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The fast depleting reserves of conventional energy sources and climate change and Paris 

agreement are the main drivers for  an urgent need of high efficiency renewable energy sources 

and efficient collection and transmission systems. Among the different types of renewable 

energies, wind and solar energies are the main types of renewable energies. However, collection 

and transmission is a major factor in the performance of these energies from the place where 

the farms are located to the consumption site, thus efficient techniques are required to collect 

and transmit that power in order to minimize losses and cost.  

This master’s thesis aims to discover and analyze the development of different topologies of 

medium voltage AC and DC collection system for an offshore wind power plant including 

different topologies of converters for the DC collection system and different collection 

configurations. 
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NOMENCLATURE 

Abbreviations 

2L-BTB  two-level back-to-back 

AC   alternating current 

B2B   back-to-back 

CCP   central collection point  

DAB   dual-active bridge 

DC   direct current 

DFIG   doubly fed induction generator  

EMI   electromagnetic interference 

FACTS  flexible alternating current transmission systems 

FSC   full-scale converter  

IGBT   Insulated-Gate Bipolar Transistor 

IGCT   Integrated Gate-Commutated-Thyristor 

kW   kilowatt 

LCC   line commutated converter 

LVDC   low voltage direct current  

MOSFET metal–oxide–semiconductor field-effect transistor 

MVAC  medium voltage alternating current 

MVDC  medium voltage direct current 

MW   megawatt 

OWPP  offshore wind power plant 

OWT   offshore wind turbine 

PMSG   permanent magnet synchronous generator 

SAB   single-active bridge  

SCIG   squirrel cage induction generator 

SiC   silicon carbide 

SRC  series resonant converter 

WECU  wind energy conversion unit 

WRIG   Wound Rotor Induction Generator  

WT   wind turbine 
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1 Introduction 

1.1 Backgrounds 

 

The tradition of using wind energy in the form of windmills started millennia ago (Chong Ng 

and Li Ran, n.d.). Nowadays, wind power generation is a method of using wind energy to 

generate electricity. Wind turbines are used as the tool for transforming the kinetic energy in 

the wind into mechanical operation, and then via a generator into electricity. After the first 

offshore wind farm in Denmark was installed in the early 1990s, the use of better and more 

stable offshore wind energy to produce electricity has also been part of the growth agenda for 

the wind industry (Alagab et al., 2015). 

 

Wind has emerged as one of the world's most dominant renewable energy sources with 

tremendous growth potential. The global wind energy capacity has increased rapidly and has 

become the fastest-growing technology for renewable energy (Alagab et al., 2015). Researchers 

and manufacturers have developed wind energy conversion systems by improving the power 

electronic converters with the rapid development of wind energy (Alagab et al., 2015). 

 

In many countries today wind farms are being constructed on a massive scale. Germany, as 

Europe's leading wind power producer, had 39,165 GW of built wind energy by the end of 

2014, of which 1,049 GW was offshore, accounting for 9% of the country's total electricity 

consumption. In Germany, the Renewable Energy Sources Act (EEG), which came into force 

in 2000 and was revised in 2012, set a combined target of 6.5 GW for offshore wind by 2020. 

Offshore wind is an important sector of Europe's target of 20 per cent of its renewable energy 

usage by 2020 (Alagab et al., 2015). 

 

With the confidence and technological expertise gained from onshore wind production 

experience, it can be seen that the offshore wind industry started to expand significantly in the 

mid-2000s, doubling total capacity every 2-4 years. According to the Global Wind 2014 

statistics, over 90% of all windfarms were in European waters, scattered across the North Sea 

(63.3%), the Atlantic Ocean (22.5%) and the Baltic Sea (14.2%), with an accumulative capacity 

of 4494 MW, the UK accounts for over half of the entire European offshore wind power built 

to date (Chong Ng and Li Ran, n.d.). 
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Countries outside Europe have been making ambitious strategies to develop their wind 

industries and offshore wind has become a new priority. In 2014 alone, China, in particular, 

installed nearly 230 MW of offshore wind, making it the third largest annual market worldwide 

after the UK and Germany (Chong Ng and Li Ran, n.d.). 

 

Offshore wind power is becoming increasingly important due to the fact that there are higher 

and more stable wind speeds than onshore and less construction constraints enabling the usage 

of bigger wind turbines. There is a clear trend towards the development of large offshore wind 

power plants (OWPPs) located far from the coast. This trend is expected to continue in the 

coming years (De Prada Gil et al., 2015). 

 

Offshore turbines play an increasingly important role in the development of wind power in a 

number of countries, particularly in the north-west part of Europe. The key reasons for this are 

certainly that on-land sitings are small in number and the use of such sites is open to resistance 

from the local population to some degree. This has paved the way for strong interest in offshore 

growth, as seen in relation to a substantially higher level of energy output from offshore turbines 

compared with on-land sitings (Chong Ng and Li Ran, n.d.). 

 

As for onshore turbines, the wind system, where offshore turbines are located to assess power 

output, is the most significant single factor in the cost per unit of electricity produced. Offshore 

wind system typically features higher average wind speeds and greater stability than onshore 

wind. Danish Horns Reef wind farm, a wind speed corresponding to a consumption time of 

more than 4200 h per year (adjusted to a typical wind year) was assessed, thereby giving a 

capacity factor close to 50%, which is comparable to other comparatively small traditional 

power plants. A usage time of more than 3000 h per year is to be expected for most offshore 

wind farms, slightly higher than that for on-land sited turbines and thus to some extent 

compensating for the extra costs of offshore plants (Chong Ng and Li Ran, n.d.). 

 

Offshore wind farms have grown rapidly over the last 20 years, with transmission distances 

ranging from 3 km to 56 km, and power increases from 5 MW to 504 MW. By the end of 2020 

the world's potential will hit 75 GW. The European Union's offshore wind energy potential  
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with water depths of up to 50 m is many times greater than the overall European electricity 

consumption. Consequently, apart from the existing large number of onshore sites, there are 

other offshore sites in the planning or implementation phases (Alagab et al., 2015). 

 

Offshore wind farm capacity alone is projected to grow to 20–25 GW by 2030 in the North Sea 

and the Baltic Sea (off the northern coast of Europe). Many offshore wind farms at distances 

greater than 100 km from the coast will be constructed. Integrating such a large amount of wind 

power into long distance transmission systems is a major technological challenge (Alagab et 

al., 2015). 

 

1.2  Objectives of the thesis 

 

The main objective and aim of the proposed master thesis is to compare collection systems of 

offshore wind power plant based on economic and loss analysis for AC and DC collection 

technologies, and define device specifications for key components. 

 

The commercial use of DC in offshore collection system is more recent than well-established 

AC technologies, and the fact that the former has many important technological advantages 

compared to the latter. Especially in offshore wind farms, implies that more research focused 

on the implementation of DC solutions, not only in the collection system but also in the 

transmission system of wind farms, may provide an invaluable technological and economic 

knowledge source.  

 

Initially, an evaluation of the proposed structures is performed with respect to the thesis 

objectives. This covers the concept for the offshore AC and DC wind parks of size, distances, 

voltage rates and layout specifications. The next goal is to define the main components needed 

for each layout. It includes all the required technical equipment in relation to existing types, 

ratings, part size, cost etc. such as generators, converters, transformers, cables and platforms. 

 

The main objective of this study is to build a most effective layout by using the knowledge 

gathered from component parameters, cost information, wind park capacity, wind conditions 

etc. Carries out cost estimates based on physical energy models (wind speed, losses etc.) and 
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finally provides a graphical visualization of the most economical configurations as well as other 

valuable details in parametric graphs, either economically related or technical properties. 

 

1.3 Thesis structure 

 

Chapter 1, the Introduction, provides background of wind power generation in general and 

offshore wind power generation in particular. It indicates recent trends in wind power industry.  

The scope and structure of the study are also set out in Chapter 1. 

 

Chapter 2 addresses the general concepts behind the use of wind power and offers an overview 

of offshore wind farms with basic structure, specific components of both AC and DC collection 

systems. 

 

Chapter 3 describes the wind turbines used in both AC and DC array grid models in offshore 

wind farms with potential configurations considered in this study and the key components 

considered necessary for the future construction of these wind farms. In addition, detailed 

overview of different wind turbines and generators is carried out. 

 

Chapter 4 discusses the concept and structure of the power electronic converters and 

semiconductor technologies used in offshore wind power plant.  

 

Chapter 5 comprises the calculations of power production and loss analysis of the offshore wind 

power collection systems. In this work, the comparison analysis between the conventional 

MVAC collector grid and the promising MVDC technology for offshore wind power is based 

on capital cost, operating cost, energy losses, energy production rate and efficiency of different 

components of the wind power plant.  

 

Chapter 6 presents graphs and associated conclusions, obtained from the conducted research, 

providing a comparison of the different layouts. 

 

Chapter 7 summarizes the main conclusions of this thesis and suggests future work directives. 
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2 Offshore wind farm power collection systems 

 

Wind farm collection system gathers power output from the wind turbine and carries it to a 

central collection point (CCP), which then connects through the transmission system to the 

main grid (Alagab et al., 2015). Collection system can be conducted using either AC or DC 

collection systems, where the AC collection system is already matured while the DC collection 

and transmission systems still needs further development on the power electronic converters. 

 

In AC collection system, AC power line has used to transmit the power generated by wind 

turbines to the central collecting place, whereas the DC collection system is using direct current 

cables to gather the power generated by wind turbines and transfer to the collecting place. 

 

The most important thing that everyone needs to consider in all power generation systems is to 

have efficient transmission system to the destination or collector grid. To enable use of the 

offshore resources, it is crucial to transport the wind-generated power to shore and feed that 

power into the utility network. 

 

The main factors considered when designing the collection system are: WTs and generators 

configurations, wind-power plant layout, platform size, and cables and power electronics 

converters design. There are different collection topologies, for collecting the power generated 

by wind  and deliver it to the utility power network. 

 

There are many factors that can influence the choice of wind energy conversion units for 

offshore wind farms with DC collection systems. Among them, include ability of speed control, 

type of power converter including control and protection methods. However, the most important 

requirement is that the WECUs must be robust and maintenance free; since it may be very 

expensive and difficult under some weather conditions to do offshore maintenance or repairs. 

In addition, the selection of one type of wind energy conversion units over another can only be 

made through appropriate analysis of the full operating cost including losses. Furthermore, 

careful studies can be conducted to analyze the benefits that may increase to the entire wind-

power plant for a given wind energy conversion unit option.  
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The voltage level of the medium voltage collector AC grid is typically set at 30kV, but, recently 

has been seen to be raised above 60kV; in this case, a bulky transformer is required at the multi‐

megawatt power level. In wind power system due to the inertia mismatch between the 

mechanical power and electrical power, energy storage and balancing mechanisms are 

important considerations and may result in extra system cost and control complexity (Alagab 

et al., 2015)- (Parker & Anaya-Lara, 2013). 

 

Most of the offshore collection systems present day are medium voltage AC collection systems. 

The collector system voltage should be high as much as possible to minimize the transmission 

losses.  

 

2.1 AC collection systems 

 

In AC collection system, AC power line is used to transmit the power generated by wind 

turbines to the central collecting place or to the offshore substation. There are different OWPP 

collection system options with transmission technologies. Most of the running offshore wind 

parks are AC collection system with AC transmission to onshore utility grids. 

Based on their connection topology, AC collection system is divided into three connection 

designs: radial, ring and star connection designs (De Prada Gil et al., 2015). 

 

2.1.1 Radial (string) topology 

 

A radial collection system, also known as string, is that in which many OWTs are linked within 

a string to a single cable feeder. A typical radial topology is presented in Figure 2.1. Offshore 

wind parks which  are using the radial topology  are ; Barrow wind park of England, United 

Kingdom, Lillgrund wind farm of Sweden, Thorntonbank-1 and Belwind-1 wind parks of 

Belgium  (De Prada Gil et al., 2015). 

 

Radial topology is the most common one due to its simplicity to control and economic 

advantage; a common feeder collects the energy from individual wind turbines and transfer it 

to the central offshore platform. The generator capacity and maximum submarine cable rating 

determine the maximum number of wind turbines on each string. Eventhough the radial 
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connection is simple and easy to control, it has some drawbacks: poor reliability due to fault of 

one component at the end of the radial connection will cause power transmission failure (De 

Prada Gil et al., 2015). 

 

               Figure 2.1. Radial design system (De Prada Gil et al., 2015). 

 

2.1.2 Ring topology 

 

Ring collection system is more developed and costly than the radial collection system. Ring 

collection system is divided in to two category as single sided ring design and double-sided 

ring design. 

 

2.1.2.1 Single sided ring design 

 

 The main difference between single sided ring design and radial design is, as in Figure 2.2 

single sided ring  has an additional cable which connects the last turbine with the collection 

system, the main purpose of the additional cable is to transmit power during a fault condition. 

The extra cost of the additional cable is compensated by the reliability improvement (Mikel de 

PradaGil, 2014). 
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                   Figure 2.2. Ring design system(Mikel de PradaGil, 2014)  

 

        

2.1.2.2 Double sided ring design 

 

A double-sided ring design is shown in Figure 2.3. This type of AC collection system is 

developed to reduce the cost disadvantage of single sided ring design by using the cable of the 

neighbor string as the redundant circuit. Last wind turbines of a string are connected together. 

The design of the collector bus should be sized for power output double the number of the wind 

turbine in case the power of one string is diverted to the other string. 
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Figure 2.3. Double sided ring design system (Mikel de PradaGil, 2014) 

 

2.1.3 Star connection topology 

 

Star collection system aims to reduce the cable ratings of the cables that link the wind turbines 

and the point of collection. The common connection point is usually in the center of all wind 

turbine layout, as shown in Figure 2.4.  

 

The advantage of this topology is that system reliability increases, as a cable failure causes only 

one machine to lose. Cable losses and their costs are considerably higher than in other WPP 

designs, due to the longer cable lengths and lower voltage ratings of this configuration. Star 

connection has less cable rating of the cables, that connect the wind turbines and the collector 

bus. It has highest security level and better voltage regulation between the wind turbines. As it 

is presented in Figure 2.4, the collection bus is placed in the center of all the wind turbines. Its 

drawback is expensive due to use of long cables  (Mikel de PradaGil, 2014). 

.   
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Figure 2.4. Star design system  (Mikel de PradaGil, 2014) 

 

2.2  DC collection systems  

  

Nowadays wind farms are located far from the shore due to the advantage of getting high energy 

from the turbines located far from the shore and there is no any restriction on installation of the 

wind turbines. Some  advantages of DC collection system are having smaller dimensions, less 

weight due to the absence of the bulky transformer, fewer conductors, no reactive power 

considerations, and less overall losses due to the absence of proximity and skin effects 

(Stieneker, 2017). But having taking these advantages, it has also some challenges arise due to 

low grid impedance, high input and output current ripple of DC/DC converters, high fault 

currents in case of an incident. Fast DC-breaker to limit short-circuit currents are essential and 

technology is untested on large scale MW application. (Stieneker, 2017) - (Abeynayake et al., 

2020). 

 

Up-to-date DC collection system has been divided into medium voltage direct current (MVDC) 

and low voltage direct current (LVDC) parts. However, the present invention is directed to a 

wind power conversion-collection system architecture that facilitates realization of a high 

range, medium voltage DC collection system. In particular, the present innovation is aimed at 

a multi-phase wind turbine generator and modular converters based on power cells to allow 

medium-voltage direct electrical systems for offshore wind power plants ranging from 20 kV 

to 50 kV or higher.  MVDC collection system is divided in to two categories based on the 
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number of voltage levels that are used between the generator and the offshore converter 

platform. (Stieneker, 2017). 

 

2.2.1 One-stage collection system 

 

The electrical connection of one-stage concept is shown in Figure 2.5. In one stage concept of 

DC collection system, the output DC voltage of the turbine is directly connected to the offshore 

platform for transmission to step up the voltage to the transmission level voltage. The main 

advantage of a one-stage concept connection is that, it has less power electronic components 

and as a result losses are reduced and it is easier for maintenance.  

 

Because of the output voltage of the generator influences the efficiency of the collector grid, 

the wind turbines in this design are based on the medium voltage generators and medium 

voltage power electronic converters. (Stieneker, 2017). 

 

                       Figure 2.5.  General connection of one-stage concept 
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2.2.2 Dispersed two-stage collection system 

 

The concept of the dispersed two-stage has two voltage levels from the output of the turbine 

generator to the offshore collection platform. The dispersed two-stage collection system is 

presented in Figure 2.6. In two-stage collection system, there is additional DC/DC converter on 

the turbine as it is shown in Figure 2.6, this additional DC/DC converter helps to step up the 

output voltage of the turbine to the desired level. As a result, the current is getting low, which 

means the losses are also low. In addition, it is more flexible in designing of the electrical drive 

train of the wind train. Unlike the one stage concept, the losses that occur in the dc collector 

grid do not affect the output voltage of generators. With low voltage generators and low voltage 

power electronic converters the required level of voltage is achieved, but in one-stage concept 

to get the required level of voltage, needs high rating generator and power electronic converters  

(Stieneker, 2017). 

 

                    Figure 2.6. General connection of dispersed Two-stage concept  
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2.2.3 Series two-stage collection system 

 

In this arrangement, several wind turbines are connected in series, as a result the output voltage 

of the turbines increase to required voltage level, which is suitable for transmission to onshore 

substation. The electrical connection of series two-stage collection system is shown in Figure 

2.7, based on the voltage level, the number of wind turbines connected in series are determined. 

The series connection of wind turbines reduces the number of converters and offshore platform. 

Eventhough the series connection of wind turbines has less number of converters, there is a 

commissioning problem, this is because in order to wind farm to transmit power, all the turbines 

must operate. So series arrangement starts generating energy at earliest when all the wind 

turbines are running. There is also high voltage variation range between the turbines due to 

wake effect and inhomogeneous wind fields (Stieneker, 2017). Another series problem is, if 

one wind turbine fails to operate then the other wind turbines must compensate the voltage loss 

or a lower transmission voltage has to be accepted. (Stieneker, 2017).  

 

                    Figure 2.7. General connection of series two-stage concept  

 

2.2.4 Centralized two-stage collection system 

 

Centralized two-stage arrangement is similar with the single stage arrangement with less power 

electronic converters as presented in Figure 2.8. Groups of wind turbines with single AC/DC 

power electronic converters are connected to DC/DC converter for stepping up purpose. Its 

main advantage is having less cable losses and cable costs and fewer power electronic 
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converters, and as a result the travel and maintenance cost are also reduced. However, it has an 

extra offshore platform for the DC/DC power electronic converter. 

 

 

                     Figure 2.8. General connection of centralized two-stage concept 

 

Table 1. Comparison of MVDC collection systems  

MVDC Collector Advantage  Disadvantage  

One stage  

 

 

 

Two stage dispersed 

 

 

 

Two stage series 

 

 

Two stage centralized 

• Less number of power 

electronic converters. 

• Less repair, maintenance 

and travel costs. 

• Less weight. 

 

 

 

• Increased voltage level. 

• Less conduction losses.  

 

 

• Less conduction losses. 
• No offshore platform 

• High power cable losses in the 

transmission system 

• High copper demand. 

 

 

 

 

• Investment cost. 

• Repair, maintenance and travel cost 

increases. 

 

• Commissioning problem. 
• Voltage variation among the 

components. 
• Failer problem. 
• High insulation cost. 

 

 • Less collector losses 

• Less cable losses and 

cost 

• Less number of 

converters 

• Reduced maintenance 

and repair costs 

• Extra offshore platform  
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Different types of MVDC collection systems were discussed in (Stieneker, 2017)- (Abeynayake 

et al., 2020). According to (Stieneker, 2017), out of the different topologies of MVDC collector 

systems, the centralized two-stage topology is the best option for large-scale offshore wind farm 

due to reduced  number of power electronic devices and switching losses. For the comparison 

purpose of this work, the conventional MVAC and promising MVDC collector grids, the 

dispersed and centralized two-stage topology will be considered. The comparison between 

MVAC and MVDC collector systems is presented in Table 2. 

 

Table 2. Comparison of MVAC and MVDC collection systems  

Collector System Conventional MVAC Future MVDC 

 

Number of converters 

Transformer 

Generator 

 

Less 

More and big  

Direct coupled PMSG 

 

More 

Less and small 

Direct coupled PMSG 
Submarine cable 

Turbine collector bus 

AC cable 

33 kV 

DC cable 

30 kV 

  

3 Wind Turbine Technologies 

 

Wind turbines are the backbone of the offshore wind power plant. Basically, wind turbines 

consists; generator, converters, transformer and some other electrical and mechanical 

component. 

 

The basic idea of wind energy is that, the kinetic energy of the wind is converted to electrical 

energy with help of the generator. Output voltage of the generator is then converted to DC 

voltage with the help of the power converter and then to AC voltage again with another power 

converter in order to meet the desired frequency and voltage level. Since power transmission at 

low voltage is not economical from the loss point of view then it is better to increase the voltage 

to a medium voltage with the help of transformer to the desired range of AC voltage. 
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Figure 3.1. Wind turbine using permanent magnet generator and full power converter. 

 

Figure 3.1 is a simplified scheme of conventional AC wind turbine: it consists PMSG, AC/AC 

converter, a LV/MV voltage transformer for stepping up the output voltage of the generator 

from 0.4-0.69 kV/ 1-36 kV. Based on distance from the shore to the offshore wind power plant 

additional platform is needed to convert the 1-36 kV to higher voltages for transmission 

purpose. 

 

Figure 3.2. Wind turbine using full power converter with DC/DC converter as a grid interface 

 

Figure 3.2 is the electrical connection of  DC turbine, the difference between DC turbine and 

AC turbine is that, the DC turbine has only AC to DC converter and it has not LV/MV 

transformer, instead of the LV/MV transformer, the DC turbine has DC/DC converter including 

low frequency transformer for isolation (Mikel de PradaGil, 2014). 
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Based on the speed control ability, wind turbines are classified as fixed speed wind turbine, 

partial variable wind turbine, variable speed with partial rate converter wind turbine and 

variable speed with full rate converter wind turbine. (Mikel de PradaGil, 2014)  

 

3.1 Fixed speed wind turbines 

 

Generally, in a fixed speed wind turbine the generator is coupled with the wind blades with the 

help of gearbox as in Figure 3.3. It has also capacitive bank to support the synchronous 

generator in case of reactive power and soft starter for starting purpose. Fixed speed wind 

turbines are having constant speed determined by the grid frequency, generator design and 

gearbox ratio. There is only one particular speed that maximum power can produce with these 

kinds of turbines. The fluctuation of wind speed causes mechanical stress for the rotor shaft that 

may cause failure of drive train leads to power fluctuations on the electrical grids. Eventhough 

the fixed speed wind turbines have the above-mentioned drawbacks, they have also some 

advantages: they have low production cost, robust, reliability and simple in controlling and 

construction. (Mikel de PradaGil, 2014). 

 

 

 

                                  Figure 3.3. Fixed speed wind turbine with SCIG(Mikel de PradaGil, 2014)  
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3.2  Partial variable wind turbines 

 

Wound rotor induction generator (WRIG) is the convenient type of generator to use in partial 

variable wind turbine. The partial wind turbine is almost similar in construction with the fixed 

speed wind turbine, but it has an additional power converter to control the speed by adjusting 

the external resistance that is connected to the rotor of the WRIG. The electrical connection 

of partial variable wind turbine is presented in Figure 3.4. These kind of wind turbines have 

better speed range than the fixed speed turbines leading to better power extraction efficiency 

(Mikel de PradaGil, 2014) . 

 

Figure 3.4. Partial variable speed wind turbine with WRIG and adjustable external rotor 

resistance(Mikel de PradaGil, 2014)  

 

3.3 Variable speed with partial rate converter wind turbine 

 

The type of generator that is using in variable speed with partial rate converter wind turbine is 

doubly fed induction generator (DFIG). This kind of arrangement is the widely used in wind 

turbines today. As in Figure 3.5 the stator of the DFIG is directly connected to the grid with 

help of step-up transformer and its rotor is connected to with the help of power electronic 

converters that is typically 30 % of the nominal turbine power. The back-to-back power 

converter is used to compensate the reactive power and it helps the smooth grid operation. 

(Mikel de PradaGil, 2014). 
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Figure 3.5. Variable speed wind turbine with DFIG (Mikel de PradaGil, 2014). 

 

The main advantages of this kind of wind turbine are: it has better speed range than the fixed 

and partial wind speed wind turbines, and due to the behavior of the back-to-back power 

electronic converter connected to the rotor, the power flow is bidirectional through the rotor. 

Power flows from the grid to the rotor winding when the speed is below the synchronous speed 

and vice versa when the speed is above the synchronous speed. It has better power stability. It 

has also some complexity during grid faults and due to the slip rings that are used to extract 

power from rotor will cause operation problems (Mikel de PradaGil, 2014). 

 

3.4  Variable speed with full rate converter wind turbine 

 

In full rate converter-based wind turbine, the generator is coupled directly to the grid by full 

rate power electronic converter. full rate converter-based wind turbine is shown in Figure 3.6. 

This kind of arrangement can be done with gearbox and without gearbox. Nowadays the 

arrangement without gearbox is most popular due to the absence of its losses and maintenance. 

Almost all arrangements without gearbox uses permanent magnet synchronous generator. It has 

a wide range of speed range. Cost is the main problem of these kind of arrangement. (Mikel de 

PradaGil, 2014). 
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Figure 3.6. Variable speed wind turbine with full rate converter SCIG (a) and direct drive SG 

(b) (Mikel de PradaGil, 2014). 

 

Table 3. Comparison of offshore wind turbines 

Type of wind Turbine Advantage  Disadvantage 

Fixed speed  • Simple and reliable. 

• Low production cost. 

• Constant speed. 

• Has only one point for maximum 

power production. 

• Mechanical stress on the rotor 
shaft. 

 

• Electrical fluctuation.  

Partial variable speed • Improved power 

extraction efficiency and 
power quality. 

 

• Limited maximum power 

production. 

Variable speed with 

partial rate converter  

• Wide range of speed. 

• Enhanced power system 

stability. 
 

• Slip rings. 

 

Variable speed with 

full rate converter 

• Does not depend on the 

wind speed for maximum 

power. 

• Capability of voltage and 

frequency support. 

 

• Expensive 
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In this work, due to its wide speed range and controlling system, directly coupled variable speed 

with full rate converter is considered in both AC and DC collection systems. In variable speed 

with full rate converter, generator can be connected to the blades with or without gearbox.      

      

As generators are the key component of the wind turbine, the selection of proper generator is 

the main task of designing an offshore wind power plant. The classification of generators that 

are used in offshore wind power plant are explained in detail in (Li & Chen, 2008) based on 

different factors. One of the basic factors for classification of the wind turbine generators is 

speed range. Based on the rotation speed range the offshore wind turbines are classified as, 

fixed, limited variable and variable speeds (Li & Chen, 2008). The widely used type of 

generators with these speed ranges are SCIG, DFIG and PMSG(Max, 2012). 

 

Table 4. Types of generators 

 Advantage Disadvantage 

 

• FSSCIG 

 

 

• VSDFIG 

 

 

 

• VSPMSG 

 

 

 
Low cost, light and robust   

 

 
Wide speed range 

Ability to compensate the reactive 

power and support the grid voltage  
 

No gearbox needed 

High performance  

Wide speed range  

 
High mechanical and fatigue stress 

Speed not controllable  

 
Slip ring problem 

High losses due to gearbox 

 
 

Expensive  

   

   

   

 

 

DFIG has been the widely used generator in offshore wind power plants due to its advantages 

of partial control system before the full control system is implemented to market. Because of 

its drawback related with the slip ring DFIGs has been replaced by generators having variable 

speed with full rate converter system.  
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Considering all the comparison factors such as losses, efficiency and reliability, direct drive 

PMSG is preferred over other generators. Power can be generated for wide speed range 

(approximately 100 %) in PMSGs. In addition PMSGs has better controlling system during 

faults and gearbox can be eliminated (Parker & Anaya-Lara, 2013). 

4 Converter Topologies 

Power converters are the key components in controlling and conversion of wind energy 

Controllable power electronics has been implemented widely in the offshore wind power 

starting from the time that DFIG are commercialized for the offshore wind power. The main 

task of the power converters in doubly fed induction generators is to control the flow of power 

from the generator side to the grid side. The wound rotor of the DFIG is fed by back-back 

converter with a rated power of 30% of the system power and the stator is directly connected 

to the grid. It only helps for partial control of the active and reactive power flow to the grid. 

However, due to the stator is directly connected with the grid, if small percentage of noise is 

happened in the wind there will be a disturbance in the grid also (Pham & Member, 2011). For 

high power system, the DFIG is not suitable due to the direct connection of the stator of the 

generator with the grid, which may produce overcurrent.  

 

Due to the above stated problems with the DFIG, full-scale converter (FSC) replaces the partial 

scale converters. FSC are these converters used to transfer and manage all the power extract 

from the wind to the utility grid and gives a wide range of freedom for control and optimization 

of wind power conversion process. Due to the technology of the FSC, maximum power can be 

extracted from the wind with a wide range of speed. FSC is aimed to work at a low speed, so 

the gearbox is removed, and as a result the maintenance cost and mechanical vibration is 

reduced.  Present days the FSC conversion system is coupled with the PMSG. The problem 

with the FSC is the high cost of the permanent magnet with in the generator and power 

electronic converters (Pham & Member, 2011). Nowadays the FSC PMSG is widely used in 

large scale high power wind power plants for both onshore and offshore.  
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4.1  Full scale converter topology  

 

The main challenging thing in wind energy technology is the intermittency of the wind that 

results in variation of real power. After the mechanical energy obtained from the wind, it is 

converted to electrical energy by the coupled generator. It needs a power electronic converter 

to meet the desired voltage level and frequency for the transmission system to the onshore grid. 

Up to date different power converters have been developed to minimize or overcome the 

problem related with the wind in power generation. Based on the collection system of an 

offshore wind power plant the output voltage of a generator is converted to DC or step up to 

the required level of AC voltage to minimize the transmission losses. Those power electronic 

converters are the main components in the power conversion system. Present days most of the 

installed wind turbines are having an output voltage level of 0.69 kV. The rating of the generator 

of the turbine determines the rating of the power converter so the voltage level of the 

conventional power converter is the same as the generator 0.69 kV. But 0.69 kV is not 

preferable for the collection and transmission system from the economic point of view, so the 

voltage should increase to medium voltage level with the help of power transformer for the AC 

voltage or DC/DC converter for the DC collection system. 

 

The medium power transformer is always within the nacelle and due to its heavy weight it 

increases the whole weight and volume of the nacelle, which is improper, since also the 

mechanical stress of the tower is increased. But these days due to the development of power 

electronics, they can handle higher current and voltage ratings. Such recent developments 

resulted in the development of a modern medium voltage converter system, which would be a 

potential solution to remove the transformer of the wind turbine generator systems (Islam et al., 

2013). 

 

Generally, the topology of a power converter is based on the application requirement. For an 

offshore wind turbines, power converters with medium voltage, high power and having high 

redundancy to increase the systems reliability are suitable (Pham & Member, 2011). 

 

Converters can be voltage source converters (VSC), current source converters (CSC) or Z-

source converters (ZSC) but the CSC and ZSC need a detailed work to put into research and 

development for practical application, VSC is the most commonly used type of converter for 
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the wind farm. Different topologies for AC/AC power converters are discussed in literatures 

but the most commonly used converter topologies so far in wind turbines are listed below. 

 

4.1.1  Low power converter 

 

Converter topologies using diode bridge rectifier based unidirectional converter are the 

common example of low power converter. As in the Figure 4.1 the turbine side is a diode 

rectifier and the grid side are IGBT or IGCT based inverter. This type of topology is the simplest 

type of converter and the power flow is unidirectional because of the diodes. The AC power 

from the generator of the turbine is first converted to DC power with the help of the diodes. The 

number of diodes determine the smoothness of the DC output. It is uncontrolled type of 

conversion. If the collection system is AC collection system, the inverter is placed and then 

transformer to step up the voltage level to medium voltage range. But if the collection system 

is DC collection system, the DC/DC converter places after the rectifier to boost up the voltage 

to the required level of the collection system. The grid side inverter controls the active and 

reactive powers delivered to the collection system. This topology is suitable for low and 

medium power of wind turbine system from few kW to 1 MW.(Pham & Member, 2011),(Islam 

et al., 2013). 

 

Figure 4.1 is the general set up of the low power converter topology within the wind turbine 

having diode-based rectifier on the turbine side which is connected to the turbine generator 

output terminal. On the grid side IGBT based inverter is connected to the step-up LV/MV 

transformer. With the benefit of low device development costs and easy to implement, diode 

bridge rectifier has some disadvantages as it generates a large amount of harmonics (input 

current), which affects utility system efficiency, higher harmonic losses (output voltage) and 

unidirectional power handling capacity. 
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Figure 4.1. Diode bridge rectifier based unidirectional converter  

 

4.1.2 Medium power converter 

 

Two level back-to-back voltage source converter topology is good example of medium power 

topologies. The difference between this topology and diode rectifier topology is that in this 

topology instead of diodes, switching devices are used for the rectification purpose, such as 

IGBT, IGCT or MOSFET as in Figure 4.2. 

 

Most of the time the generator side inverter controls the flow of real power and participating in 

tracking maximum power from the wind, while the collection grid side inverter controls the 

reactive power supply to the grid and helps to keep the DC voltage constant (Islam et al., 2013). 

 

The back-to-back converter can be used for wind power generation systems based on PMSG 

and squirrel cage induction generator (SCIG). Usually the voltage rating of the most common 

generators is in the range of 380–690 V. But these days higher voltage level generators have 

begun to introduce such 3.3 kV and 6.6 kV in offshore wind power (Islam et al., 2013). 
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This topology is the most popular power electronic converter in DFIG so far. The arrangement 

of the inverters in two level BTB converter is convenient for full power flow controllability. 

From the economic point of view, a two level BTB converter is robust and reliable, as it is 

simple in structure and having few components.   

 

 

                              Figure 4.2. 2L-BTB converter  

 

 In order to achieve the required performance with two level B2B converter for full-scale power 

converter arrangement modification is needed. The two-level power converter should be 

connected in parallel or in series to handle the high power of full-scale conversion system. 

There are already developed topologies from the power converter companies like Gamesa and 

Siemens (Blaabjerg & Ma, 2013).   

 

 

As the power rating of wind turbines are increasing daily, two level back-to-back converters 

have no capacity to withstand the high power. 2L-BTB converter at high power level may suffer 

from switching loss, so 2L-BTB topology has some difficulty to achieve acceptable 

performance for high power. For example, 7 MW turbine with 0.69 kV is having a current rate 

of around 7.4 kA, so such high current rate is not possible to handle with 2L-BTB converter, 
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some modification needed in the arrangement of the converter like to connect in parallel or 

series arrangement. The parallel arrangement of 2L-BTB from Gamesa is one example for 4.5 

MW (Blaabjerg & Ma, 2013). The general arrangement of parallel connection of 2L-BTB 

converter is given in the Figure 4.3. 

 

 

Figure 4.3. Back-to-back converters fed by a six-phase generator and connected in parallel 

and interleaved on the grid side  (Teodorescu et al., 2010). 

 

4.1.3 High power converter 

 

All back-to-back type of power converters have their own advantages and drawbacks one over 

another. According to (Islam et al., 2013) there are some common advantages and 

disadvantages. The main advantages of the back-to-back converter are: bidirectional, the DC-

link voltage can be boosted to a level higher than the amplitude of the grid line to line voltage 

to maintain maximum control of the grid current, the capacitor between the inverter and the 

rectifier allows the power of the two inverters to be decoupled, allowing the compensation of 

asymmetry on both the generator side and the grid side and the component costs are low 

(commercially available in a module form). For all these benefits, there are also several 

disadvantages: the presence of the large and bulky DC-link capacitor raises the costs and 

decreases the system's total lifetime, Switching losses that every switch in both the grid inverter 

and the generator inverter between the upper and lower DC-link branches is associated with a 
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hard switching and natural switching, high grid switching speeds may also require additional 

EMI filters, and the combined control of the controlled rectifier and the inverter is very difficult. 

 

Multilevel power converters are power converters that can be used for handling high power 

with medium voltage. Diode clamped (neutral clamped), capacitor clamped (flying capacitor) 

and cascade multi-cell with separate DC sources are the main topologies of multilevel converter 

(Jose Rodriguez, Jih-Sheng Lai, 2002).  

 

The diode clamped converter was first implemented in three level inverter and then developed 

to higher level converters. As the medium voltage high power inverters are in a great demand, 

cascade inverters have been started to commercialize to the market. Multilevel inverters are 

now widely used inverters in high power applications with medium voltage levels (Jose 

Rodriguez, Jih-Sheng Lai, 2002). 

 

4.1.3.1 Three level neutral point diode clamped 

 

Due to the limitation to handle high power with medium voltage level by two level B2B power 

converters another solution developed which is widely used in wind power system called three 

level neutral point diode clamped. As in the Figure 4.4, the DC voltage is split into three levels 

by two series connected capacitors. The output voltage state for a single phase are Vdc/2 ,0, - 

Vdc /2. The topology is quite similar to the two level B2B converter. However, it has significant 

differences such as additional voltage level that results into less voltage change rate (dv/dt) 

stress, minimized switching losses and less harmonic distortion. So, it has an advantage of 

converting power with lower current at medium voltage and smaller filter size. The problem 

with this topology is, it requires more switching devices result in increasing the design 

complexity and control and it is expensive (Blaabjerg & Ma, 2013). 
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Figure 4.4. Three level neutral point clamped (3L-NPC)converter. 

 

4.1.3.2 Five level neutral point diode clamped converter topology 

 

Five level neutral point clamped (5L-NPC) topology presented in Figure 4.5 is developed to 

improve the drawbacks of the 3L-NPC topology in quality of the output voltage, reducing dv/dt 

and to increase the operating voltages (Olimpo Anaya-Lara, John O. Tande, Kjetil uhlen, 2018). 

 

 

Figure 4.5. One phase-leg of a 5L-NPC converter 
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4.1.3.3  Capacitor clamped converters 

 

The structure of capacitor clamped converter is similar with the diode-clamped converters. It 

differs only because the clamping diodes in diode clamped converter are replaced by capacitors. 

The DC side capacitor ladder structure, where the voltage on each capacitor differs from that 

of the next condenser. The value of the voltage steps in the output waveform is determined by 

the voltage increment between two adjacent capacitor legs. The main advantages of capacitor 

clamped converter are: it helps to control the flow of real and reactive power, phase 

redundancies are available for balancing voltage levels of the capacitors, and it has the ability 

for ride through short duration outages and deep voltage sags due to the large number of 

capacitors. Having all these advantages, it has also some disadvantages: the control system is 

complicated for tracking the capacitors voltage level, for real power transmission efficiency 

and switching utilization are poor and it is bulky and more expensive than the diode clamped 

converters due to the large number of capacitor (Rashid, 2007).  

 

4.1.3.4 Cascade connected converters 

 

Cascade converter have been proposed the application of interfacing renewable energy sources, 

for battery-based application and to carry out reactive power compensation. Different converter 

topologies are studied in different literatures based on the series connection of single-phase 

converters with separate DC source. Different topologies of cascade converters are presented 

in (Blaabjerg et al., 2012). The main advantages of cascade converters are number of possible 

output voltage levels is more than twice the number of DC sources and cheap and quick 

manufacturing process. Its drawback is; it needs a separate DC source (Jose Rodriguez, Jih-

Sheng Lai, 2002). 
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4.2 DC/DC converters 

 

Selection of  DC/AC and DC/DC converters  in a wind turbine is based on the type of collection 

grid. Future, offshore wind power plants will install far from the shore and medium voltage DC 

(MVDC) collection system may become effective collection system. The bulky transformer 

from the MVAC is then replaced by DC/DC converters. The DC/DC converter in the wind 

turbine is mainly used as a DC transformer to increase the rectified voltage to a level suitable 

for the local wind turbine grid. For the DC/DC converter there are different topologies. In 

general, DC/DC converter consists of one rectifier, one inverter and a medium/high frequency 

AC transformer. The medium/high frequency AC transformer between the inverter and rectified 

of DC/DC converter is not only used to step-up or step-down the voltage but also as a galvanic 

isolation (Georgios & Wheeler, 2010). The volume of this transformer is much smaller  than 

the ordinary AC transformer due to the higher operating frequency (Mogstad et al., 2008). 

 

The output voltage from the generator side rectifier is the input voltage to the DC/DC converter.  

DC/DC converters can be classified as isolated and non-isolated converters based on the 

presence of the medium/high frequency transformer. Eventhough selection of DC/DC converter 

depends on the power rating of the farm, in high power medium voltage offshore wind farm, 

isolated DC/DC converter is reliable because the input voltage is separated from the output 

voltage, so anything happening in the grid side will not affect the turbine side. 

 

 Due to the safety reasons, in this work isolated DC/DC converter is considered. As the DC/DC 

power converters are to handle high power wind farms, the DC/DC converters are connected in 

module topology. Selecting module topology has a great effect on achieving high efficiency 

and good performance over a wide range of operational conditions. In  (Lian, 2016) detailed 

classification of high-power DC/DC converters with galvanic isolation were studied. Out of the 

different types of isolated topologies, the phase shifted full-bridge converter, single-active 

bridge converter and dual-active bridge converter are the common module topologies.  
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4.2.1 Phase shifted full-bridge converter 

 

Phase shifted full- bridge converter is shown in Figure 4.6. Output voltage level of phase shifted 

full-bridge converter is controlled by the duty cycle, where the output voltage at a constant input 

voltage is essentially proportional to the duty cycle. If there are no snubber circuits around 

the switches, significant switching losses will result (Max & Lundberg, 2008). Instead, the 

converter is controlled by phase-shift control, with capacitor linked in the input bridge across 

the switches as in Figure 4.6.  

 

 

Figure 4.6 phase shifted full-bridge converter 

 

4.2.2 Single-active bridge converter 

 

As in Figure 4.7 the single-active bridge converter is similar with the phase shifted full- bridge 

converter, but due to the voltage-stiff output it is controlled in a different way (Max & 

Lundberg, 2008). The SAB converter can be controlled either by changing the duty cycle, 

resulting in a discontinuous operation, or by changing the switching frequency with continuous 

conduction. 
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Figure 4.7 Single-active bridge converter 

 

 

4.2.3 Dual-Active Bridge Converter 

 

Dual-active bridge (DAB) converter is shown in Fig.4.8. It differs from the conventional full-

bridge DC/DC converter because it has transformer leakage inductance as an energy transfer 

element, whereas the conventional full-bridge DC/DC converter has an output inductor. As 

DAB has no output inductance, output current ripples increases and as a result the output 

capacitance increases.  

 

As it is shown in Figure 4.8, DAB topology converter consists two active full bridges 

interconnected by a small and light medium-frequency transformer. Bidirectional DC/DC 

converter gained popularity due to needs of bidirectional energy transfer systems and energy 

storage systems.   
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Figure 4.8 Dual-Active Bridge Converter 

 

4.3 Selection of DC/DC converter  

 

Selection of the right DC/DC converter is not easy task, as the selection process is based on 

availability, efficiency, initial costs, repair costs and power density. In (Dincan, 2018)  a 

detailed procedure for selection of DC/DC converter is studied based on different criteria. It 

concluded that series resonant converter (SRC#) is the preferred topology for high power wind 

power plants due to the advantages of operating with variable frequency and phase shift in sub 

resonant mode and the inverter voltage is clamped as soon as the resonant current exceeds zero. 

This implies that there is a linear relation between power output and frequency of excitation.  

 

In  (Vogel, S., Rasmussen, T. W., El-Khatib, W. Z., & Holbøll, 2015) it is claimed that the dual-

active bridge (DAB) converter is the most promising topology for MVDC system because it 

has high power capability, controllable and good transient response. Beside the above stated 

advantages, DAB operates bidirectionally, in both step-down and step-up voltage mode.  

 

In this thesis work, DAB is considered for calculation of the energy production and cost analysis 

of the proposed wind farm because of the high power capabilities. 
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4.4 Semiconductor technology  

 

Generally, power electronics are using for controlling and converting electrical power flow 

from one form to another form based on the requirement. The main components of power 

electronics are semiconductor switching devices  (Mohammed et al., 2013). Power electronics 

can be found in different applications some of them are: HVDC, FACTS, transportation system, 

variable-speed drives for motors and interfacing energy resources to a grid (Mohammed et al., 

2013). Nowadays power electronics are the key components of offshore wind power plants to 

control and harvest maximum power from the wind.   

 

As power semiconductor devices are at the heart of the power converters, selecting of the proper 

semiconductor devices for higher efficiency depends on the switching speed and power 

handling capabilities. Power semiconductor devices require the ability to withstand large 

voltages in off-state and ability to carry high currents during on-state (Mohammed et al., 2013).  

 

The electronic properties of Silicon, Germanium and Silicon Carbide lead to the highest 

development of power semiconductor devices. Development stages of power semiconductors 

are discussed in (Mohammed et al., 2013).  

 

Most of the power electronic semiconductors for the wind power plant technology are silicon-

based semiconductors such as module packaged IGBT, press-pack packaged IGBT, and the 

press-pack packaging integrated gate commutated thyristor (IGCT). In the wind energy 

technology module packaged IGBT has been ranked at the top of the market due its application 

and less mounting regulations but due to low power density and higher failure rates, press-pack 

packaged IGBT is replacing it (K.Ma, 2012). Press-pack packaging IGCT is also integrated to 

high power technologies (K.Ma, 2012). 

 

Characteristics of all the power semiconductors is different. Comparison of the types of 

semiconductor devices are well presented in different literatures. Eventhough selecting the right 

semiconductor device depends up on the specific requirement, press-pack IGBT is the most 

widely used power semiconductor device in the current offshore wind power technologies, this 

is because it is convenient to implement for medium-voltage and high-power-density 
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applications. Press-back IGBTs have an ability to easy to connect in series and to form a stable 

short-circuit channel to ensure the normal operation of the system when it fails (K.Ma, 2012). 

Difference between the existing semiconductor devices is presented in Table 5. 

 

Table 5. Semiconductor devices  

Semiconductor device Advantages  Drawbacks 

Module type IGBT Cost 

Low switching losses  

Moderate reliability and 

power density  

High conduction losses 

Thermal resistance  

Press-pack IGBT High power density 

High reliability 

Low switching losses  

Expensive  

High conduction losses  

Maintenance complexity 

 

Press-pack IGCT High power density 

High reliability 

Low conduction losses 

Compact structure and low 

consumption 

High switching losses 

Expensive 

Maintenance complexity 
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5 Power production and cost analysis 

 

The comparison of the collection systems of an offshore wind power plant is based on the 

amount of energy production rate and total cost for both AC and DC collection systems. The 

loss calculation include for all the components starting from the turbine up to the offshore 

platform. 

 

5.1 Energy production 

 

The input power of the wind turbine depends on the wind speed, which means on the kinetic 

energy of the wind and on the aerodynamic efficiency and obtained with the help of formulas 

(1), (2) and (3). The kinetic energy of the wind is convert to electrical energy with help of the 

generator. Output voltage of the generator is then convert to AC or DC voltages based on the 

transmission system in order to meet the desired frequency and voltage level.  

 

 𝑃WT = 𝐶p(𝜆, 𝛽)𝑃air (1) 

 

                                                             

 
𝑃air =

1

2
ρ𝐴𝑉3 

(2) 

 

 
𝜆 =  

𝜔t𝑅

𝜔s
 

(3) 

                                          

 

where A is the swept area of the rotor in m2, v is the upwind free wind speed in m/s and ρ is air 

density, λ is speed ratio with ωs is the wind turbine speed and ωt is the tip speed and β is the 

pitch angle of the blades. All the power obtained from the air has not directly transferred to the 

wind turbine rotor, but it reduces to some level by the power coefficient called Cp Practically 

the value of Cp for the wind turbine rotors in between 25-40%. So, the formula for the power 

of wind turbine is the product of the power directly from the air and the power coefficient 

(Georgios & Wheeler, 2010)- (Lundberg, 2006). 
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Nowadays most of the wind power plants are installed far from the shore due to the limitation 

of free space on the shore, availability of wind and having less visual and noise problems. These 

characters are playing a big role in increasing energy production rate (Alagab et al., 2015).  

 

Efficiency of the collection system can be calculated based on the output average power and 

input powers. The average powers can be calculate with help of Rayleigh distribution function 

for different mean wind speed as clearly stated in (Deendayal et al., 2017). 

 

 
𝜂 =  

𝑃avg(out)

𝑃avg(in)
 

(4) 

 

Where η is the efficiency of the collection system and Pavg(out) and Pavg(in) are average output 

and input powers respectively.    

 

 

𝑃avg = ∫ 𝑃(𝜔)𝑓(𝜔)𝑑𝜔

𝜔f

𝜔i

 

(5) 

                                     

where Pavg is the average power and used to calculate for both input and output powers 

            P(ω)  Input or output  power of the wind turbine (kW), 

            f(ω) Rayleigh distribution: used to determine the wind speed variation, 

           ω f and ω i  are cut out and cut in speeds respectively. 

The Rayleigh distribution can be calculate from the Weibull function by assuming k is 2 

(Lundberg, 2006).  

 

 
𝑓(𝜔) = (

𝐾

𝐶
) (

𝜔

𝐶
)k−1𝑒−(

𝜔
𝐶

)𝑘

 
(6) 

 

where                C              scale parameter,  

                          K             shape parameter, 

                          ω              speed of the wind. 

 

 



42 

 

 

 

                    Figure 5.1 Weibull probability distribution. 

 

Based on the average power, the average energy can be calculate. At the common collector 

point the average power is:  

 

 𝑃ccp =  𝑃WT − 𝑃losses (7) 

               

 

where     Pccp   average power at the common collector,  

                PWT      wind turbine input average power, 

                Plosses    Power losses. 
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5.2 Cost estimation 

 

The cost of the components in offshore collector system is the determinant factor for the right 

choice of collection system. The main costs for an offshore wind farm are the capital cost and 

operating and maintenance costs. The total cost of an offshore wind farm is the summation of 

all the costs expend starting from the foundation process to the operation stage (De Prada Gil 

et al., 2015). Referring to (De Prada Gil et al., 2015) the cost of the collection system  are 

evaluated for both AC and DC collector systems separately as in the formula (8) and (9). 

  

 𝐶𝑜𝑠𝑡T_AC_WPP =  𝐶T_AC_WT + 𝐶T_AC_cab + 𝐶T_AC_sg + 𝐶T_tr + 𝐶T_AC_pf (8) 

 

 𝐶𝑜𝑠𝑡T_DC_WPP =  𝐶T_DC_WT + 𝐶T_DC_cab + 𝐶T_DC_sg + 𝐶T_DC_DC + 𝐶T_DC_pf (9) 

 

 

where CostT_AC_WPP and CostT_DC_WPP are the total costs of AC and DC collection system of the 

whole wind power power,CT_AC_WT and CT_DC_WT are total costs of the AC and DC wind 

turbines with in the offshore wind power plant, CT_AC_cab  and CT_DC_cab are submarine cables 

and their installation cost of the AC and DC collection system respectively, CT_AC_sg and 

CT_AC_sg are the total costs of the switchgear in the AC and DC collection system respectively, 

CT_tr is the total cost of the MV/HV transformers with in the whole farm, CT_DC_DC is the DC/DC 

converters cost in the DC collection system and CT_AC_pf and CT_DC_pf  are  the total costs of the 

AC and DC  platforms in the wind farm. 

 

5.2.1 Turbine cost 

 

According to (Dicorato et al., 2011) , the cost of a fully equipped wind turbine with the range 

of power capacity form 2 MW to 5 MW including the transportation and installation cost can 

be evaluated by (10). A fully equipped AC wind turbine is, a turbine having a generator, AC/AC 

converter and a MV transformer. Similarly a full-equipped DC turbine is, a turbine having a 

generator, AC/DC converter and DC/DC converter. In general, the cost of wind turbine depends 

on the rated power. 
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The total cost of the AC wind turbine including the generator, AC/AC converter and the LV/MV 

transformer can be evaluate with the formula below (Dicorato et al., 2011),(De Prada Gil et al., 

2015) 

 

 𝐶AC_FWT = 1.1(2.95 ∗ 103 ln(𝑃WT) − 375.2), (10) 

 

where   CAC_FWT cost of the fully equipped AC wind turbine [k€], 

PWT  rated power [MW]. 

 

The constant number 1.1 indicates that the transportation and installation cost of the wind 

turbine is 10% of the cost of the turbine.    

             

The cost of DC wind turbine can be calculated with the same procedure of the AC wind turbine 

calculation. The difference is that, AC wind turbine consists LV/MV transformer and back-

back converter but in the DC wind turbine, DC/DC converter is replaced the LV/MV 

transformer in AC turbine and it has only AC/DC converter instead of the AC/AC back to back 

converter. So referring to (De Prada Gil et al., 2015) by assuming the cost of the extra 

transformer in the AC collector and DC/AC converter as a certain percentage of the total wind 

turbine, the DC turbine will calculate as below:  

 

 𝐶DC_FWT = 𝐾WT𝐶FWT, (11) 

 

    where  CDC_FWT cost of fully equipped DC wind turbine [k€],  

KWT  sensitivity parameter, 

CFWT  cost of fully equipped AC wind turbine [k€]. 
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5.2.2 Transformer cost 

 

MV/HV transformer is used in MVAC collector system to step up the medium voltage to high 

voltage for transmission the power to the onshore station. The cost of MV/HV transformer is 

explained in (Dicorato et al., 2011). As the cost of the transformer depends on the rated power, 

for the range of rated power from 50 MVA to 800 MVA, the cost of the transformer can be 

evaluated based on the formula (12):
  

 

 𝐶tr = 42.688𝑆𝑡r
0.7513 , (12) 

 

  where   Ctr  cost of transformer [k€], 

                             Str  rated power of the transformer [MVA]. 

 

For transformer having less than 150 MVA rated power, the cost of the transformer also can be 

calculated by formula (13) (Dicorato et al., 2011) 

 

 𝐶tr = −153.05 + 131.1𝑆tr
0.4473, (13) 

 

where   Ctr  cost of transformer [k€], 

Str  rated power of the transformer [MVA]. 

 

 

5.2.3 Cable cost 

 

The wind turbines are connected to each other and to the collection bus through submarine 

cables. The most common submarine cable is copper cables insulated by cross-linked 

polyethylene (XLPE). The installation and transportation costs depends on the distance from 

the shore. For AC system 3 conductors XLPE cable type are selected. The cost of the submarine 

cables depend on the length of the cables and the voltage rating. As in Table 2 on (Dicorato et 

al., 2011), the cost of the cable for the range voltage is 30-36 kV can be calculated with the 

formula (14), assuming that, the parameters alpha = 52.08 k€/km, beta=75.51 k€/km and 

gamma=234.34 1/A and for 132 kV voltage the values are alpha = 249.72 k€/km, beta=26.48 

k€/km and gamma=379.5 1/A (Dicorato et al., 2011). 
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5.2.3.1   AC cable cost 

 

In offshore MV collection grid, the cost of MVAC submarine cables can be calculated based 

on the formula (14) 

 

 
𝐶cable = α + β𝑒

(
γ𝐼n

105)
𝐿, 

(14) 

 

 

where          Ccable            cost of the AC cable [k€], 

                       L            cable length [km], 

                       In             current rating of the cable [A], 

α, β  and ϒ        coefficients depending on nominal voltage level and their values 

are stated above referring to Table 2 from (Dicorato et al., 2011). 

 

 

5.2.3.2  DC cable cost 

 

Similarly, the cost of MVDC submarine cables is calculated with the help of formula (15) 

 

 𝐶cable = Kcab(Ap + Bp2𝑉r𝐼r)𝐿, (15) 

 

where Vr and Ir voltage and current rating of the cable, Ap and Bp are constants depending on 

the voltage rate of the cable, for monopole 30 kV topology, the value of Ap and Bp are -

0.0256*106 and 0.0068 respectively and Kcab is the sensitivity parameter on cable cost.      

 

For the cable transportation and installation costs the value is just estimation and can be 

calculated based on the formula (16) referring to (De Prada Gil et al., 2015). 

 

 𝐶tr_in = Kcin365𝐿, (16) 

 

where Kcin is always constant in AC case but variable parameter in DC case.  
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5.2.4 Converter cost 

 

Generally, the cost of power converters can be calculated separately for AC/DC and DC/DC 

power converters. If the transmission system of the power is HVDC as in Figure 2.5, then the 

voltage needs to be converted into DC if it was AC, so the cost of AC/DC power converter 

before the HVDC transmission system and after the collection system can be obtained with the 

help of the formula (17) (De Prada Gil et al., 2015).  

 

 

 𝐶AC_DC = 200𝑃r, (17) 

 

if Pr is the rated power of the power electronic converter in MW. 

 

The second type power electronic converter is the DC/DC converter. The cost of the DC/DC 

converters can be determined based on the rated power of the converters. Generally, the DC/DC 

converters are mostly installed at the platform as presented in Figure 2.6 and within the wind 

turbine as in Figure 2.6. 

 

DC/DC converter within the collection system is defined as equation (18) 

 

 𝐶cs_DC_DC = Kcs𝐶DC_DC. (18) 

 

DC/DC converter within the platform is defined as below 

 

 𝐶pf_DC_DC = Kpf𝐶DC_DC, (19) 

 

where the C_DC_DC is the cost of DC/DC power converter defined in the table 1 of (De Prada 

Gil et al., 2015). Referring to it a 2 MW DC/DC converter to be used with series DC layout is 

around 330 k€/MW, 150 MW and above power converter to be used in large DC layout 220 

k€/MW and a 2 MW DC/DC converter to be used with small and large DC layout the cost is 

165 k€/MW. 
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5.2.5 Switchgear cost 

 

The cost of switchgear is defined in both (De Prada Gil et al., 2015) (Georgios & Wheeler, 

2010) and can be obtained as: 

 

 𝐶AC_sg = 40.543 + 0.76𝑉n, (20) 

 

 where Vn is the nominal voltage in kV. 

 

The cost value for DC switchgear is calculated based on the formula below: 

 

 𝐶DC_sg = 𝐾CB (2𝐶ACsg
), (21) 

 

where KCB is the possible uncertainty on the cost calculation, and the cost of DC circuit breakers 

is twice the cost of AC switchgears.  

 

5.2.6 Platform cost 

The cost of both AC and DC platforms are explained in (De Prada Gil et al., 2015) and basically 

depends on the amount of power processed. The coat value can be obtained by (22): 

 

 𝐶AC_pf = 2534 + 88.7𝑁WT𝑃WT, (22) 

 

as there are different DC offshore wind power plant platforms such as feeder, collector and 

main platform, the cost regarding AC platform is given below to each platform.  

 

 𝐶DC_pf = 𝐾c(2534 + 88.7𝑁WT𝑃WT), (23) 

 

 𝐶DC_pf = 𝐾f(2534 + 88.7𝑁WT𝑃WT)1.1, (24) 

 

 𝐶DC_pf = 𝐾pf(2534 + 88.7𝑁WT𝑃WT), (25) 
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where NWT and PWT are the number and rated power of the wind turbines respectively. For the 

DC platform it consists the collector, feeder and main platforms having K value for all the three 

types differently. 

 

Referring to (Lakshmanan et al., 2015), the cost of offshore platform can be also calculated 

based on the formulas (26) and (27): 

 

 𝐶AC_pf = Cpf
AC

(A + B𝑃), (26) 

 

 𝐶DC_pf = Cpf
DC

(A + B𝑃), (27) 

 

where A = 2.76 M€, B = 0.095 M€, Cpf_AC = 1, Cpf_DC = 0.5 and P is the rated power of the 

wind farm.  

 

In the case study, cost comparison is done based on prices of different components calculated 

by the given formulas and sensitivity analysis. The price estimation is based on current values 

taken from different literatures and manufacturing companies’ data.  

6 Case Study 

The purpose of this study is to compare two proposed DC offshore collection grids with the 

conventional AC collection grid based on their energy production and economic advantages 

focusing on the collection system. Transmission system to onshore station is not considered but 

it depends on the distance whether the transmission will AC or DC. Hence, all the required 

components for generation and collection power are considered and compared in both DC and 

AC collection system. 

 

As clearly stated in Chapter 2, there are different topologies of AC collection systems. Among 

the different topologies radial topology is the most widely used because of its economical and 

simplicity advantages, hence, in this study radial topology will be considered as a reference for 

comparison with the proposed DC type collection systems.   
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Selecting of proper offshore wind farm topology from a number of collection topologies is 

based on their economic performance. In this work detailed energy production rate and cost 

comparison of 60 MW of offshore wind farm distribution system for both the conventional 

MVAC and the promising MVDC collection systems is studied. Exact layout properties of each 

topologies, the technical information and economic data of separate component is considered 

in the selection process. The conventional AC collection system topology is given in Figure 

6.1. The dispersed and centralized DC collection systems are represented by Figure 6.2 and 6.3, 

respectively.  

 

 

Figure 6.1. Investigated AC collection system structure and voltage level. 

 

 

Figure 6.2. The structure and selected voltage level of dispersed two stage DC collection 

system. 
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Figure 6.3. The structure and voltage level of  centralized two stage DC collection system. 

 

Each wind farm consists of 12 wind turbines rated at 5 MW. Each AC wind turbine has a direct 

driven permanent magnet synchronous generator rated at 3 kV. The AC/DC and DC/AC 

converters and the medium voltage step-up transformer rated 5 kV/33 kV, 5.5 MVA. The 

collection system uses 33 kV bus voltage. Similarly, the DC wind turbine consists of the same 

generator as that of the AC collection system. The converter consists of the AC/DC conversion 

and the DC/DC converter. The voltage level of the DC collection bus is assumed to be 30 kV. 

The length of submarine cable from the turbine nearest to the collection bus is 5 km. 

 

It is assumed that below rated speed turbine extracts maximum power from the wind and above 

rated wind speed it operates at rated input power. The calculation of power generated by the 

wind power plant is based on the power curve of the wind turbines as in Figure 6.4.  

 

 

 

 

 

 

 



52 

 

 

Table 6. Technical data of the wind Turbine 

General  Generator and Converter  

Rated power [MW] 5 Generator type PMSM 

Cut-in wind speed [m/s] 3 Rated voltage (line-to-line) [kV] 3 

Cut-out wind speed [m/s] 25 dc-link voltage [kV] 5 

Rated wind speed [m/s] 12   

Rotor radius R [m] 64   

 

 

 

 

 

        Figure 6.4.  Power generation curve of a wind turbine  

 

6.1  Sensitivity effect 

 

DC collection system of OWPPs is still on its starting stage, due to that reason some 

uncertainties rise up in the manufacturing cost and electrical efficiencies. To overcome such 

kind of uncertainties, sensitivity analysis is carried out. Referring to (De Prada Gil et al., 2015)  

by modifying different parameters, providing a wide range of possible admissible solutions. 

According to (De Prada Gil et al., 2015) there are three different sensitivity possibilities for 

non-cost parameter values and for cost parameter values. Such possibilities are mainly related 
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with the expected statues of these technologies as positive, average and negative. The average 

value is the base case. 

 

The sensitivity analysis for both non-cost and cost parameters is represented in the table below. 

All the values are from (De Prada Gil et al., 2015), because the literature refers so many 

references for collecting these sensitivity values, it seems approximately fine with the values. 

 

Table 7. Non cost parameter values used for sensitivity analysis 

Type of analysis Sensitivity parameter S_1 S_2 S_3 

Effect of the rated power of wind 

turbines(MW) 

Prated 2.5 5 7.5 

Effect of the export cable 

distance (km) 

Dexport 10 40 70 

Effect of the losses of the DC/DC 

power converters (%) 

Ploss_DCDC 1 2 3 

Effect of different forecasted 

energy prices (euro/MWh) 

Ke -1.1789 2.1105 5.3 

 

 

Table 8.  Cost parameter values used for sensitivity analysis 

Type of analysis Sensitivity parameter S_1 S_2 S_3 

Effect of the cost of DC/DC converter KWT_con 

KPlat_con 

0.75 1 1.25 

Effect of the cost of platforms that 

support converters 

KPlat 

KFeed 

0.75 1 1.25 

Effect of the cost of platforms without 

converters 

KColl 0.5 0.75 1 

Effect of the cost of cables Kcab 0.5 1 1.5 

Effect of the cost of cables installation Kcinst 0.5 1 1.5 

Effect of the cost of BTB converter and 

transformer over total WT cost  

Kwt 0.9 0.925 0.95 
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6.2 Power losses calculation 

 

The power losses of wind turbine includes the losses of the generator, converter, transformer 

and sub-sea cables. As direct PMSG is considered for both AC and DC collection system, the 

losses of the generator are similar in both cases. To simplify the complexity of the calculation, 

all the common components for AC and DC collection systems are having similar cost, for 

example foundation cost and therefore it does not contribute to the comparison. 

 

Since the speed of wind is always changing, the power generated at each wind speed in each 

wind turbine is calculated based on the formula (1). The total amount of annual energy 

generated by the wind turbines is the product of the total power generated based on the wind 

speed and the probability of occurrence of the wind speed and the total number of hours with 

in one year. The probability of occurrences of the speed is determined by the Weibull 

probability distribution function (Lakshmanan et al., 2015). 

 

Losses in an offshore wind farms are mainly from the power electronic converters and 

transmission system. Power electronic losses in AC collection system are the losses due to the 

AC/DC, DC/AC converters within the turbine and converter platforms. In dispersed two-stage 

DC collection system due to AC/DC, DC/DC converters of the turbine and converter platforms. 

In centralized two stage DC collection system includes AC/DC converter of the turbine and the 

centralized DC/DC converter. 

 

 In OWPP losses are calculated for different wind speeds between the cut-in and cut-out speeds. 

Assuming that below the rated speed of the turbine, the turbine speed will vary proportional to 

the wind speed for tracking the maximum power operating point the turbine. Above the rated 

wind speed, the turbine speed will be held constant at the rated speed, and power will be held 

at rated power using pitch control (Parker & Anaya-Lara, 2013)- (Lakshmanan et al., 2015). 
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6.2.1 Power electronic converter losses  

Power electronic losses in offshore wind power plant takes the highest percentage of the wind 

farm losses. For the centralized two stage DC collector topology, the losses includes the losses 

in the AC/DC converters and DC/DC platform converters assuming that only the collection 

system (Kucuksari et al., 2019). 

 

Typically, the number of converters in DC collector grid is more than the number of converters 

in AC collector grid. For a full converter turbine in both DC and AC collection system, the 

power converter losses of the turbine side rectifier is the same. As in Figure 6.5 and 6.6, the 

turbine side rectifier has similar set up. Their difference is the extra rectifier on the grid side of 

the DC collection system. The rectifier may be diode based or other semiconductor devices 

such as IGBT. So the DC collection system has extra power electronic switches as a result it 

has higher power electronic losses (Max, 2009). 

 

                      Figure 6.5. General converter system of AC wind turbine(Max, 2009) 

 

 

Figure 6.6. General converter system of DC wind turbine (Max, 2009) 
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The power electronic converter losses are from the switching and conduction losses of IGBT 

and freewheeling diodes. The total converter loss in the turbine can be calculated by the 

formulas given in (28) and (29) (Lakshmanan et al., 2015). 

 

 𝑃IGBT = 𝑁sw (𝑉CEO𝐼cavg
+ 𝑅C𝐼crms

2 + (𝐸onT
+ 𝐸offT

)𝑓sw), (28) 

 

 

 𝑃FWD = 𝑁sw (𝑉𝐷𝑂𝐼davg
+ 𝑅D𝐼𝑑𝑟𝑚𝑠

2 + 𝐸onD
𝑓sw), (29) 

 

where:   

        PIGBT and PFWD IGBT and diode losses (W),  

 Nsw number of power electronic switches, 

VCEO IGBT on state voltage (V), 

Ic_avg and Ic_rms IGBT average and rms currents respectively (A), 

RC and RD IGBT and diode on state resistances respectively (Ω), 

Eon_T and Eoff_T turn on and turn off losses of IGBT respectively (W), 

fsw switching frequency (Hz), 

VDO diode on state voltage (V), 

Id_avg and Id_rms diode average and rms currents respectively (A), 

Eon_D diode reverse recovery energy losses (W). 

 

 

By approximating the on-state characteristics in the datasheet curve, VCEO and RC are 

determined. From the collector current- switching loss characteristics curve of the datasheet 

(5SNA 1000G650300, 2018), Eon_T, Eoff_T and Eon_D are obtained. The current carried by each 

power electronic is obtained from the power at each wind speed.           

  

The input voltage for the turbine DC/DC converter is 5 kV, so the maximum applied voltage to 

each switch will be 5 kV and due to the 5 MW power, the maximum current that goes through 

it is 1 kA. 

Based on the voltage and current rating, the IGBT arrangement is selected. In this work for the 

turbine DC/DC converter, 5 kV DC link voltage would require an IGBT with slightly higher 
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voltage rating. So, the HiPak IGBT 5SNA1000G650300 which is 6,5 kV and the current rating 

of 1 kA are selected. The DC/DC set up is arranged in a DAB modular converter structure. The 

modular converter structure has an advantage of eliminating the current stress and easy to scale 

and replace in case of failure. Parameters of the IGBT are given in Table 9.  

 

 

   Fig 6.7. Full bridge DAB DC/DC converter  

 

Table 9. Specification of desired IGBT 

Parameter 5 SNA 1000G650300 

Collector-emitter voltage VCES(V)   6500 

Rated DC collector current IC(A) 1000 

IGBT Forward Voltage Drop VCEO(V) 3.1 

IGBT ON-Resistance RC(mΩ) 0.07 

EonT(mJ) 5250 

EoffT(mJ) 5400 

DIODE Forward Voltage Drop VDO(V) 3.05 

DIODE ON-Resistance RD(mΩ) 0.13 

EonD (mJ) 4150 
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For the turbine converter of the dispersed DC collection system five modules of DC/DC 

converter with 1 MW capacity are considered and the rated current is 200 A for each module. 

On the high voltage side of the converter, modules are connected in series to achieve the 30 kV, 

so the output voltage of each module is designed to 6 kV DC (Lakshmanan et al., 2015) .  

 

The arrangement of DC/DC converter is in a module topology, because single DC/DC converter 

rating is not enough for the whole wind farm. A single module of DC/DC converter is shown 

in Figure 6.7. For the centralized DC/DC converter there are six modules with 5 MW capacity 

each. On the input side the converter modules are connected in parallel and the current on each 

module is 1 kA. The output side is connected in series and each modul has 5 kV output voltage. 

For the AC collection system, the power rectifier on the generator side has the same losses with 

the dispersed and centralized DC converter systems, so only the inverter is considered. The 

inverter in DC/AC converter system in AC collection is rated at 5 MW and has an input voltage 

of 5 kV as a result at a rated operation the input side current is 1 kA. Two modules are connected 

in parallel for the DC/AC inverter to minimize the stress of the current at the input side. As the 

output voltage of the DC/AC inverter is 5 kV the output of the two modules are also connected 

in parallel.  

 

Table 10. Parameters of 5 MW DC/DC converters 

Number of modules 5 

Input voltage 5 kV 

Rated input current  1000 A 

Rated power  5.0 MW 

Rated output voltage  30 kV 

Table 11. Parameters of the DC/DC converter nodule for the 5 MW turbine converter 

Input voltage 5 kV 

Rated input current  200 A 

Rated power  1.0 MW 

Rated output voltage  6 kV 

Table 12. Parameters of 30 MW DC/DC converters 

Number of modules 6 

Input voltage 5 kV 
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Rated input current  6000 A 

Rated power  30.0 MW 

Rated output voltage  30 kV 

 

Table 13. Parameters of the DC/DC converter module for the 5 MW turbine converter. 

Input voltage 5 kV 

Rated input current  1000 A 

Rated power  5.0 MW 

Rated output voltage  5 kV 

 

The annual power electronic converters losses are presented in the Figure 6.8  for AC collection 

system and for both the DC collections. AC collection system has the least power electronic 

losses and dispersed DC collection systems have highest power electronic losses due to higher 

number of power electronic converters comparing to the centralized DC collection system. So 

the higher the number of power electronic converters the more the annual energy losses of the 

collection system.  

 

6.2.2 Cable losses  

 

The cable losses include the collection cable loss and the cable losses between the turbines. The 

cable loss depends on the resistance of the cable for the chosen core area and the square of the 

flowing current. Resistance of the cable depends on the length and area of the cable .The losses 

in AC and DC cables can be calculated based on the obtained current and resistance calculated 

from the cable data (Max, 2009) - (Lakshmanan et al., 2015). As the cable losses of this wind 

farm is negligible compared with the power electronic converter losses, it was not considered 

in this comparison.  
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Figure 6.8. Power electronic energy losses of AC and DC collection systems        

 

 

6.2.3  Annual total energy losses 

 

Based on the Weibull probability distribution of the wind speed, the annual energy loss is 

calculated for AC collection system. Dispersed two stage DC collection system and centralized 

DC collection system . Hence, the annual energy losses are given by the formulas (30) and (31) 

(Kucuksari et al., 2019) 

 

 

 

𝐸ac_losses = ∫ (𝑃PE_ac + 𝑃cable_ac)𝑓(𝜔) 8760

𝜔f

𝜔i

𝑑𝜔, 

(30) 

 

 

 

𝐸dc_losses = ∫ (𝑃PE_dc + 𝑃cable_dc)𝑓(𝜔) 8760

𝜔f

𝜔i

𝑑𝜔, 

(31) 
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where:  

                    Eac_losses and Edc_losses Annual energy losses of AC and DC collection  

                                                            topologies respectively, 

                    PPE_ac and PPE_dc                   Total power electronic losses of AC and DC collection  

                                                                systems respectively, 

                    Pcable_ac and Pcable_dc             Total cable losses in AC and DC collection systems  

                                                                 respectively, 

                    f(ω)                                       Weibull probability distribution function of occurrence   

                                                                of each wind speed for a year obtained using the wind  

                                                                farm model. 

 

The total annual energy losses are the sum of the power electronic converter losses and the 

collection cable losses. Based on the calculation of the annual losses the total losses of the 

centralized DC collection topology are lower than that of the AC collection system and the 

dispersed DC collection system. The total annual energy loss is presented in Figure 6.9. 

 

 

 

Figure 6.9.  Annual total energy losses of AC and DC collection systems    
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Table 14. Total annual energy losses of AC and DC collection system 

Annual energy production 

176.56 GWh 

AC collection 

system 

Dispersed DC 

topology 

Centralized DC 

topology 

Power electronic losses(GWh) 2.6 13 3.47 

Total losses (GWh) 2.6 13 3.47 

Total output energy(GWh) 173.9 163.5 173.03 

 

 

Table 14 summarizes the total annual energy production of the 60 MW wind farm and its total 

annual energy losses. Comparing all the three topologies of collection system based on their 

energy production rate, centralized two-stage DC collection system has the highest efficiency. 

The total annual energy at the PCC for the radial AC collection system is 173.9 GWh, for 

dispersed two-stage DC collection system 163.5 GWh and for centralized two-stage DC 

collection system is 173.03 GWh. 

 

6.3 Cost calculation 

 

By considering both the capital expenses (CAPEX) and the costs associated with the energy 

losses over the installation's lifespan, the total cost of each analyzed OWPP configuration was  

determined in this work. 

 

To decide and install the cost effective topology of wind farm is mainly depend on the cost of 

various components and on the cost related with their erection and commissioning of the wind 

farm (Georgios & Wheeler, 2010). In the Figure 6.10, the cost comparison of offshore wind 

power and onshore wind power starting from the early wind power installation up to 2030 is 

predicted based on different factors such as global economic cycle, level of investment in 

offshore wind and level of confidence with which the supply chain develops (Madariaga et al., 

2012). 

 

Cost of an OWPP depends on the distance from shore, the sea bed depth and with the distance 

from the main centers of demand (Madariaga et al., 2012). Generally, for the rough estimation 
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of the cost of any offshore wind farm on preliminary stages, first the cost for an OWF placed 

in shallow waters very near the shore is determined. Afterwards, the influence of water depth 

and distance from shore is introduced by a correction factor is presented below (Madariaga et 

al., 2012). 

 

 

  Fig.6.10 Past and predicted wind capacity cost (Madariaga et al., 2012) 

 

 

Table 16. Cost factor dependency with distance and depth (Madariaga et al., 2012) 

Depth(m) Distance from shore (km) 

 >0 >10 >20 >30 >40 >50 >100 >200 

10-20 1 1.02 1.04 1.07 1.09 1.18 1.41 1.60 

20-30 1.07 1.09 1.11 1.14 1.16 1.26 1.50 1.71 

30-40 1.24 1.26 1.29 1.32 1.34 1.46 1.74 1.98 

40-50 1.40 1.43 1.46 1.49 1.52 1.65 1.97 2.23 

 

 

The cost assessment in this work is carried out for fully equipped wind turbines, converter 

platform and collection cables for both AC and DC collection systems. The cost of individual 

components are calculated first and multiplied by the total number of the components to obtain 

the total cost.  
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Total cost of  a fully equipped AC wind turbine can be calculated as (10) and the cost of 5 MW 

wind turbine is approximately 4810 k€  including all the transportation and installation costs 

also, which is equal with the real cost of wind farms such as Arklow bank (930 M€/MW), 

Barrow (1110 M€/MW) (Dicorato et al., 2011). Referring to (De Prada Gil et al., 2015) the cost 

of wind turbine AC collection should be approximately in the range of 570 k€/MW and 1260 

k€/MW, the average value is 920 k€/MW. 

 

 

6.3.1 Cost of losses 

 

The cost of losses was obtained by multiplying the annual energy loss by current representative 

market price for electricity of 40 €/MWh for electricity and 45 €/MWh for renewable obligation 

certificate (ROCs), taken from another study(Parker & Anaya-Lara, 2013) . 

 

Such annual costs were transformed to a net present value (NPV) for the turbine's lifetime as 

follows: 

 

 

 
𝑁𝑃𝑉 =

𝑅

𝑖
(1 −

1

(1 + 𝑖)𝑛
), 

(32) 

                                        

 

where R is the annual revenue loss, i is the discounting rate and n is the lifetime of the wind 

farm in years. A discounting rate of 10% was used, and a lifetime of 25 years (Parker & Anaya-

Lara, 2013). 

 

Based on (32), the NPV for AC collection system is 1.88 M€. For dispersed and centralized DC 

collection systems 9.44 M€ and 2.52 M€, respectively. 

 

In Figure 6.11 the total cost of AC collection system is presented, referring to the figure the AC 

turbine takes the highest percentage of the total cost of the AC wind turbine. The cost of the 

platform is the second highest value and the cost of losses takes the least percentage of the 

system.  
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Figure 6.11.  Contribution of components in total installation cost of AC collection  

offshore OWPP        

 

For the DC collection system, the dispersed two-stage concept and the centralized two-stage 

concept are considered for comparison. The one stage concept and series two-stage DC 

collection systems are not considered here. Eventhough the one stage concept has a smaller 

number of converters, it requires a perfect insulation for the generator, converter and cables due 

to high voltage rate of the generator. So, it excludes from comparison and the series two stage 

is also not considered due to the disadvantage in commissioning of the wind farm.  

 

Every turbine in the dispersed two stage concept consists AC/DC converter for converting the 

generator output to a DC and DC/DC converter to step up the converted DC voltage to a desired 

medium voltage value. The cost of fully equipped 5 MW DC wind turbine is 5420 k€. But for 

the centralized two-stage concept the arrangement is different because a group of turbines 

having AC/DC converter only are connected to a common DC/DC converter so the cost will be 

different. Referring to (Lakshmanan et al., 2015) the cost of a single AC/DC and DC/AC 

converters is considered as 67.11 €/kVA and in DC collection system, DC turbine converters 

are priced at 184.6 €/kW. 
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Figure 6.12 represents the cost distribution of the dispersed two-stage DC collection system. 

The cost of the turbine is the highest value in comparison with the cost of the collection cable, 

platform and cost of losses.  

 

 

 

 

Figure 6.12.  Contribution of components in total installation cost of dispersed DC collection  

offshore OWPP.        

 

For the turbine of centralized DC collection system, the cost is the difference between the cost 

of fully equipped DC turbine and the cost of the DC/DC turbine converter as the centralized 

DC collection system is having only AC/DC converter on its turbine. The capacity of the turbine 

DC/DC converter of the dispersed two-stage DC collection system is 5 MW, based on the 

capacity of the DC/DC converter the total cost of the total DC/DC converters is 11.4 M€, so the 

total cost of the 12 wind turbines for the dispersed DC collection system is 64.7 M€. The total 

cost of a fully equipped single wind turbine in centralized DC collection system is 42.02 M€ 

and for the 12 wind turbines in the wind farm is 53.39 M€.  
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Fig.6.13. Contribution of components in total installation cost of centralized DC collection  

offshore OWPP. 

 

In general, the cost of AC and DC platforms is represented in the table below and obtained 

based on (22) and (25). 

 

Table 17. Cost presentation of offshore layouts. 

Component  AC Collection 

system 

Dispersed two-stage  

Collection system 

Centralized two-stage 

Collection system 

Turbine Cost [M€] 57.72 64.73 53.39 

Collection Cable [M€] 6.88 4.34 4.34 

Platform [M€] 7.86 7.86 19.51 

Cost of losses [M€] 1.88 9.44 2.50 

Total Cost [M€] 74.33 86.36 79.74 

 

 

The total cost of the offshore wind farms is consisted of different costs such as turbine cost, 

collection cable cost and platform cost. Based on the EWEA estimation for the cost of OWPP 

the above calculated value is on the right range for the desired OWPP. 
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Including all the cost of the components for the AC collection system, EWEA has cost 

estimation for the total CAPEX of OWPP. The values are presented in the Table 18 ranged 

from minimum to maximum based on the development forecast of the offshore technology (De 

Prada Gil et al., 2015). 

 

Table 18.  Capital cost comparison for OWPPs (in k€/MW) 

 EWEA estimations AC Cost function 

  MIN AVG MAX   

Wind turbine 570 920 1200 1040 

Grid connection 280 500 760 690 

Total CAPEX 1780 2080 2370 1900 

 

 

 

Fig.6.14. Cost comparison of AC and DC collection systems of offshore OWPP.       
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7  Conclusions and future work 

7.1  Summary 

 

The thesis addressed topologies of different DC OWPPs. In addition, a model was applied to 

evaluate and compare the proposed DC OWPPs by means of a technical and economic 

assessment, assessing their possible cost effectiveness relative to traditional AC OWPPs. Since 

DC technology is not yet well developed for DC OWPPs, a sensitivity analysis was performed 

to consider various scenarios.  

 

The comparison was between: 

I. Conventional AC collection system  

II. Dispersed two-stage DC collection system 

III. Centralized two-stage Dc collection system 

 

For proper comparison purpose, the modular arrangement of power electronic converters was 

considered. Taken similar topology in all systems, the loss comparison was studied first focused 

on the semiconductor switches. On the second part of the thesis, the cost comparison of all the 

components of the topologies and cost of losses were studied.  

 

 Based on the results, AC collection system is reliable in case of power electronic losses and 

total costs but if cable losses is taken into account centralized DC collection system seems more 

reliable. Likewise, it is not clear (and is highly sensitive to the cost of the DC/DC converter) 

whether the use of DC technologies for larger wind power plants would mean a reduction in 

costs; this is because of the size of the DC/DC power electronic converters and protection 

system. 

  

It is important to remember that the cost of DC OWPPs is mainly affected by the cost of wind 

turbines, DC / DC converters and platforms, as well as the cost of these DC / DC converters to 

lose their capacity. Consequently, both cost reduction and efficiency improvement of the DC 

OWPP's electrical components (especially DC / DC converters) are needed to make this choice 

even more attractive. 
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7.2  Future work 

 

Several issues and further directions of research in offshore wind power collection systems have 

been indicated in the present study. Future research will focus on higher wind farm values 

taking into account the cost of the collection systems' cable losses and protections. 

Consideration of medium voltage switches using silicon carbide (SiC) is also part of the future 

work in order to minimize the switching losses. As transmission network has considerable 

impact in the study of energy production costs and losses, transmission system to shore will 

also considered.  
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