local authorities and energy trade is
conducted on this value. Economic assessment af-gnid PV system (PP, ROI) can

be carried out using these FIT values.
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2.3.PV Modules

PV modules are the actual DC sources in-gadnected PV systems. They are usually
denoted in total as APV generatoro. The
photovoltaic energy conversion. Basically, PV modules absorb the incoming sunlight

and geneate DC current with this absorbed energy. In other words, they operate
according to the photoelectric effd86].

The currentvoltage characteristics of PV modules arot linear. Between open
circuit voltage and shoddircuit current point, there is an optimum operation point
which is named as maximum power point (MPP). When PV modules operate at this
point, maximum energy harvest is achievi&9]. Figure 2.1 shows the vV
characteristics of a single PV module and its series/pacahnected configurations.

As clearly seen, parallel connection of modules increases the overall current whereas

the series connection of modules increases the overall voltage.

Il n PV applications, 1000 V is thehet odayo
voltages such as 1500 V are also getting more attraction day by day. Thus, it is a
common practice to connect PV modules in series as much as possible in such a way
that opercircuit voltage does not exceed maximum voltage rating of the used
equipmentin PV system. Especially in solar farms, where the PV modules are
distributed over a large area, higher PV voltage has a crucial importance in terms of

DC cabling losses. Therefore, forming strings by series connection of PV modules is

a very common metltb Once the maximum allowable voltage limit is approached by

series connection of PV modules, only then parallel strings are added to the PV module

group to achieve desired power level.

There are various types of PV modules available in the market. Matalting,
polycrystalline and thifilm modules are the most common PV module types. Each
PV module type has its own advantages in terms of cost, performance and feasibility

depending on application site.
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Monocrystlline modules have the highest efficiency values, so they are the most
space efficient modules. That is why they are commonly preferred in rooftop
applications where available space is limited. Moreover, they have quite long lifetime.
Most of the manufacters give warranty over 20 years for monocrystalline PV

modules. However, their cost is high, and it increases the initial investmefBost

On the other hand, polycrystalline PV modules are less efficient compared to
monocrystalline PV modules, and they require larger space for the same output power
level. However, their manufacturing process is relatively simpler, and this decreases
their cos [37]. Thus, polycrystalline PV modules are commonly preferred especially
in solar farm applications where space is not a very crucial constraint. As expected, a

polycrystalline PV module is selected for the PV power plant application in this study.

Different than monocrystalline and polycrystalline PV modules, there are also thin
film PV modules. Amorphous silicon {&i) and cadmium telluride (CdTe) are the
most commommaterials that are used in their structure. Their flexible structure makes
them superior in applications where an irregular surface needs to be covered with PV
modules. Another great advantage of them is that their mass production is very simple.
Therefoe, their cost is low. However, their efficiency is low, so they occupy a larger

area for a specific power output compared to other PV module technologies.
2.4.PV Converters

PV converters are responsible for converting the DC current, which is generated by
PV modules, to AC in synchronization with grid voltage ingnd PV systems. In

this way, they inject the obtained power from PV modules to the utility grid. By
structure, a PV converter is actually composed of aapithected VSC. However,

PV converter ternis commonly used in PV industry instead of gg@hnected VSC.

Thus, in this chapter also PV converter term is used instead edaritected VSC.

There are several PV converter types as also mentioned-gnidoPV application
types earlier in this chagt. PV converters can be grouped in three main categories

named as micro converters, string converters, and central converters.
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Micro converters are available below kVA range. They perform maximum power
point tracking (MPPT) operation at PV module scalbeill biggest advantage is
maximum energy harvest from each PV module in a whole PV system. However, as
the number of micro converters is equal to number of PV modules in such a system,

the cost is high, and they are not common in applications beyond 10 kVA

Singlephase string converters are available till 10 kVA power level and-tiirase

string converters are available in the power range 10 KVA50 kVA. String
converters provide MPPT control at string or matting level. They are commonly
used in roftop applications. However, they can also be used in solar farm applications
in parallel connected configurations. Most of the string converters can directly connect

to the low voltage utility grid without needing a special transformer.

Central converterare developed for MWécale power plants. They are available from
250 kVA to 2500 kVA power level. They perform MPPT control at PV power plant
scale and they usually require a special transformer to connect the utility grid. Their

biggest advantage is logost per kW compared to string converters.

Both string converters and central converters have certain advantages in PV power
plant systemsTable 2.1 provides a comparison between string and central converters
for solar farm applications. Although string converters have higher cost, they provide
more MPPT inputs for the same power level, higher redundancy and higher design
flexibility. In addition, low weigh of string converters provides higher portability and
increases technical service convenience. As a result, although central converters have
been more common in solar farm applications before, recently string converters have
also found themselves a sigo#nt place in these applicatiotSgure 2.2 shows the

share of string converters in the installed PV systems in the USA. As clearly seen,
share of stringonverters continuously increase since 2015 and it is expected to keep
increasing in the future. Thus, string converter approach is chosen to be the focus in
this study. All the discussions and explanations are carried on through a solar farm

applicationwith string converters.
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Table 2.1 Threephase entralconvertervs stringconvertercomparison

Central Converter String Converters
Power Range 250 kW to 2.5 MW 10 kW to 150 kW
Application Solar farms Solar farms and
rooftop applications
Efficiency High Lower
Cost per kW Low Higher
Number of MPPT Usually single MPPT | Multiple MPPT inputs for
input at central level the same power level
Redundancy Low High
Monitoring Power plant level Stringlevel
Weight per Product Typically, above 500 kg Typically, below 100 kg
Design Flexibility Low High
Additional Costs Container or another = AC switchgear board for
structure for housing grid connection

String converters can be either in singnversion or doubleonversion structure
depending on whether they employ aIDC converter at the input or not. Both
approaches have different advantages. Although soagigersion approach yields
higher peak diciency, it has limited MPPT voltage range because MPPT algorithm
is carried out by the gridonnected VSC. For 400 V AC grid, theoretically minimum
580 V (in SVPWM) or 650 V (in SPWM) DC bus voltage is required for linear
operation depending on the moalibn method40]. If MPP voltage is below this

limit, PV converter cannot track MPP and energy harvest from PV modules cannot be
maximized. On the other hand, emplwyia boost converter at the input brings the
advantage of increased MPPT voltage range. MPPT range can be even extended till
1007 200 V levels. However, this approach has the disadvantage of higher cost and
lower peak efficiency. Geographical conditiom&lapplication properties determine
which approach is superior. Very high temperature in sunny days or low irradiance in
cloudy days are two common situations which may decrease the PV string voltage
significantly. If application site is subjected to thesmditions, double conversion
approach is a better option. In this study, double conversion structure is preferred in

order to maximize the energy harvest from PV modules and not to lose any irradiation.
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Figure 2.2 Share of stringonvertes in installed PV systems the USA [7].
2.4.1.Efficiency of PV Converters

Efficiency of PV converterss crucial as it directly affects the amount of energy

injected to the gridHowever,PV convertes do not always operate at rated podrer

to intermittent nature of PV energy. Typicalitput power characteristics of a PV

power plant for sunny and cloudy daare given irFigure 2.3. As dearly seen, #V

power plant operates close to its rated poweofy 3-4 hours in a sunny day while

it does not even approachigtvalue in a cloudy day. That is why, an efficiency
parameter called fieuro efficiigemegyyalue i s pr opo s
using efficiency vs load curves of tlmnvertes. By definition, euro efficiency

eqguation is given i2.1)[66].
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(a)

Saatler

(b)

Figure 2.3 Typical power characteristics of a 1 MW power plant. (a) Sunny day. (b)
Cloudy day{45].

lInaddition to euro efficiency, another ef:
is proposed by California Energy Commission. CEC efficiency is more commonly
used for PV converters in the USA and it is more suitable for regions with higher

irradiance. Bydefinition, CEC efficiency equation is given in (2[BB].

- Tle p TG p, THE p, TR p T Y  TE- p (2.1)
- T p WY , e , WP , WEe , T H2.2)
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2.4.2.Standards and Regulations

PV converters have to satisfy a set of standards and regulations. IEEE%t014

is the most common recommendation document for power quality requirements for
the gridconnected applicationj&1]. Limits are set for injected harmonic cpoments

to the grid up to 50component. This is essential for sustaining the power quality of
the grid and all gricconnected converters must satisfy the requirements in this
document. Thus, design of the PM&C must be conducted taking these limits into
account and especially sigirof the filter components must be done accordingly.
Table 2.2 provides the wrrent distortion limits for power generation equipment
connected to the lowoltage grid (from 120 V to 69 kV) in percent of maximum
demand load current (fundamental frequency component) at the point of common
coupling(PCC). Note that current distortions that cause DC offset are not allowed and
even harmonic limits are limited 5% of the defined odd harmonic limits.

IEC 61727:2004 provides utility interface characteristics for-godnected power
electronics equipment in PV systef4]. This standard is a must for commerciat on

grid PV converters. According to IEC 61727, PV converters are required to disconnect
from the grid within given tripping times ifable 2.3 when grid voltage or frequency
goes out of the shown limits.

Table 2.2 Current distortion limits for power generation equipment connected to the
low voltage grid in percent of maximum demand load current #@@

Individual Harmonic Order (Odd Harmonics)
Mh<11 1D#<17 17%<23 23H<35 3549<50 TDD
4 2 1.5 0.6 0.3 5

Table 2.3 IEC 61727ripping time requirements for the RMnverter

Lower Limit Upper Limit Tripping Time

Grid Voltage 50% 135% 0.1s/ 0.05s
85% 110% 2.0s
Grid Frequency -1 Hz +1 Hz 0.2s
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In addition to voltage and frequency deviations, islanding protection is also mentioned
in IEC 61727 and IEC 62116:2014 standard is proposed as test procedure for islanding
prevention measures for utility interconnected PV systg®2k According to IEC
61727, a PV converter must inject 1% of its rated current to the grid periodically to
check possible islanding situation and disconnect from the grid within 2 secargds on

it detects that it is islanded. Arslanding protection has two main purposes. First, it
prevents a possible electric shock of technical service technicians if power grid is
intentionally disconnected for a maintenance operation. Second, it prebents t
possible asynchronization between the grid and PV converter when the grid is

available again after a power cut period.

Apart from the standards about power quality and grid interface, there are also
standards related with safety. IEC 621109010 define the minimum requirements
about the design of PV converters for protection against electric shock and other
hazards such as fifd3]. The second part of this standard, which is named as IEC
621092:2011,covers particular safety requiremeatsoutPV converters (DC to AC

power conversion products) in PV systedé).

According to IEC 62102, continuous residual current limit is set as 300 mA for the
PV converters up to 30 kVA power rating. For the converters with higher power rating,
continuous residual current limit is determined as multiplication of rated power value
(in kVA) with 10 mA (for example the limit is determined as 600 mA for 60 kVA PV
converter). In case of detection of a continuous residual current which is larger than
the specified limits, PV converter must disconnect from the grid and turn off in 0.3
seconds. In addition, PV converter is also expected to detect the sudden changes in
residual current as they may be related with an electric shock incident. Again,
accordingto the same standard, PV converter must disconnect from the grid and turn
off in 0.3 seconds in case of a-8fA residual current jump. Similarly, tripping times

are set as 0.15 seconds and 0.04 seconds in casenoh @hd 156mA residual

current jump inalents respectively.
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When ongrid PV installations first emerged, PV converters were expected to operate
at unity power factor all the time injecting only active power to the grid. In other
words, they were operating in grid following mode. However, withaasing number

of ongrid PV systems, today PV converters are supposed to operate in grid supporting
mode. EN50549 mentions some of the grid supporting functions such as static
voltage support by reactive power control and dynamic grid support wittriceH
through propertiept6]. Future trend shows that islanded mode operation may also be
required from PV converters in microgrid applications. Thus, next stepecaarbed

as grid forming mode operation of PV converters.

2.5.Solar Farm Applications

As mentioned earlier in this chapter, solar farm applications are the main focus in this
study. A typical layout for a solar farm application is givefigure 2.4. PV modules
convert the solar irradiation into DC current and they are connected in series to form
PV strings. DC combiner boxes are used to gather the outpentuof PV strings.

If PV converters can control each string in the power plant with independent MPPT
inputs, then DC combiner boxes may not be needed, and PV strings can be directly
connected to the MPPT inputs. However, this approach has a higher icostjases

a separate DOC converter for each string. Thus, if there is no significant difference
between the operating conditions of the strings, in other words, if it is not crucial to
control each string independently, single MPPT approach is cdoseo its low cost.

In solar farm applications, as PV modules are subject to the almost same conditions,

this approach is commonly preferred and DC combiner boxes are used.

As seen inFigure 2.4, string fuses are used in DC combiner boxes. Strings are
connected to the same busbar (positive and negative busbars) in the DC combiner box
and they must be protected with fuses because if one of the stringdas starrents

of other strings can flow into the shaded string and damage the PV modules. A DC
isolator is also used in DC combiner box to isolate the PV strings from PV converter

in case of a technical service or maintenance operation. However, as tisisl&@Gr
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IS not a circuit breaker, it must be turned on/off under no load conditions. Otherwise,
arcing may occur, and DC isolator or even DC combiner box itself may be damaged.

Output of DC combiner box is connected to the DC converter of the PV coniter.

Her e, it i s a c¢ommon iegersgacntngsoehleistumgéu s e8¢ N H
German) at the input of the PV converter to provide short circuit protection at DC side.
This DGDC converter is usually chosen as a boost converter ancarantees the
operation of the PV modules at MPP, maximizing the energy harvest from PV
modules. At its output, it creates the DC link voltage for the tphese grid
connected PWM/SC.

As there are many string converters in a solar farm, answitchgear board is
necessary to control the grinnection of the converters. AC circuit breakers are
used here to provide protection for possible sbwocuit at the output of PV
converters. These circuit breakers are also used-Eneigize the conviers for

maintenance operations.

Outputs of the converters are gathered at the AC switchgear and they are connected to
the grid through a transformer. This transformer provides galvanic isolation between
PV modules and the grid. Typically, a 1250 kVA strmer is used in aW PV

power plant. It is common to employ a capacitor bank to compensate the reactive
power consumption of this power transformer. Otherwise, reactive power
consumption of the transformer may cause a penalty especially at nightdidgpmn

the utility policy.
2.6.An Example PV Power Plant

A 1-MW PV power plant application is configured in this section later to be analyzed

in this study. String converter approach is chosen witk\®0converters because
string converters provide more MPRputs for same power level and provide better
redundancy compared to central converters. Thus, higher annual energy harvest is

expected with string converters.
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Figure 2.4 Typical olar farm layoutwith string converter approach

Nominal DC power isadjustedas approximately 15% higher than rated AC power
because DEC overloading is a common practice in MW scale PV power p[ahts

The main reason of this common practice is that nominal DC power of the PV modules
are defined in standard test conditions (1000 "/ r adi ance and 25
temperature) and these conditions are rarely supposed to ocaal ioonditions

Either irradiance does not reach 1000 \Wwels or PV module temperature exceeds

25 AC with incrleadsing current at full

The maximum volige ratings of the equipment used in the PV system (PV converters,
cables, circuit breakers and so on) is defined as 1000 V in this study. Thus, open
circuit voltage of the PV modules should not exceed 1000 V. Voltage temperature
coefficient (W) of the B/ modules is used to calculate the maximum possible voltage
at the coldest condition as show in equation (2.3). However, the coldest temperature
that PV modules can experience under sunlight depends on the climate of the
installation location. In additiont is difficult to guess the irradiance level at the
coldest moments during daytime. Thus, with a safety margin, it is assume2btt@t

is the coldest temperature that PV modules experience under 10G0rk&tiance.
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(2.3)

JKM260PR60 polycrystallinePV module (260 W) is used in this PV power plant
application. According to the equation (R.8eries connection of 23 modules exceed
the 1000 V limit at 1000V/m? irradiance and25 WC conditiong38]. Thus, at most

22 series modules can be used in one string. A8/8®V converters are used in the
power plant, 6 strings can be used for one converter resulting in 34320 W rated DC
power. This means a 114.4% DC to ACdow for the PV converter. Totally, 4356

PV modules (260 W) and 33 PV converters-k80) are used in the PV power plant.

PV power plant is configured for six geographically different locations namely
Palermo (Italy), Napoli (Italy), Milano (ltaly), Konyal (irkey), Sion (Switzerland)

and Tallinn (Estonia). PV converter ratings and PV power plant properties such as PV
module inclination angle, azimuth angle and PV module configuration are given in
Table 2.4. Similarly, FIT values and annual global irradiance values are also provided

for each location iTable 2.4.

AC grid voltage is specified as 400 V and grid frequency is specified as 56wiz 4
connection is used at PV converter output (3 phases + neutral cables in addition to

PE). In the PV simulations, cabling loss of the power plant is taken as 1%.
2.7.Condusion

In this chapter, a background aboutgnd PV systems is provided. &mid PV

system types are introduced, and system components are investigated. The most
common PV modules and PV converter types are shown, and their application areas
are defined Efficiency definitions and required standards about PV converters are
mentioned. In addition, a solar farm application is introduced and common practices
in the design of a solar farm application are shown in a detailed way. At the end, a 1
MW PV power pant design is completed in three different locations later to be used

in economic assessment studies.
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Table 2.4 PV converter ratings and Ppbwerplant properties

Power Plant Properties PV Converter
Properties
No. of PV 4356 No. of 33
Modules Converters
Nominal DC 1132.56 kW Rated 30 kW
Power Power
PV Module and | Jinko Solar JKM260P80 VSC
Properties at -Pwpp=260 W -Vyp =311V DC Bus 750 V
Standard Test | -Voc =38.1V -lw =8.37 A Voltage
Condition -lsc =898A -d =1589% fsw (kHZ) 87 48
PV Module 22 modules/stringp strings/converter Grid 50 Hz
Configuration Frequency
Filter LCL
Structure
PV Module 180A AC 3P/N/PE
Azimuth Angle Connection
Power Plant 1% Grid 400V
Cabling Loss Voltage
Annual Palermo (ltaly) 29A| 1784 kWh/m2 | Power 1
Irradiance Factor
(KWh/n) Napoli (Italy) 31A| 1644 kWh/m?2 Boost Converter
and Milano (Italy) 32A| 1307 kWh/m2 | Input 4507 650
PV MOdu.le Voltage V
I'ncl i naflKonya (Turkey) 30A| 1763 kWh/m2 | Output 750 V
in Each Voltage
Location Sion (Switzerland) | 35A| 1383 kWh/m2 | fsw (kHZ) 8
Tallinn (Estonia) | 37A| 946 kWh/m2
FeedIn-Tariff 0.133 USD/kWh in Turkey Two parallel operating
(FIT) *0.110 USD/kWh in Switzerland boost converters using
[47] - [51] *0.060 USD/kWh in Estonia dualpack SHIGBT
**(.044 USD/KWh in ltaly modules

*CHF/USD rate is accepted as 1.00 and EUR/USD rate is accepted as 1.12 to convert

the FIT values of Italy, Switzerland, and Estonia to USD.

**This is guaranteed minimum price (ritiro dedicato) in 2018 for photovoltaic

installations in Italy.
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CHAPTER 3

THREE-PHASE GRID-CONNECTED PWM -VSC TECHNOLOGIES

3.1.Introduction

Threephase grieconnected VSCs are the most important components in modern
power grids. As mentioned in Chapter 1, various applications such as renewable
erergy applications, storage systems and uninterruptible power supplies connect to the
grid through a grieconnected VSC. As also mentioned in Chapter 2, thheese grid
connected VSCs in 10 kVA150 kVA power range are employed in string converters
whichhave a significant ¢ omme rTbus,aésignvad | ue
threephasegrid-connected V8s has gained an enormous attentiblnis chapter is
specifically dedicated to the review of state of the art of tptesse griecconnected
PWM-VSC techwologies in 10 kVAi 150 kVA power range and analysis of used
threephase grieconnected PWM/SC structure in this study.

The PWMVSC is responsible for converting the DC current into AC current by
switching of the semiconductewitchesin a suitable manmeand the filter between
the VSC and the grid is responsible for attenuation of the harmonic current
componentsvhich are generatdaly the switching action of the PWAMMSC. Switching
signals of the semiconductors are created by modulator according tmrtrel
algorithm. Thus, topologyof the PWMVSC, semiconductor technologyfilter
properties and modulation methodse closely related. Basicallyy design path

requires a deep understanding of the relation between these parameters

Many parameters affeche design of a gridonnected VSC. Cost, reliability,
efficiency, size, weight and lifetime are some of these parameters. Each application
has its own requirements. Size and volume can be more crucial fecogmected

VSCs in onboard electric vehiclechargers while cost and efficiency are more
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important for a gricconnected VSC that is used in a PV power plant. Thus, topology,
modulation method and filter structure requirements may change according to the
application type and a solid background isenecs ar y o0 n-cdnectesl ¥9Cs gr i d
technology in the desired power range to be able to conduct a proper design.

In this chapter, topologies, modulation methods, filter structures, semiconductor
technologies, and control architectures which are widelguse n t o ¢plaageb s t hr e e
grid-connected PWM/SCs in 10 kVAiI 150 kVA power range are introduced and

explained in detail.
3.2. Topology and Modulation Method
3.2.1.Topologies

Among three phaseonvertes, twolevel convertertopology is thesimplestand one

of the most common ones. The main advantage of this topology is that it can be
implemented with only 6 transistors and 6 diodes as showigure 3.1. Thus, cost

of this topology is low, and its control is not complex. Reliability of the system is high
as number of components is low. However, this topology has limitat@etpower
transistor is responsible for blocking the whole Bsvoltageand voltage blocking
rating of the semiconductemust be higtaccordingly Switching of high DC voltage
may cause undesiredectromagnetic interferenceNil) problems due to high dV/dt
rate. It also increases switching lossbse to efficiency considenains, it isvery
difficult to increase switching frequency beyond 10 kidgel with conventional
silicon IGBT technologybeyond 100 kVApower levels.As a result compared to
multi-level convertertopologies, larger filter is necessary at theput of thevVSCto

achieverequired power quality standards.

1200 V SiHIGBTs are the optimum solution for twevel topology in 400 V AC grid
applications but switching capability of -85BTs is limited as mentioned. This
encouraged the use of thrleeel topologies.With the penetration of threlevel
topologies into the market, 600 V IGBTs, which have better switching performance

compared to 1200 V IGBTSs, have also found themselves a place in 400 V AC grid
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applications. Although control complexity, number of compasdsemiconductors,
gate drives etc.) and initial cost of the final product increase,-tbveétopologies
become standard in industry in ggdnnected VSCs with SGBTs at power levels
especially beyond 10 kVA due to their higher efficiency advant®gest common
threelevel topologies, namely NPC type and T type, are showingure 1.6.

On the other hand, recent developments in wide bandgap semiconductor technology
made SIEMOSFETs and SiC Schottky barrier diodes available. Today:BT
modules can be replaced by either BIC-MOSFET modules or HGBT modules.

With enhanced switching performance of SiC devices, switching losses can be kept at
a reasonable level and tvlevel topology can still achieve a satisfactory efficiency
level at higher switching frequencies by keepiather advantages of twevel
topology such as low cost, low complexity, high reliability and simplidityus, twe

level topology again captured the attention of the designers with new SiC devices and

two-level topology with SiC devices is chosen asrtfan focus in this study.

Two-level VSC topology with LCL filter can be implemented in three ways depending
on the connection of DC bus midpoint with star point of filter capacitors and grid
neutral point. It can be implemented without splitting the D€ \mltage as shown in
Figure 3.1 (a), or it can be implemented by splitting the DC bus voltage with a
midpoint connection as shownhigure 3.1 (b) andFigure 3.1 (c). In Figure 3.1 (b),

DC bus voltage is split, and midpoint is connected to the star point of the filter
capacitors. IrFigure 3.1 (c), again DC bus voltage is split, and midpoint is connected
to both star point of filter capacitors and grid neutral. From now on, these topologies

are called as floating, setfibating and solidlyconnected topologies respectively.

In PV applications, parasitic capacitances exist between PV modules and ground.
These parasitic capacitances significantly affect the converter topology selection

(especially in transformerless topologiéecause common mode voltages can create

a leakage current to the ground through these capacitances. A limit is set to these

ground leakage currents in the standard IEC 62189 mentioned in Chaptef44].
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Thus, parasitic capacitances from DC bus to the ground must be taken into account
and they are also modelledRigure 3.1 with gray dashed lines ¢Gv). Magnitude of

these parasitic capacitances may vary from 50 nF/kW to 200 nF/kW according to the
physical conditions of the PV modules (mechanical position, moisture rate,
temperature etc]b2] [53]. This value is assumed as 200 nF/kW to take the worst

conditions into account in this study.
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Figure 3.1 Two-level converter topologies.

(a) Floating topology, DC bus voltage is not split. (b) S#aating topology, midpoint of DC bus and
star point of filter capacitors are connected. (c) Soludignected topology, midpoint of Dialis, star
point of filter capacitors, and grid neutral are connected.
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3.2.2.Modulation Methods

Sinusoidal PWM (SPWM) is the easiest modulation method and it can be applied to

all three topologies ifrigure 3.1. In this modulation method, three converter legs are
switched according to the PWM signals which are generated by three sinusoidal
modul ation waves that are 120 wavésamggi ng
compared with triangular carrier, which determines the switching frequency, to
generate PWM signal. However, DC bus voltage must be as high as twice of the peak
phase voltage value in SPWM modulation. It means theoretical limit for minimum DC

bus voltage is 653.2 V with SPWM modulation for a typical 400 V AC grid
application. Generally, DC bus voltage is kept above 680 V in this modulation method.

Minimum DC link voltage requirement of SPWM method can be enhanced if no
conducting path exists betes the neutral point of the grid and converter. In this case,
any zeresequence signal can be injected into the SPWM modulation waveforms and
the potential difference between midpoint of DC link voltage and neutral of grid can
be easily varied. As zerseqience components at the output of the converter cancel
each other, they are not injected to the grid. As sedtigare 3.2, the reference
SPWM modulatiorwaves \&*, V* and V¢* can be used to compute a zesequence
signal \, and the modified reference signalgV/ V v** and V¢** are obtained adding

Vo to reference SPWM modulation waves.

— Jghc - PWMa
N + s

= ? *O— 2 L PWMb
* -:T *dk

ve O Ve L PWMc

R
Zero-Sequence PWM Generator
Calculator Vo

Figure 3.2 Generation ofero-sequencenjectedmodulationwaves
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SVPWM isthe most common modulation method which is generated from SPWM by
zero-sequence signal injection. The main advantage of SVPWM is that it is quite easy
to implement it in digital environment. The computation of required -zeguence
signal \, for SVPWM is given in[19]. According to[19], the magnitudes of three
reference modulation waves £y Vy* and V*) are compared, smallest one is

selected, and it is scaled with 0.5 to compuie V

Thanks to the extended wdecond linearity nage provided by SVPWMDC bus
utilization can beincreasedup to 15.4%compared to SPWM method@hat is why
SVPWM is the most common PWM method if thieiee grid connection is allowed.
However, fourwire AC connection is required at some application siteksSVPWM
cannot be used in these applications. Thus, SVPWM can only be used with floating

and semifloating topologies.

Figure 3.3 shows the hexagonal diagram of switching states of the VSC for SVPWM
operation.Average variation of space vectatefioted ad/rf moves in a circular
trajectory in counteclockwise direction andverage variation of line to line voltage

at converteroutput is sinusoidalV et canbe expressed with the equations (3.1) and
(3.2). Note tha,, S andS represent the switching states in each leg, and they can
be either 1 or 0 according to the state of the switches. According to this hexagonal
diagram, pela voltage that can be achieved at one phase (let us say phase A) with
SVPWM operation can be calculated with the equation (3.3). As clearly seen, peak
voltage that can be achieved in one phase is 0.5 TMVSVPWM operation while it

is only 0.5 \b¢c in SPWM. It means d.5.4%extension in volisecond linearity.

W -0 Y Y 7Y (3.1)
O p”pd T (3.2)
& o odéer -0 ©F ™ XX (33)
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Figure 3.3 Hexagonal diagram of switching states for SVPWM operation

3.2.3.Simulation Results

The difference between the current paths among topologiegyume 3.1 is shown
through simulations for both SPWM and SVPWM modulation methoBgure 3.4

T Figure 3.8. As SVPWM modulation cannot be applied to solidgnnected
topology, it is not included in the simulations. In the first set of simulations,iparas
capacitance (§pv) is neglected, and DC bus voltage is accepted as a constant voltage
source for convenience. Moreover, source inductance is assumed to be included in

grid side inductance. Simulation system parameters are providedble 3.1.

Converter currenti{), capacitor currenid) and capacitor voltag&/;) waveforms are
obtained at steadstate for one fundamental cycle (20 ms)dach case. In addition,
phase voltageMao) and line to line voltagevks) data are recorded too. The converter
circulated common mode current between LCL filter star point and DC bus midpoint
(ino) is obtained for senfioating and solidlyconnected topohies. Moreover, the
current between LCL filter star point and grid neutra) (s also obtained for solicHy

connected topology. Finally, harmonic spectrurmis, &, Vao, Vas, andinoare shown.
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In this way, paths of current components, especially mom mode current

components, are better understood.

As clearly seen ifrigure 3.4, converter current ripple is larger in sefioiating and
solidly-connectd topologies compared to floating topology. This is also seen in the
harmonic spectrums of converter currents. Harmonic component at carrier frequency
(16 kHz) is significantly larger in senfibating and solidlyconnected topologies. The
reason of this &ation can be better understood whegure 3.5 is investigated.
Harmonic spectrums of phase voltages and line to line voltages are given for these
three topologies irFigure 3.5 for SPWM operation. As clearly seen, the voltage
components produced by the VSC are actually same for all topologies. However, when
midpoint of DC bus (point O) and LCL filter star point (poir} are connected, a
conducting path is created for the common mode current components and they can
circulate in the VSC through this conducting pathng®ath inFigure 3.1).

Figure 3.6 further focuses on the properties of common mode current component that
circulates in the VSC in solidlgonnected topology. Harmonic spectrums/ad, ic

andino are focused around carrier frequency regiclearly seenVao andic have

some sidebandarmonic components around carrier frequency. Howawdras only
carrier frequency component. Only common mode components at carrier frequency
and its multiples flow through the conducting path between DC midpoint and LCL

filter when this path is provet in semifloating and solidlyconnected topologies.

Table 3.1 Simulation system parameters

DC Bus Voltage (4c) 750 V DC

Grid Voltage (line to line 400 V AC
Grid Frequency ) 50 Hz
SwitchingFrequency ) 16 kHz
Converter Side InductancedL 800CH
Grid Side Inductance ¢ 400CH
Filter Capacitance (L 25CF

Corner Frequency (- Cy) 1125.4 Hz

LCL Parallel Corner Frequenc 1949.2 Hz
Parasitic Capacitance {&) 30F
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Figure 3.4 SPWM smulation results foiic (blue), Ve (black, scaled by 0)landic
(red) waveform&ndic harmonic spectrums for all topologies.

(a) Floating topology waveforms. (b) Sefiuating topology waveforms. (c) Solidigonnected
topology waveforms. (d). spectrum in floating topology. (&spectrum in serviloating topology. (f)
ic spectrum in solidhconnected topology.

Figure 3.5 SPWM VaoandVas harmonicspectrumgor all topologies

(a) Vao spectrum in floating topology. (BWao spectrum in serdiloating topology. (CVao spectrum in
solidly-connected topology(d) Vags spectrum in floating topology. (&as spectrum insemifloating
topology (f) Vas spectrum irsolidly-connected topology
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