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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 

 

¥ztoprak, Oĵuzhan 

Master of Science, Electrical and Electronics Engineering 

Supervisor: Prof. Dr. Ahmet Masum Hava 

 

 

June 2019, 175 pages 

 

In this thesis, as compared to silicon IGBT (Si-IGBT) technology, the advantages of 

using higher efficiency and faster wide bandgap silicon carbide (SiC) semiconductor 

switches in low voltage three-phase grid-tied PWM DC/AC voltage source converters 

(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 proposes a design 

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 device (Si-IGBT with SiC diode, 

H-IGBT) and SiC-MOSFET semiconductor switches are weighed along with Si-IGBT 

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 kW VSC 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 influences of feedback signal noise filter, 

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

 

SI VE SIC YARI ĶLETKEN ANAHTARLI, AL¢AK GERĶLĶM 3 FAZ 

ķEBEKE BAĴLANTILI AC/DC G¦¢ D¥N¦ķT¦R¦C¦ 

TOPOLOJĶLERĶNĶN PERFORMANS DEĴERLENDĶRMESĶ VE 

KARķILAķTIRILMASI 

 

¥ztoprak, Oĵuzhan 

Y¿ksek Lisans, Elektrik ve Elektronik M¿hendisliĵi 

Tez Danēĸmanē: Prof. Dr. Ahmet Masum Hava 

 

Haziran 2019, 175 sayfa 

 

Bu tezde, al­ak gerilim daĵētēm ĸebekesine baĵlē ¿­ fazlē PWM DC/AC gerilim 

kaynaklē dºn¿ĸt¿r¿c¿lerde (VSC), silikon IGBT (Si-IGBT) teknolojisine kēyasla daha 

y¿ksek verime sahip ve daha hēzlē olan geniĸ bant aralēklē silisyum karb¿r (SiC) yarē 

iletkenlerin kullanēlmasēnēn avantajlarē MW ºl­ekli fotovoltaik santral uygulamalarē 

ºzelinde boyutlandērma, verimlilik ve ekonomik hususlar a­ēsēndan incelenmiĸtir. Bir 

gerilim kaynaklē DC/AC dºn¿ĸt¿r¿c¿n¿n maliyet ve enerji verimliliĵi toplam sistem 

ekonomisini g¿­l¿ bir ĸekilde etkilediĵinden, bu tez, gerilim kaynaklē dºn¿ĸt¿r¿c¿ 

tasarēmē aĸamasēnda toplam sahip olma maliyetini (TCO) eniyileĸtiren bir tasarēm 

yºntemi ºnermektedir. Bu ­alēĸmada yatērēmēn geri dºn¿ĸ¿ (ROI) ve amorti s¿resi 

(PP) eniyileĸtirme i­in temel parametreler olarak kabul edilmiĸtir. Tasarēmda, hibrit 

IGBT (SiC diyotlu Si-IGBT, H-IGBT) ve SiC-MOSFET yarē iletken anahtarlarē, 

referans olarak geleneksel Si-IGBT teknolojisi ile karĸēlaĸtērmalē 

deĵerlendirilmektedir. ¢alēĸma kapsamēnda g¿­ yarēiletken mod¿l¿, pasif s¿zge­ler 

(LCL) ve soĵutucu tasarlanmēĸ ve referans tasarēmē ile karĸēlaĸtērēlmēĸtēr. Performans 

­alēĸmalarēnē doĵrulamak i­in 30 kWôlēk bir gerilim kaynaklē DC/AC dºn¿ĸt¿r¿c¿ 

tasarlanmēĸ, benzetimi yapēlmēĸ, laboratuvar ortamēnda test edilmiĸ ve ardēndan 

ekonomik deĵerlendirmeler yapēlmēĸtēr. Ek olarak bu tezde y¿ksek anahtarlama 

frekanslarēnda ­alēĸan geniĸ bant aralēklē yarē iletkenli bir gerilim kaynaklē DC/AC 

dºn¿ĸt¿r¿c¿de geri besleme hattē sinyal g¿r¿lt¿ s¿zgeci gecikmesi, PWM gecikmesi 

ve kontrol gecikmesinin sistemin kontrol performansē ¿zerindeki etkisi araĸtērēlmēĸtēr. 

ķebeke akēm kontrol¿ ve dºn¿ĸt¿r¿c¿ akēm kontrol yºntemleri, modelleme ve 

benzetim ile karĸēlaĸtērēlarak ºnerilerde bulunulmuĸtur. 
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Gerilim Kaynaklē Dºn¿ĸt¿r¿c¿ (VSC) 
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CHAPTER 1  

 

1. INTRODUCTION  

 

1.1. Background and Motivation 

Electrical energy is the most crucial energy type in the modern world as it has 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 converted in 

an economic and efficient way to other energy forms such as chemical energy 

(batteries), heat energy (electric heaters), mechanical energy (any kind of electric 

motors), lightning energy (LEDs, fluorescent lambs etc.), and so on. 

As the human population increases in the world and developing countries keep 

investing on industrialization, total demand for electrical energy also increases in the 

world. There are various ways to generate electrical energy. Thermal power plants use 

fossil resources, nuclear power plants use radioactive elements, and hydro power 

plants use the potential energy of water as primary source. Renewable energy sources 

use primary sources such as solar energy, wind 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 nuclear and 

thermal power plants on the environment and human health decreased their popularity 

in 21st century. According to the 2018 energy outlook document of BP [1], share of 

nuclear energy in global electricity generation decreased to approximately 10% 

whereas it was above 15% at the end of 20th century as seen in Figure 1.1. At the same 

time, share of renewable energy sources dramatically increased in 21st century 

(approached almost 10%) and it is expected to keep increasing in the future. 
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Figure 1.1 Share of total electricity generation in the world. 

With increasing investments on renewable energy systems and smart grid 

applications, traditional power systems, where power is generated in huge power 

plants and transmitted long distances before consumption, has started changing. 

Distributed energy generation (DEG) and distributed energy storage (DES) concepts 

have appeared.  Microgrid applications, where distributed 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 given in Figure 1.2 

[2]. As seen in Figure 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 more efficient way within microgrid systems and they become more 

attractive as distributed energy generation concept gets more popular with microgrid 

applications. 
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Figure 1.2 Sample microgrid system diagram [2]. 

Wind energy and solar energy are the most common renewable energy forms in 

todayôs world. According to the Renewable Capacity Statistics 2018 report published 

by IRENA (International Renewable Energy Agency), total installed wind energy 

capacity has increased to 513.9 GW in 2017 globally including 494.6 GW on-shore 

and 19.3 GW off-shore installation [3]. According to the same report, total installed 

solar energy capacity has increased to 390.6 GW in 2017 including 385.6 GW 

photovoltaic (PV) installation and 4.9 GW concentrated solar plant installation. The 

increase of installed wind and solar energy capacity in the last 10 years can be seen in 

Figure 1.3. As clearly seen, most of the wind installations are completed as on-shore 

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 website of Republic of Turkey Ministry of Energy and Naturel 

Resources [4], total installed wind energy capacity has increased to 7 GW and total 

installed PV capacity has reached 5 GW by February 2019 in Turkey. 
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Figure 1.3 Globally installed wind and solar energy capacity [3]. 

As renewable energy system installations have increased dramatically in the 21st 

century, they become the most popular components in microgrid power systems. 

Although multi-megawatt scale wind turbine plants can directly connect to the 

medium voltage AC grid, low voltage AC microgrids form the most common 

microgrid system type. In this modern grid structure, renewable energy resources, 

storage systems, electric vehicles, uninterruptible power supplies, industrial loads, and 

many other applications are expected to connect to the low voltage AC grid through a 

grid-connected voltage source converter (VSC) [5]. In addition, grid-connected VSCs 

can contribute to the stability, reliability and efficiency of the power system as active 

filters and static compensators (STATCOMs).  

Grid-connected VSCs are widely utilized since the beginning of early 2000s with 

spreading of silicon based insulated gate bipolar transistors (IGBTs). First, they were 

used in rectifiers of transformerless uninterruptible power supply (UPS) products. 

Then, wind-turbine systems also started using them in back to back connected 

converter structure as shown in Figure 1.2. As wind-turbine applications are usually 

configured as MW-scale systems and 690 V AC grid connection is commonly used in 
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these applications, high power grid-connected VSCs are used in these systems. In 

2004, Germany announced a feed-in-tariff (FIT) value between 0.540 ï 0.624 

EUR/kWh over 20 years for PV installations and pioneered the PV applications in the 

world [6]. Since then, grid-connected VSCs have been utilized in PV applications at 

accelerated rate. In the following years, grid-connected VSC market has exponentially 

increased with the dramatic increase of on-grid renewable energy applications. Now, 

on-grid energy storage applications are expected to dominate the market in the 3rd 

decade of 21st century and grid-connected VSCs are expected to be one of the most 

important components in on-grid energy storage systems too. 

In PV systems, two different approaches emerged for grid-connected VSCs. First 

approach is central converter approach (the term inverter is avoided as it is less 

comprehensive than converter) and proposes using MW-scale grid-connected VSCs 

in solar farm applications just like wind-turbine systems. Power levels of central 

converters start from 250 kVA and can go up to 1 ï 2 MVA. 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 using grid-connected VSCs with lower power 

rating. Single-phase string converters are common in residential applications below 

10 kVA and three-phase string converters are common in 10 kVA ï 150 kVA power 

range. String converters mostly connect to 400 V AC grid. In addition to individual 

operation in rooftop applications, they can also be used in parallel connected 

configurations in solar farms as seen in Figure 1.4 which shows the single line 

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 

configurations. 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, three-phase grid-connected VSCs in the power range 10 kVA ï 150 kVA 

are investigated. Although power level of these converters is not as high as MW-scale 
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grid-connected VSCs, the commercial volume of them is significant as they are used 

in many products such as UPSs, PV converters, battery converters, active filters, 

STATCOMs and so on. In the specified power range, a technical and economic 

analysis is conducted about grid-connected VSCs in this dissertation. A design method 

is given, technical performance is evaluated, and an economic assessment is 

conducted. Although the conducted analysis and obtained results are applicable to 

most of the grid-connected VSC applications, specifically a PV power plant 

application is chosen in this study to illustrate and emphasize the investigation. 

Grid-connected VSC is the most technological component in a PV system and it can 

be denoted as the heart of a PV power plant. Moreover, it contributes to approximately 

5ï15% of the whole investment cost. Therefore, design, cost, and performance of 

these grid-connected converters are very crucial, and their study has an important 

value in todayôs research world.  

 

Figure 1.4 Single line diagram of a PV power plant with string converter approach. 
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1.2. State of the Art and Future Trend 

Three-phase grid-connected VSCs for 400 V AC grid applications in the power range 

of 10 kVA ï 150 kVA have been commonly used for more than 20 years in many 

applications and design of these converters are well established 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. As Si-IGBTs are the most common 

device today, grid-connected VSC designs are carried out taking the Si-IGBT ratings 

into account. 

The simplest converter topology is two-level VSC topology in todayôs grid-connected 

VSC applications. The main advantage of this topology is 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 applications 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. Size of magnetics 

significantly affects the size and cost of a product. In the same power range, a typical 

grid-connected VSC is 2-3 times larger and heavier compared to a motor drive inverter 

due to its filter size. Also, it costs typically 2-3 times more. A typical three-phase two-

level grid-connected converter with an LCL filter structure is given in Figure 1.5. 

 

Figure 1.5 Two-level three-phase grid-connected VSC with LCL filter. 
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In increasing power levels, limited switching capability of conventional IGBT devices 

motivated designers to choose three-level topologies instead of two-level topologies. 

With three-level topologies, effective switching frequency can be further increased, 

and higher efficiency values can be achieved. However, initial cost and control 

complexity of the converter increases [8] - [10]. In addition, reliability decreases due 

to higher number of semiconductor switches. NPC type (neutral point clamped) and T 

type three-level converters are developed and commonly used as three-level 

topologies in todayôs applications. Figure 1.6 shows the circuit schematics of NPC 

type and T type three level converter topologies. 

Control of grid-connected 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 with the grid. Current control can be implemented by using either 

grid-current feedback (GCF) or converter-current feedback (CCF) configurations 

depending on the measurement point of the current. A basic control diagram of a grid-

connected VSC is shown in Figure 1.7. Each method has its own advantages and 

disadvantages. A detailed analysis of current control model is presented in Chapter 3. 

 

Figure 1.6 Three level converter topologies. (a) NPC type. (b) T type. 
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Typical filter structure used in grid-connected VSC applications is LCL filter. As also 

seen in Figure 1.5, LCL filter is composed of a converter-side inductor (Lc), a filter 

capacitor (Cf) and a grid-side inductor (Lg). As the VSC connects to the low voltage 

grid, leakage inductance of the distribution transformer (Ls) 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 current into the grid satisfies the grid regulations. IEEE 

recommended practice and requirements for harmonic control in electric power 

system document defines the limits for harmonic components in grid-connected 

equipment [11]. 

Todayôs design limits are set by Si-IGBT technology. Limited switching capability of 

the Si-IGBT devices result in lower switching frequencies and bigger filter size. If 

switching frequency is increased sacrificing the efficiency, heatsink size gets bigger. 

Thus, more complicated three-level topologies are improved but in fact, limitations of 

Si-IGBT devices still apply to three-level topologies too. Thus, thirst for increasing 

efficiency and reducing the size of the product brings the silicon carbide (SiC) and 

gallium nitride (GaN) devices into play in design of grid-connected VSCs. 

 

Figure 1.7 A basic control diagram of grid-connected VSC. 
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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 Si based transistors [12] [13]. 

Basically, higher switching performance is achieved with 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, lower conduction 

losses can be provided with low on-state resistance of SiC-MOSFETs. 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 can be compared with Si-IGBTs as shown in Figure 1.8 [14]. As seen, 

SiC-MOSFET switching capability is superior over Si-IGBT at same power level so 

SiC-MOSFET is a better option at higher switching frequencies. In fact, SiC-

MOSFET can be even used at applications within IGBT device ratings for higher 

efficiency considerations. 

 

Figure 1.8 Comparison of SiC-MOSFET and Si-IGBT ratings [14]. 
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1.3. Prior Work  

In the literature, many valuable design studies have been conducted about grid-

connected VSC concept. Although most of them have made significant contributions 

to the literature, only particular ones can be mentioned here. Three-phase converter 

topologies are investigated in [8], a step-by-step design procedure is given in [15] and 

a design method is proposed taking topology and PWM method into account in [9]. 

Multilevel converter topologies are analyzed in detail in [16]-[17] and effects of 

modulation methods are also discussed in [18]-[20].  

Filter stage is also one of the most important parts of a grid-connected VSC systems 

as shown in Figure 1.4 and Figure 1.5. Thus, filter design has been investigated in 

many studies. Design of a grid-connected PWM-VSC with LCL filter is studied in 

[21]-[22]. In addition, control and analysis of three-phase grid-connected VSCs with 

LCL filter are analyzed in detail in [23]-[26]. 

With the penetration of SiC semiconductors into the market, many researches focused 

on the advantages and merits of SiC devices in VSC systems. High efficiency values 

are achieved with superior switching characteristics of SiC-MOSFETs in different 

topologies and different power levels. SiC devices are used in three-level T-Type 

configuration in a 480 V AC grid-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, five-level topology is used, and 99.2% peak efficiency is 

achieved for a 60-kW 480 V AC grid-connected VSC at 50 kHz switching frequency 

[28]. Studies on usage of SiC devices in two-level converter topology are also 

available. A comparison is conducted between Si-IGBTs and SiC JFETs through a 

two-level grid-connected VSC application in Fraunhofer ISE. Based on experimental 

measurements, the European efficiency with 4th generation IGBTs is calculated as 

95.4% for a 5-kW application with 16 kHz switching frequency. However, the 

European efficiency is calculated as 96.6% with SiC JFETs for the same application 

although the switching frequency is increased to 48 kHz [29]. In [30], a retrofitting 
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approach is used and Si-IGBT modules with Si diodes are exchanged with hybrid 

IGBT (H-IGBT) modules with Si-IGBT and SiC Schottky barrier diodes. In this study, 

approximately 0.3% efficiency increase is achieved for a two-level converter topology 

in 50-kW application with retrofitting. Another retrofitting approach is reported by 

Mitsubishi. Gate turn-off thyristor inverter is retrofitted with all SiC semiconductor 

switches in a traction application that uses two-level PWM converter topology with 

regenerative braking feature and 40% power saving is achieved according to the 

measurements taken between January 17 and May 8, 2015 [31]. 

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 three-level topology with Si-IGBTs 

and two-level topology with SiC JFETs through power module, magnetics and 

heatsink costs in [32]. Actually, economic evaluations have been already mentioned 

for conventional designs with Si-IGBT 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 (PP) calculations for three-level and two-level topologies in [33]. 

Similar to these studies, an economic assessment is carried out between two-level and 

three-level converter designs for UPS applications in [34]-[35]. These studies propose 

taking economic 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 of grid-connected 

VSCs are already investigated in detail 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 

three-phase grid-connected VSC application 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 of grid-connected 

three-phase VSCs with SiC devices in PV power plant applications. There are two 

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 with a H-IGBT or a SiC-MOSFET 

module. Switching frequency is enhanced. Then, heatsink sizing and filter design are 

conducted accordingly. While transitioning from the Si to SiC technology, it is 

possible to either start a totally new design from scratch or to increment a design from 

Si technology. In this study, the second approach is preferred. This approach guides 

the Si-based design engineer to the result in fair comparison with the SiC technology. 

Second contribution is the grid-connected three-phase VSC design methodology 

which takes the economic aspects into account during design process. While in 

industry typically the application field constraint is gained via know-how, a-priori 

design involving the application conditions is rare due to lack of knowledge and 

methodology in merging the technical and economical specs into one pot considering 

the specific application. This study exactly attempts to guide the VSC design for PV 

applications considering the TCO, ROI and PP parameters. A PV system case study 

is conducted 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 design. Therefore, economic aspects of the design are 

assessed easily. 

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 

about grid-connected 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. Two-level topologies are specifically focused and compared for PV 

applications in terms of common-mode 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 pole-zero charts for GCF configuration. 

Chapter 4 is dedicated to the design of a 30-kVA three-phase grid-connected VSC. A 

loss calculation algorithm is developed to calculate the semiconductor losses at given 

conditions and steady-state thermal model of the system is used for heatsink 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 developed the 

calculate the core losses of the converter side inductors of a grid-connected PWM-

VSC. Once the hardware design is completed, control method of the VSC is also 

given. Steady-state operation is shown with simulations and expected efficiency 

values are calculated. Calculated efficiency values are verified by experimental 

results. In this chapter, a reference design is provided with Si-IGBT module. This 

reference design is accepted as base and progressive design cases are proposed with 

H-IGBT and SiC-MOSFET modules to mention the advantages of H-IGBT and SiC-

MOSFET modules. In each case, presented design steps are repeated for H-IGBT and 

SiC-MOSFET modules. Eventually, efficiency curves (efficiency vs load) are 

obtained and euro efficiency values are calculated for four different design cases with 

Si-IGBT, H- IGBT and SiC-MOSFET 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 
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are excluded from economic evaluation. Only power semiconductor module, heatsink 

and inductor costs are taken into account and a differential TCO (ȹTCO) analysis is 

provided through cost difference of these components. Once the cost difference 

between initial investment 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 values. The differences between annual energy harvest values are calculated 

and by using the FIT values in these six locations, differences between annual yield 

values are obtained. Then, PP values are determined for all six locations for every 

design case with different power semiconductor modules. In addition, differential ROI 

(ȹROI) values are calculated for each case. As a result, economic feasibility of H-

IGBT and SiC-MOSFET modules are evaluated in this chapter in PV power plants 

with string converter approach. 

Chapter 6 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. 
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CHAPTER 2  

 

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 enormous attention in the last decade. PV systems can be installed either 

as grid-connected systems, which are often called as ñon-grid PV systemsò, or stand-

alone systems which are often called as ñoff-grid PV systemsò. In this chapter, on-grid 

PV systems are investigated, and a background is provided about on-grid PV system 

applications and system components.  

First, most common on-grid PV application types are presented, and their trade 

mechanism in energy market is explained. Second, two main system components, PV 

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, an example 1-MW PV power plant is designed with 30-kW 

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 plant on both DC and AC sides are provided.  
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2.2. On-Grid PV Application Types 

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

application site, and grid-connection type.  

Residential applications are common up to 10 kVA power level. Usually these systems 

are installed as rooftop applications and single-phase grid-connection is commonly 

preferred, so single-phase PV converters are used. Beyond 10 kVA power level, 

commercial rooftop applications are common. Suitable office, residence, shopping 

mall, factory, etc. roofs can be used for solar installations. Power levels can go up to 

MVA scale depending on the available roof area. Three-phase PV converters are 

available for these applications in 10 kVA ï 150 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 from 250 kVA 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 a distribution transformer. 

Generated electrical energy in on-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 regarding the electricity 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 in on-grid PV systems. A feed-in-tariff 

(FIT) value is determined for the cost of the unit electrical energy that is sold to the 

utility grid from an on-grid PV system by local authorities and energy trade is 

conducted on this value. Economic assessment of an on-grid 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 grid-connected PV systems. They are usually 

denoted in total as ñPV generatorò. The main responsibility of PV modules is the 

photovoltaic energy conversion. Basically, PV modules absorb the incoming sunlight 

and generate DC current with this absorbed energy. In other words, they operate 

according to the photoelectric effect [36]. 

The current-voltage characteristics of PV modules are not linear. Between open-

circuit voltage and short-circuit 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 achieved [39]. Figure 2.1 shows the I-V 

characteristics of a single PV module and its series/parallel connected configurations. 

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

the series connection of modules increases the overall voltage. 

In PV applications, 1000 V is the todayôs standard for maximum voltage and higher 

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 open-circuit voltage does not exceed maximum voltage rating of the used 

equipment in 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 method. 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. Monocrystalline, 

polycrystalline and thin-film 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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Figure 2.1 (a) I-V characteristics of a PV module (b) I-V characteristics of 

series/parallel connected PV modules [39]. 
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Monocrystalline 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 manufacturers give warranty over 20 years for monocrystalline PV 

modules. However, their cost is high, and it increases the initial investment cost [37]. 

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 cost [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 (a-Si) and cadmium telluride (CdTe) are the 

most common materials 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. 

Therefore, 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 in on-grid 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 a grid-connected VSC. However, 

PV converter term is commonly used in PV industry instead of grid-connected VSC. 

Thus, in this chapter also PV converter term is used instead of grid-connected VSC. 

There are several PV converter types as also mentioned in on-grid PV application 

types earlier in this chapter. 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 scale. Their 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. 

Single-phase string converters are available till 10 kVA power level and three-phase 

string converters are available in the power range 10 kVA ï 150 kVA. String 

converters provide MPPT control at string or multi-string level. They are commonly 

used in rooftop 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 converters are developed for MW-scale 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 low cost per kW compared to string converters. 

Both string converters and central converters have certain advantages in PV power 

plant systems. Table 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 weight 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 significant place in these applications. Figure 2.2 shows the 

share of string converters in the installed PV systems in the USA. As clearly seen, 

share of string converters 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 

application with string converters. 
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Table 2.1 Three-phase central converter vs string converter comparison 

 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 

input at central level 

Multiple MPPT inputs for 

the same power level 

Redundancy Low High 

Monitoring  Power plant level String level 

Weight per Product Typically, above 500 kg Typically, below 100 kg 

Design Flexibility Low High 

Additional Costs Container or another 

structure for housing 

AC switchgear board for 

grid connection 

 

String converters can be either in single-conversion or double-conversion structure 

depending on whether they employ a DC-DC converter at the input or not. Both 

approaches have different advantages. Although single-conversion approach yields 

higher peak efficiency, it has limited MPPT voltage range because MPPT algorithm 

is carried out by the grid-connected 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 modulation method [40]. 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, employing a boost converter at the input brings the 

advantage of increased MPPT voltage range. MPPT range can be even extended till 

100 ï 200 V levels. However, this approach has the disadvantage of higher cost and 

lower peak efficiency. Geographical conditions and application 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 these conditions, 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 string converters in installed PV systems in the USA [7]. 

2.4.1. Efficiency of PV Converters 

Efficiency of PV converters is crucial as it directly affects the amount of energy 

injected to the grid. However, PV converters do not always operate at rated power due 

to intermittent nature of PV energy. Typical output power characteristics of a PV 

power plant for sunny and cloudy days are given in Figure 2.3. As clearly seen, a PV 

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

it does not even approach this value in a cloudy day. That is why, an efficiency 

parameter called ñeuro efficiencyò is proposed to define a weighted efficiency value 

using efficiency vs load curves of the converters. By definition, euro efficiency 

equation is given in (2.1) [66]. 
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Figure 2.3 Typical power characteristics of a 1 MW power plant. (a) Sunny day. (b) 

Cloudy day [45]. 

In addition to euro efficiency, another efficiency concept named as ñCEC efficiencyò 

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. By definition, CEC efficiency equation is given in (2.2) [66]. 

– πȢπσ–Ϸ πȢπφ– Ϸ πȢρσ– Ϸ πȢρπ– Ϸ πȢτψ– Ϸ πȢς– Ϸ    (2.1)  

– πȢπτ– Ϸ πȢπυ– Ϸ πȢρς– Ϸ πȢςρ– Ϸ πȢυσ– Ϸ πȢπυ– Ϸ  (2.2) 
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2.4.2. Standards and Regulations 

PV converters have to satisfy a set of standards and regulations. IEEE Std 519TM-2014 

is the most common recommendation document for power quality requirements for 

the grid-connected applications [11]. Limits are set for injected harmonic components 

to the grid up to 50th component. This is essential for sustaining the power quality of 

the grid and all grid-connected converters must satisfy the requirements in this 

document. Thus, design of the PWM-VSC must be conducted taking these limits into 

account and especially sizing of the filter components must be done accordingly. 

Table 2.2 provides the current distortion limits for power generation equipment 

connected to the low voltage 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 to 25% of the defined odd harmonic limits. 

IEC 61727:2004 provides utility interface characteristics for grid-connected power 

electronics equipment in PV systems [41]. This standard is a must for commercial on-

grid PV converters. According to IEC 61727, PV converters are required to disconnect 

from the grid within given tripping times in Table 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 at the PCC 

Individual Harmonic Order (Odd Harmonics)  

3Җh<11 11Җh<17 17Җh<23 23Җh<35 35Җh<50 TDD 

4 2 1.5 0.6 0.3 5 

 

Table 2.3 IEC 61727 tripping time requirements for the PV converter 

 Lower Limit  Upper Limit  Tripping Time  

Grid Voltage 50% 135% 0.1s / 0.05s 

85% 110% 2.0 s 

Grid Frequency -1 Hz +1 Hz 0.2 s 
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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 systems [42]. 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 seconds once 

it detects that it is islanded. Anti-islanding 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 prevents the 

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 62109-1:2010 defines the minimum requirements 

about the design of PV converters for protection against electric shock and other 

hazards such as fire [43]. The second part of this standard, which is named as IEC 

62109-2:2011, covers particular safety requirements about PV converters (DC to AC 

power conversion products) in PV systems [44].  

According to IEC 62109-2, 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, 

according to the same standard, PV converter must disconnect from the grid and turn 

off in 0.3 seconds in case of a 30-mA residual current jump. Similarly, tripping times 

are set as 0.15 seconds and 0.04 seconds in case of 60-mA and 150-mA residual 

current jump incidents respectively. 
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When on-grid 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, with increasing number 

of on-grid PV systems, today PV converters are supposed to operate in grid supporting 

mode. EN50549-1 mentions some of the grid supporting functions such as static 

voltage support by reactive power control and dynamic grid support with fault-ride-

through properties [46]. Future trend shows that islanded mode operation may also be 

required from PV converters in microgrid applications. Thus, next step can be named 

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 given in Figure 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 output currents of 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 cost as it requires 

a separate DC-DC 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 chosen due to 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 in Figure 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 strings is shaded, currents 

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 this DC isolator 



 

 

 

29 

 

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-DC converter of the PV converter. 

Here, it is a common practice to use NH fuse (ñNiederspannungs Hochleistungsò in 

German) at the input of the PV converter to provide short circuit protection at DC side. 

This DC-DC converter is usually chosen as a boost converter and it guarantees 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 three-phase grid-

connected PWM-VSC. 

As there are many string converters in a solar farm, an AC switchgear board is 

necessary to control the grid-connection of the converters. AC circuit breakers are 

used here to provide protection for possible short-circuit at the output of PV 

converters. These circuit breakers are also used to de-energize the converters 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 transformer is used in a 1-MW 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 nights depending on 

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 with 30-kW converters because 

string converters provide more MPPT inputs 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 solar farm layout with string converter approach. 

Nominal DC power is adjusted as approximately 15% higher than rated AC power 

because DC-AC overloading is a common practice in MW scale PV power plants [7]. 

The main reason of this common practice is that nominal DC power of the PV modules 

are defined in standard test conditions (1000 W/m2 irradiance and 25 ÁC module 

temperature) and these conditions are rarely supposed to occur in real conditions. 

Either irradiance does not reach 1000 W/m2 levels or PV module temperature exceeds 

25 ÁC with increasing current at full-load.  

The maximum voltage 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 (Uoc) of the PV 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 addition, it is difficult to guess the irradiance level at the 

coldest moments during daytime. Thus, with a safety margin, it is assumed that -25 ÜC 

is the coldest temperature that PV modules experience under 1000 W/m2 irradiance. 
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ὠ ὠ ςυЈὅᶻ
Ј  ᶻ

   (2.3) 

JKM260PP-60 polycrystalline PV module (260 W) is used in this PV power plant 

application. According to the equation (2.3), series connection of 23 modules exceed 

the 1000 V limit at 1000 W/m2 irradiance and -25 ÜC conditions [38]. Thus, at most 

22 series modules can be used in one string. As 30-kW PV 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 AC loading for the PV converter. Totally, 4356 

PV modules (260 W) and 33 PV converters (30-kW) are used in the PV power plant. 

PV power plant is configured for six geographically different locations namely 

Palermo (Italy), Napoli (Italy), Milano (Italy), Konya (Turkey), 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 in Table 2.4.  

AC grid voltage is specified as 400 V and grid frequency is specified as 50 Hz. 4-wire 

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. Conclusion 

In this chapter, a background about on-grid PV systems is provided. On-grid 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 plant 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 PV power plant properties 

Power Plant Properties PV Converter 

Properties 

No. of PV 

Modules 

4356 No. of 

Converters 

33 

Nominal DC 

Power 

1132.56 kW Rated 

Power 

30 kW 

PV Module and 

Properties at 

Standard Test 

Condition 

Jinko Solar JKM260PP-60 

- PMPP = 260 W     - VMP  = 31.1 V 

- VOC  = 38.1 V     - IMP    = 8.37 A 

- ISC    = 8.98 A     - ɖ       = 15.89 % 

VSC 

DC Bus 

Voltage 

750 V 

fsw (kHz) 8 ï 48 

PV Module 
Configuration 

22 modules/string,  6 strings/converter Grid 
Frequency 

50 Hz 

Filter 

Structure 

LCL 

PV Module 
Azimuth Angle 

180Á AC 
Connection 

3P/N/PE 

Power Plant 

Cabling Loss 

1% Grid 

Voltage 

400 V 

Annual 
Irradiance  

(kWh/m2)  

and  

PV Module 
Inclination (Á) 

in Each 

Location 
 

Palermo (Italy) 29Á 1784 kWh/m2 Power 
Factor 

1 

Napoli (Italy) 31Á 1644 kWh/m2 Boost Converter 

Milano (Italy) 32Á 1307 kWh/m2 Input 

Voltage 

450 ï 650  

V 

Konya (Turkey) 30Á 1763 kWh/m2 Output 

Voltage 

750 V 

Sion (Switzerland) 35Á 1383 kWh/m2 fsw (kHz) 8 

Tallinn (Estonia) 37Á 946 kWh/m2 

Feed-In-Tariff 

(FIT)  

[47] - [51] 

0.133 USD/kWh in Turkey 

*0.110 USD/kWh in Switzerland 

*0.060 USD/kWh in Estonia 

**0.044 USD/kWh in Italy 

Two parallel operating 

boost converters using 

dual-pack Si-IGBT 

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  

 

3. THREE-PHASE GRID-CONNECTED PWM -VSC TECHNOLOGIES  

 

3.1. Introduction  

Three-phase grid-connected VSCs are the most important components in modern 

power grids. As mentioned in Chapter 1, various applications such as renewable 

energy applications, storage systems and uninterruptible power supplies connect to the 

grid through a grid-connected VSC. As also mentioned in Chapter 2, three-phase grid-

connected VSCs in 10 kVA ï 150 kVA power range are employed in string converters 

which have a significant commercial value in todayôs PV market. Thus, design of 

three-phase grid-connected VSCs has gained an enormous attention. This chapter is 

specifically dedicated to the review of state of the art of three-phase grid-connected 

PWM-VSC technologies in 10 kVA ï 150 kVA power range and analysis of used 

three-phase grid-connected PWM-VSC structure in this study. 

The PWM-VSC is responsible for converting the DC current into AC current by 

switching of the semiconductor switches in a suitable manner and the filter between 

the VSC and the grid is responsible for attenuation of the harmonic current 

components which are generated by the switching action of the PWM-VSC. Switching 

signals of the semiconductors are created by modulator according to the control 

algorithm. Thus, topology of the PWM-VSC, semiconductor technology, filter 

properties and modulation methods are closely related. Basically, a design path 

requires a deep understanding of the relation between these parameters. 

Many parameters affect the design of a grid-connected 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 for grid-connected 

VSCs in on-board electric vehicle chargers while cost and efficiency are more 
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important for a grid-connected 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 is necessary on todayôs grid-connected VSC 

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 widely used in todayôs three-phase 

grid-connected PWM-VSCs in 10 kVA ï 150 kVA power range are introduced and 

explained in detail. 

3.2. Topology and Modulation Method 

3.2.1. Topologies 

Among three phase converters, two-level converter topology is the simplest and 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 shown in Figure 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 limitations. Each power 

transistor is responsible for blocking the whole DC bus voltage and voltage blocking 

rating of the semiconductors must be high accordingly. Switching of high DC voltage 

may cause undesired electromagnetic interference (EMI) problems due to high dV/dt 

rate. It also increases switching losses. Due to efficiency considerations, it is very 

difficult to increase switching frequency beyond 10 kHz level with conventional 

silicon IGBT technology beyond 100 kVA power levels. As a result, compared to 

multi-level converter topologies, larger filter is necessary at the output of the VSC to 

achieve required power quality standards. 

1200 V Si-IGBTs are the optimum solution for two-level topology in 400 V AC grid 

applications but switching capability of Si-IGBTs is limited as mentioned. This 

encouraged the use of three-level topologies. With the penetration of three-level 

topologies into the market, 600 V IGBTs, which have better switching performance 

compared to 1200 V IGBTs, have also found themselves a place in 400 V AC grid 
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applications. Although control complexity, number of components (semiconductors, 

gate drives etc.) and initial cost of the final product increase, three-level topologies 

become standard in industry in grid-connected VSCs with Si-IGBTs at power levels 

especially beyond 10 kVA due to their higher efficiency advantage. Most common 

three-level topologies, namely NPC type and T type, are shown in Figure 1.6. 

On the other hand, recent developments in wide bandgap semiconductor technology 

made SiC-MOSFETs and SiC Schottky barrier diodes available. Today Si-IGBT 

modules can be replaced by either full SiC-MOSFET modules or H-IGBT modules. 

With enhanced switching performance of SiC devices, switching losses can be kept at 

a reasonable level and two-level topology can still achieve a satisfactory efficiency 

level at higher switching frequencies by keeping other advantages of two-level 

topology such as low cost, low complexity, high reliability and simplicity. Thus, two-

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

two-level topology with SiC devices is chosen as the main 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 DC bus voltage as shown in 

Figure 3.1 (a), or it can be implemented by splitting the DC bus voltage with a 

midpoint connection as shown in Figure 3.1 (b) and Figure 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. In Figure 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, semi-floating and solidly-connected 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 topologies) because 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 62109-2 as mentioned in Chapter 2 [44]. 
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Thus, parasitic capacitances from DC bus to the ground must be taken into account 

and they are also modelled in Figure 3.1 with gray dashed lines (Cg-pv). 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.) [52] [53]. This value is assumed as 200 nF/kW to take the worst 

conditions into account in this study. 

 

Figure 3.1 Two-level converter topologies. 
(a) Floating topology, DC bus voltage is not split. (b) Semi-floating topology, midpoint of DC bus and 

star point of filter capacitors are connected. (c) Solidly-connected topology, midpoint of DC bus, 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 in Figure 3.1. In this modulation method, three converter legs are 

switched according to the PWM signals which are generated by three sinusoidal 

modulation waves that are 120  lagging each other. Basically, modulation waves are 

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 between the neutral point of the grid and converter. In this case, 

any zero-sequence 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 zero-sequence components at the output of the converter cancel 

each other, they are not injected to the grid. As seen in Figure 3.2, the reference 

SPWM modulation waves Va*, V b* and Vc* can be used to compute a zero-sequence 

signal Vo and the modified reference signals Va**, V b** and Vc** are obtained adding 

Vo to reference SPWM modulation waves. 

 

Figure 3.2 Generation of zero-sequence injected modulation waves. 
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SVPWM is the 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 zero-sequence 

signal Vo for SVPWM is given in [19]. According to [19], the magnitudes of three 

reference modulation waves (Va*, V b* and Vc*) are compared, smallest one is 

selected, and it is scaled with 0.5 to compute Vo. 

Thanks to the extended volt-second linearity range provided by SVPWM, DC bus 

utilization can be increased up to 15.4% compared to SPWM method. That is why 

SVPWM is the most common PWM method if three-wire grid connection is allowed. 

However, four-wire AC connection is required at some application sites and SVPWM 

cannot be used in these applications. Thus, SVPWM can only be used with floating 

and semi-floating topologies. 

Figure 3.3 shows the hexagonal diagram of switching states of the VSC for SVPWM 

operation. Average variation of space vector (denoted as Vref) moves in a circular 

trajectory in counter-clockwise direction and average variation of line to line voltage 

at converter output is sinusoidal. Vref can be expressed with the equations (3.1) and 

(3.2). Note that Sa, Sb and Sc 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, peak 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 0.577 VDC in SVPWM operation while it 

is only 0.5 VDC in SPWM. It means a 15.4% extension in volt-second linearity. 

 ὠ ὠ Ὓ ὥὛ ὥὛ     (3.1) 

ὥ ρ᷁ρςπЈ      (3.2) 

 ὠ ὠ  ὼ ὧέίσπЈ ὠ  ὼ 
Ѝ
 πȢυχχὠ   (3.3) 
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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 topologies in Figure 3.1 is shown 

through simulations for both SPWM and SVPWM modulation methods in Figure 3.4 

ï Figure 3.8. As SVPWM modulation cannot be applied to solidly-connected 

topology, it is not included in the simulations. In the first set of simulations, parasitic 

capacitance (Cg-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 provided in Table 3.1. 

Converter current (ic), capacitor current (icf) and capacitor voltage (Vcf) waveforms are 

obtained at steady-state for one fundamental cycle (20 ms) for each case. In addition, 

phase voltage (VAO) and line to line voltage (VAB) data are recorded too. The converter 

circulated common mode current between LCL filter star point and DC bus midpoint 

(ino) is obtained for semi-floating and solidly-connected topologies. Moreover, the 

current between LCL filter star point and grid neutral (ing) is also obtained for solidly-

connected topology. Finally, harmonic spectrums of ic, Vcf, VAO, VAB, and ino are shown. 
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In this way, paths of current components, especially common mode current 

components, are better understood. 

As clearly seen in Figure 3.4, converter current ripple is larger in semi-floating and 

solidly-connected 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 semi-floating and solidly-connected topologies. The 

reason of this situation can be better understood when Figure 3.5 is investigated. 

Harmonic spectrums of phase voltages and line to line voltages are given for these 

three topologies in Figure 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 (point nc) are connected, a 

conducting path is created for the common mode current components and they can 

circulate in the VSC through this conducting path (O-nc path in Figure 3.1).  

Figure 3.6 further focuses on the properties of common mode current component that 

circulates in the VSC in solidly-connected topology. Harmonic spectrums of VAO, ic 

and ino are focused around carrier frequency region. As clearly seen, VAO and ic have 

some sideband harmonic components around carrier frequency. However, ino has 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 provided in semi-floating and solidly-connected topologies. 

Table 3.1 Simulation system parameters 

DC Bus Voltage (VDC) 750 V DC 

Grid Voltage (line to line) 400 V AC 

Grid Frequency (fg) 50 Hz 

Switching Frequency (fsw) 16 kHz 

Converter Side Inductance (Lc) 800 ÕH 

Grid Side Inductance (Lg) 400 ÕH 

Filter Capacitance (Cf) 25 ÕF 

Corner Frequency (Lc - Cf) 1125.4 Hz 

LCL Parallel Corner Frequency 1949.2 Hz 

Parasitic Capacitance (Cg-pv) 3 ÕF 
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Figure 3.4 SPWM simulation results for ic (blue), Vcf (black, scaled by 0.1) and icf 

(red) waveforms and ic harmonic spectrums for all topologies. 
(a) Floating topology waveforms. (b) Semi-floating topology waveforms. (c) Solidly-connected 

topology waveforms. (d) ic spectrum in floating topology. (e) ic spectrum in semi-floating topology. (f) 

ic spectrum in solidly-connected topology. 

 

Figure 3.5 SPWM VAO and VAB harmonic spectrums for all topologies. 
(a) VAO spectrum in floating topology. (b) VAO spectrum in semi-floating topology. (c) VAO spectrum in 

solidly-connected topology. (d) VAB spectrum in floating topology. (e) VAB spectrum in semi-floating 

topology. (f) VAB spectrum in solidly-connected topology. 














































































































































































































































































